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Parametric inference for multidimensional
hypoelliptic ergodic diffusion with full observations

Anna Melnykova *

Abstract

Multidimensional hypoelliptic diffusions arise naturally as models
of neuronal activity. Estimation in those models is complex because of
the degenerate structure of the diffusion coefficient. We build a consis-
tent estimator of the drift and variance parameters with the help of a
discretized log-likelihood of the continuous process when discrete time
observations of both coordinates are available on an interval T = NA,
with A the time step between the observations. We discuss the difficul-
ties generated by the hypoellipticity and provide a proof of the consis-
tency and the asymptotic normality of the estimator in the asymptotic
setting T' — oo as A — 0. We test our approach numerically on
the hypoelliptic FitzHugh-Nagumo model, which describes the firing
mechanism of a neuron.

Keywords: parametric inference hypoelliptic diffusions neuronal FitzHugh-
Nagumo model contrast estimator

1 Introduction

Hypoelliptic diffusions naturally occur in various applications, most notably
in neuroscience, molecular physics and in mathematical finance. In partic-
ular, models of neuronal activity — either on the scale of one single neuron
(Hopfner et all, 2016/ |Leon and Samson, [2017)), or on a scale of a large
population of neurons (Ditlevsen and Locherbach, 2017, |Ableidinger et al.,
2017)), or exotic models of option pricing (Malliavin and Thalmaier, 2006)
are described by a hypoelliptic diffusion.

* Anna Melnykova



The main difference to the classical (or elliptic) setting is that in the hy-
poelliptic case the dimensionality of the noise is lower than the dimensional-
ity of the system of stochastic differential equations (SDE), which describes
the process. Hypoellipticity can be intuitively explained in the following
way: though the covariance matrix of noise is singular due to a degenerate
diffusion coefficient, smooth transition density with respect to the Lebesgue
measure still exists. That is the case when the noise is propagated to all the
coordinates through the drift term.

Properties of hypoelliptic diffusions significantly differ from those of el-
liptic ones, when all coordinates are driven by a Brownian motion. Thus
they are more difficult to study. The first problem is that each coordinate
has a variance of different order. It is the main cause why classical numer-
ical approximation methods do not work well with hypoelliptic diffusions.
In particular, it is proven that for hypoelliptic systems the classical Euler-
Maruyama scheme does not preserve ergodic properties of the true process
(Mattingly et al., 2002). The second problem is the degenerate diffusion
coefficient. As the explicit form of the transition density is often unknown,
parametric inference is usually based on its discrete approximation with
the piece-wise Gaussian processes (see, for example Kessler| (1997)). But in
the hypoelliptic case this approach cannot be applied directly because the
covariance matrix of the approximated transition density is not invertible.

Now let us be more specific. Consider a two-dimensional system of
stochastic differential equations of the form:

dXy = a1 (X, Yy; 0W)dt )
dY; = az(Xy, Y3 0P)dt + b(Xy, Vi3 0)dWs, .

where (X, ;)T € RxR, (a1(Xy, Yi; W), ag(Xy, Yi; 6)T is the drift term,
(0,b(Xy,Y:;0))7 is the diffusion coefficient, (dW;) is a standard Brownian
motion defined on some probability space (€, F:, P), («9(1),9(2),0) is the
vector of the unknown parameters, taken from some compact set ©1x Og X =,
and (X, Yp) is a bounded random variable.

The goal of this paper is to estimate the parameters of from discrete
observations of both coordinates X and Y. It is achieved in two steps: first,
we consider a discretization scheme in order to approximate the transition
density of the continuous process preserving the ergodic property. Then we
propose an estimation technique which maximizes the likelihood function of
the discrete approximate model in the asymptotic setting T' = NA — oo
and A=A — 0 as N — oco. Let us discuss the solutions proposed by other
authors for hypoelliptic systems of different types.



Several works treat the parametric inference problem for a particular
case of system . It is natural to introduce first the class of stochastic
Damping Hamiltonian systems, also known as Langevin equations (Gardiner
and Collett, [1985). These hypoelliptic models arise as a stochastic expansion
of 2-dimensional deterministic dynamical systems — for example, the Van
der Pol oscillator (Van der Pol, [1920)) perturbed by noise. They are defined
as the solution of the following SDE:

dX; = Ydt @)
dY; = ag(Xy, Y3 0)dt + b( Xy, Yy; 0)dWy.

The particular case of Hamiltonian systems with b(Xy,Y;;0) = o and
az(Xt, Yy; 0) = g1(Xe;0) X+ g2(Xy; 0)Y is considered in |Ozaki (1989)), where
the link between the continuous-time solution of and the corresponding
discrete model is obtained with the so-called local linearization scheme. The
idea of this scheme is the following: for a system of SDE with a non-constant
drift and a constant variance, its solution can be interval-wise approximated
by a system with a linear drift, and the original covariance matrix being
expanded by adding higher-order terms. It allows to construct a quasi Max-
imum Likelihood Estimator. Pokern et al.| (2007)) attempt to solve the prob-
lem of the non-invertibility of the covariance matrix for the particular case
of system with a constant variance with the help of It6-Taylor expansion
of the transition density. The parameters are then estimated with a Gibbs
sampler based on the discretized model with the noise propagated into the
first coordinate with order A3. This approach allows to estimate the vari-
ance coefficient, but it is not suitable for estimating the parameters of the
drift term. In [Samson and Thieullen (2012) it is shown that a consistent
estimator for fully and partially observed data can be constructed using only
the discrete approximation of the second equation of the system . This
method works reasonably well in practice even for more general models when
it is possible to convert a system to a simpler form . However, the
transformation of the observations sampled from the continuous model
requires the prior knowledge of the parameters involved in the first equation
(see [Samson and Thieullen| (2012)). The other particular case of (1), when
b(Xt,Y:; 0) = o and the drift term is linear and thus the transition density is
known explicitly, is treated in |Le-Breton and Musiela (1985)). A consistent
maximum likelihood estimator is then constructed in two steps — first, a
covariance matrix of the process is estimated from available continuous-time
observations, and then it is used for computing the parameters of the drift
term. Resulting estimator is strongly consistent. Few other works are also



devoted to a non-parametric estimation of the drift and the variance terms
(Cattiaux et al. 2014} 2016). To the best of our knowledge, for systems
the only reference is Ditlevsen and Samson (2017). They construct a
consistent estimator using a discretization scheme based on a It6-Taylor ex-
pansion. But the estimation is conducted separately for each coordinate, so
it requires partial knowledge of the parameters of the system.

In this paper we propose a new estimation method, adjusting the local
linearization scheme described in |Ozaki (1989) developed for the models of
type to the more general class of SDEs . Under the hypoellipticity
assumption this scheme propagates the noise to both coordinates of the sys-
tem and allows to obtain an invertible covariance matrix. We start with
describing the discretization scheme, approximating the transition density
and proposing a contrast estimator based on the discretized log-likelihood.
While we attempt to estimate the parameters included in the drift and dif-
fusion coefficient simultaneously. Then we study the convergence of the
scheme and prove the consistency and the asymptotic normality of the pro-
posed estimator based on the 2-dimensional contrast. To the best of our
knowledge, the proof of this consistency is the first in the literature. We
finish with numerical experiments, testing the proposed approach on the
hypoelliptic FitzHugh-Nagumo model and compare it to other estimators.

This paper is organized as follows: Section [2] presents the model and
assumptions. Discrete model is introduced in Section The estimators
are studied in Section [4f and illustrated numerically in Section [5} We close
with Section [6] devoted to conclusions and discussions. Formal proofs are
gathered in Appendix.

2 DModels and assumptions

2.1 Notations

We consider system . We assume that both variables are discretely ob-
served at equally spaced periods of time A on some finite time interval [0, 7.
The vector of observations at time ‘A is denoted by Z; = (X, YZ-)T, where
Z; is the value of the process at the time iA, i € 0...N = %. We further
assume that it is possible to draw a sufficiently large and accurate sample
of data, i.e that T'= NA — oo, with the partition size A — 0 as N — oo.
Let us also introduce the vector notations:

dZy = A(Zy;0)dt + B(Zy;0)dWy,  Zo = wo, t € [0,T] (3)



where Z; = (Xy, Y})T, Wt is a standard two-dimensional Brownian motion

defined on the filtered probability space, wy is a Fo-measurable 2—dimensional
random vector, and 6 = (01),0) is the vector of parameters. Matrices A

and B represent, respectively, the drift and the diffusion coefficient, that is

A(Zs;0) = (a1(Xt, Yz M), ao(Xy, Yi; 60))T and

B(Zi:o) = <8 b(Z?; U)> . (4)

Throughout the paper we use the following abbreviations for partial deriva-

tives (unless the arguments need to be specified): 0y, f = g—i(xl, s D),
2
%i’zj = az_aj;j (x1,...,2p) Vi,j € [1,p]. We suppress the dependency on

the parameters, when their values are clear from context, otherwise addi-
tional indices are introduced. True values of the parameters are denoted by

9(()1) , 0(()2), 09, and, further, by Py we will denote the probability P0(1> ORI

o Yo »
We also adopt the notations from |Pokern et al.| (2007)) and refer to the vari-
able Y; which is directly driven by Gaussian noise as "rough”, and to X; as
”smooth”.

2.2 Assumptions

Further, we are working under the following assumptions:

A1 Functions a1(Z;; #1) and as(Z;; 0)) have bounded partial derivatives
of every order, uniformly in §. Furthermore dya; # 0 V(z,y) € R

A2 Global Lipschitz and linear growth conditions. Vt,s € [0,00) 3K s.t.:
1A(Ze;0) = A(Zs; 0)|| + |1 B(Z; o) — B(Zs; 0)l| < K| Z¢ — Zs||
1A(Z; 0)|1° + | B(Z; 0)|* < K1+ || Z:]*),

where || - || is the standard Euclidean norm. Further, denote by Zj the
initial value of the process Z;, we assume that IE||Zy||? < oo.

A3 Process Z; is ergodic and there exists a unique invariant probability
measure vy with finite moments of any order.

A4 Both functions a1(Z;01) and ay(Z;0?) are identifiable, that is
ai(Z;00) = a;(Zy; 9(()1)) 00 = 0(()2).

Assumption (A1) ensures that the weak Hormander condition is satisfied,
thus the system is hypoelliptic in the sense of stochastic calculus of variations



(Nualart}, 2006, Malliavin and Thalmaier, 2006)). In order to prove it we first
write the coefficients of system as two vector fields, converting from
1t6 to the Stratonovich form:

- ai(z,y;0W) - 0
Ao(z,y) = <ag(m,y;9(2)) _ %b(x,y;a)ayb(x,y;a) Ar(z,y) = b(z,y;0)

Then their Lie bracket is equal to

- Oyar (x,y; 01))
Ao, Au] = (Oxaz(x,y;m?)) — 30:b(x, y;0) 03 (2, y;0) )

By (A1) the first element of this vector is not equal to 0, thus we conclude
that A; and [Ap, A1] generate R2. That means that the weak Hérmander
condition is satisfied and as a result the transition density for system
exists, though not necessarily has an explicit form. (A2) is a sufficient
condition to ensure the existence and uniqueness in law of the strong solution
of the system , moreover this solution is Feller (Revuz and Yor, 2013]).
(A4) is a standard condition which is needed to prove the consistency of the
estimator. (A3) ensures that we can apply the weak ergodic theorem, that
is, for any continuous function f with polynomial growth at infinity:

T
;/0 f(Zs)ds e w(f) as.,
where 1(+) is a stationary density of model , by choosing this notation
we highlight that vy(-) := 9(()1>70(()2)’00(-)).

We do not investigate the conditions under which the process Z; is er-
godic, as it is not the main focus of this work. Ergodicity of the stochastic
damping Hamiltonian system is studied in [Wu (2001)). Conditions for a
wider class of hypoelliptic SDEs can be found in [Roynette| (1975)), Mattingly,
et al. (2002)), Arnold and Kliemann| (1987). It is also important to know that
if the process Z; is ergodic, then its sampling {Z;}, i € [0, N] is also ergodic
(Genon-Catalot et al., [2000).

3 Discrete model

This section is organized as follows: first, we introduce the linear model, and
explain how the maximum likelihood estimator can be constructed in this
case. Then, we propose a discrete scheme for a general model , where
we use a piece-wise linear approximation of the underlying process, which
results in a piece-wise Gaussian density.

).



3.1 Linear SDE

Let us start with a particular case of . We consider a linear homogeneous
equation with a drift vector and diffusion matrix given, respectively, by

azeo) = (g 52 (57) = Az ®)
and
B(Z;;0) = (8 2) =: B,. (6)
The equation is written as
dZ; = ApZydt + BydW; (7)

In this case we can also verify an assumption (A4) by checking the stability
of the matrix Ay (Le-Breton and Musiela, |1985). That is, if eigenvalues of
Ay have negative real parts, then Ay is stable and the solution of equation
(7) is ergodic. Furthermore, we know that this solution is a Gaussian process
given by
T
Zy = el 7 + / e T=) B W, (8)
0

with a mean vector and a covariance matrix defined, respectively, as

E[Zr] = T Z, (9)

T _ T \T
( / eA"(Tt)BUth) ( / eAe(T”BJth) . (10)
0 0

Remark. Note that the matriz is of full rank, while B, BL is not.

Y[Zr;0,0°] = E

3.2 General SDE and discrete linearization

Now let us explain how the above mentioned results can be applied to a
general system of type . The idea is to use a piece-wise approximation of
the solution of by the solutions of a linear homogeneous equation. It can
be considered as an improved Euler scheme, where the solution is piece-wise
approximated by the solution of a system with constant coefficients. In that
case instead of a constant matrix Ay we can use the Jacobian of the drift
vector A(Z;;0), which we assume to be constant on each small interval of

size A: " N
axal($)y;9 ) 8y(11($,y;0 ) o .
<aza2($7y;9(2)) 8ya2($’y;0(2)) _' (2’0) (11)

7



Let us start from the diffusion term . After passing to a discrete time
step, it is written as follows:

A(i+1) ~
2 [Ziy1;0,0°|F] = E / e/ GO AN B (7. 5)dW;

JAN

A(i+1) _ A\
/ eJ(Ziﬂ)(A—t)B(Zi; o)dWy ., (12)
(AN

Representation ((12]) is not convenient for computational purposes because
of matrix exponents. However, it can be approximated as follows, thanks to
the discrete time setting with an arbitrary small step A:

Proposition 1. The second-order Taylor approzimation of matriz ¥(Z;y1;0, 0% Z;)
defined in has the following form:

\ ya1)(Dya) 5

V(Z:: ) (8ya1)2 %3 , (6ya1)%2 +
BN (0,01)8% 1 (8,a1)(0ya2) > A+ (9,a2) 2> + (8ya0)22>
( yal) 2 +( yal)( ya2) 3 +( ya2) 2 + ( ya2) 3

(13)

where the derivatives are computed at time 1A.

In practice it is enough to use only the higher-order terms of :

o 217N e 127 (Oyar)* & (9ya1) 5
YA (Ziy1;0,0%Z;) = b*(Z;;0) < (ayal)g A (14)

The corresponding inverse matrix of is defined by:

12 6
1 p) 3
S N (Zi1:6,0%2Z) = —— | @ua®as  (Gyan)A 1
A ( +1;9,0 | ) bZ(ZZ,O') (W?)Az % ( 5)

It is also natural to approximate the drift term by applying the definition
of the matrix exponent to @D:

2
E[Zi1|Z) = Zi + AJ(Z:;0)Z; + %JZ(ZZ»; 0)Z; + O(A3?) (16)

where J(Z;; ) is the Jacobian of the drift vector A(Z;; ) given by (11)). How-
ever, in order to avoid the accumulation of errors, we recall again that the
expression J(Z;;0)Z; serves only as an approximation of the non-constant



matrix A(Z;;0), so that we can element-wise rewrite the approximation of
the drift as:

A1(Zi;0W) := X; + Aay (X, Y3 0)+
2

(e (63, ¥ 80) + 0y (2, Y20 ) 1 (2, 0)

_ 17

A5(Z5360)) = Vi + Daa(X,, Y5 07))+ o

A2

S (002X, i 09) + 0,a5(X;, ¥i: 07)) a2(X,, Y3z 02).

Then the element-wise approximation of Z;, 1 conditionally on Z; is written
as:

Xig1 = A1(Z300) + b(Zi; 0)0y01(Z;500)

18
Vipr = A2(Z3;0%) + b(Zs; )&, 18)

where &; and &, are normal random variables, such that E[§] = E[§] = 0,
Varl&] = %3, Var[&] = A and Cov[€1&2] = %2. Numerically they can be
simulated by decomposing the matrix with the help of, for example, LU
or Cholesky decomposition and multiplying it by independent standard nor-
mal variables. Method of the decomposition does not affect the theoretical
properties of the scheme. About the diffusion term, as an approximation we
may take any matrix B(Z;;0,02) such that BBT = %(Z;;6,0?). It can be
obtained, for example, with Cholesky or LU decomposition. Note that the
approximated diffusion term now depends on parameters of the drift term.

Now we want to study the rate of weak convergence of the scheme. We
will rely on the result of the following Proposition (recall that the true value
of vector of parameters is denoted by 6y):

Proposition 2 (Weak convergence of the local linearization scheme). The
following holds:

E[XZ-+1 A1(Z;; 60 )yf} O(A?)

E |[Yin - A2(Zis 00| F| = 0(a%)

AS

. ?bQ(Zi; o0) + O(A4)
E |Yie - As(Z, ”)m} — AV (Z; 09) + O(A2)

]E[ i1 — A1 (250 )|J—"} = (8ya1)?

B (X~ A(Zat?)) (Yior - o2 62)) 17 = By, 5 02(Zis ) + O(Y)

9



Proof. We know that the moments of the Feller process can be approximated
by a moment generator function (Kloeden et al., 2003). That is, for a
sufficiently smooth and integrable function f: R x R — R:

E(f(Zisa)lZe=2) =) =

1=0

L'f(2) + O(AT), (19)

b
where L’ f(z) is the i times iterated generator of model , given by

1
Lf(z) = (0:f(2))A(2) + 5 VE f(2),
where %(-) = 0253—:2(-) is a weighted Laplace type operator. Since the

process is approximated by , it coincides with up to the terms of
order A2, O

Remark. Note that it is possible to add more terms to expansion .
However, we will only take terms up to A?: on the one hand, it allows us
to have an approzimation precise enough so that Proposition [ holds. In
particular, bounds obtained for the first equation are crucial for proving the
consistency of the estimator introduced in Section[). On the other hand, it
keeps expressions simple enough and spares computational cost. Also note
that the approximation of X;11 depends only on oM (for Yiz1 — respectively,
on 6®).

4 Parameter estimation

In this section we propose a contrast estimator (based on the pseudo-likelihood
function) and prove its consistency and asymptotic normality. Then we dis-
cuss some already known results for the linear homogeneous system and
propose an analogous, separate estimation of the drift and the variance
term.

4.1 Contrast estimator

Let us introduce a contrast function for system . In the elliptic case this
function is defined as —2 times the log-likelihood of the discretized model
(Florens-Zmirou, (1989} |Kessler, 1997)). In hypoelliptic case, however, we
must modify this criterion taking into account the specific structure of the

10



covariance matrix. Most notably, the contrast is obtained by dividing the
first part by 2:

N-1
. ) B B
Ly a(0,0% Zon) = B (Zi1—A(Z5;0))S11(Z5;0,0%)(Zig1—A(Zi; 0))
i=0
N-1
+ Z log det(Xa(Z;;0,0%)), (20)
i=0

where the inverse matrix Zgl is given by . Then the estimator is defined
as:

(éN,A, &JQVA) = argrr;in Lna(8, o2 Zo:N) (21)
e

For system this correction is not proposed nor in Ozaki (1989), nor
in [Pokern et al.| (2007). We justify this bias theoretically in Lemma
However, the 2-dimensional criterion is tricky to analyse because of the
different orders of variance for the first and the second coordinate. When
both equations are driven by the same parameters, the task is simplified
as the parameters can be then estimated from a one-dimensional criteria,
which involves only one of the two equations.

When it is not the case, the estimation procedure depends heavily on
the first function of the drift vector. That means that the estimation of (1)
is asymptotically independent from the estimation of #) and o, while the
inverse is, in general, not true. It is, again, caused by the specific structure
of and different order of variance of coordinates. On the contrary, in the
case of elliptic or Hamiltonian system estimation of drift and diffusion
parameters is independent (see in particular Kessler (1997), Samson and
Thieullen| (2012)) etc.). We begin the study from the following Lemma, on
which the consistency of () crucially relies:

Lemma 1. Under assumptions (A1)-(A4), A — 0 and NA — oo the fol-
lowing holds:

A
N [ﬁN,A(e(U,@(Q),UQ; Zo:N) — ﬁN,A(961)79(2)702; ZO:N)] Lo,

(a1(2:05”) — a1 (2 0))?
6 / Pz oGy

im
N—00,A—0

Proof is postponed to Appendix. On the next step, we obtain the asymp-
totic normality of with respect to #(1):

11



Theorem 1. Under the assumptions (A1)-(A4), A — 0, NA — oo and
NA? — 0 the following holds:

§, P, g0

\/f(éj(vl,)A —o) 2
(o () gt )
</ m(%mal)@mal)T <1 " (Gy;)2> Vo(dz)>)

The idea of the proof of consistency for the diffusion and the rough term
parameters follows |Gloter and Sgrensen| (2009). To start with, we introduce
an additional assumption on the first function in the drift term, namely, the
linearity with respect to the vector of parameters 6(1):

a1(z67) — a1 (z:67) = a1 (6" — 6) volV 6 € o, (H1)
Cai(z;0M) = ai(z;C0M) vC e R

Then, we have to rely on the estimated value of the first parameter to
study the consistency of #2) and o. The idea of the proofs is the following:
since we are working in a compact set, we can always find a sequence of
estimators ég\})A such that a sequence of (QS)A - 9(()1)) is tight. Then we
use it in combination with the rate of convérgence obtained in Theorem
and the continuous mapping theorem for proving the consistency of the

remaining terms in a standard way (see, for example, [Kessler| (1997)).

Remark. Assumption (H1) is rather restrictive, but the idea of the proof
can be reused for a more general case (for example, under the condition of
Lipschitz continuity with respect to parameter 9(1)) at the cost of additional
technicalities, which are omitted in this paper.

Consistency follows from the following Lemmas (proofs are postponed
to Appendix):

12



Lemma 2. Under assumptions (A1)-(A4), A — 0 and NA — oo the fol-
lowing holds:

. 1 A R
yom [EN,A(GJ(VI?A,G(Q),UQ; Zo:N) — EN,A(G%?A,Q(@,US; Zon)| —%
as 2;0(2) — a9 3;9(2) 2
2/( ( bl(za)( 0 )) Vo(dz)

Lemma 3. Under assumptions (A1)-(A4), (H1) and when A — 0 while
NA — oo the following holds:

1 ~
NEN,A(GJ(V) 0@ 62; Zo.n) o, /(bgz UO)) + log b%(z; 0)) vo(dz)

Theorem 2. Under assumptions (A1)-(A4), (H1) and the condition A — 0,
NA — 0o and NA% — 0 the following holds:

A2 Po 2 N P
095 2% 05, Gna ~% og

and
X e ENVA -1
(gﬁ)A _9(()2)) LNV 0, (/ (89@)&2(27eobgz(ae(?az(za 0 ) Vo(dz)>

; Z2,0

-1
(6na —00) 2 N <0,2 (/ (306(2,2(;)(1(8;:)(2,ao))TVO(dZ)) > |

4.2 Least squares estimator

We recall that for the linear model the estimators for the unknown
constant matrices Ay and B,, given by and @, are defined |Le-Breton
and Musiela (1985). It is proposed to compute B, by the sample covariance
matrix, and for the drift term the maximum likelihood estimator can be
constructed, assuming that the term o is known. Both estimators are defined
as follows:

R T T -1 . 1
@_U}%fH/aﬂﬂ . Bo=z121. (22)
0 0

It is proven in |Le-Breton and Musiela, (1985) that is strongly consistent
when the observed time interval is fixed. However, estimators given by
can not be used directly for a system of a general form, since they rely on

13



the continuous observations of the linear process. On the other hand, we
can still adapt the approach of separate estimation of the drift and variance
terms with some limitations, which will be discussed further.

Idea of the estimator for the drift term basically comes from the natural
bound on the quadratic form . We know that for a matrix A the upper
bound on its vector product with a vector x written as z Az is given by
| Al|||z]|?>. Translating it back to the contrast minimization problem, we
may use this bound to estimate the drift parameters independently from
the diffusion coefficient by minimizing the norm of the drift vector (which
is a quadratic variance). Thus, consider

N-1
0% = argemin > N Zi1 — A(Zi; o) = afgemin LY A0 Zon).  (23)
i=0
Basically, minimization of this form corresponds to a classical least square
estimator. Of course, this estimator does not take into account the specific
structure of the noise, so that we may expect it to be less performing. Us-
ing the same reasoning as for a linearized contrast we may prove the next
Theorem (the proof is postponed to appendix):

Theorem 3. Under the assumptions (A1)-(A4) and the condition A — 0,
NA — 0o and NA% — 0 the following holds:

~d Py
0N7A — 6,
and

NAZ\ ¢

VNA
N (0, 5CT [ 12 (23.00) (01 (24 062 Dy (21 06)) (g (23 00 o (d2)
N (0,C [ b2 (2:00) (Open az (22 07)) (D (2 67) Tvo d2))

A D
(0,8 = 00) —

)

where
0, — / Dy ai(2;05)) (Do as(2;087)) Two(dz)

Remark. Note the difference in the scaling between least squares (”drift-
only”) contrast and the results obtained in Theorems (1] and @ That means
that the estimator defined by has a bigger variance that the one de-
fined by . It is a price to pay for the asymptotic independence of both
parameters.

14



What about the diffusion term, in the case when b(z,y;0) = of(x,y),
parameter ¢ can be computed explicitly with the help of the sample co-
variance matrix. Good properties of this approach for the elliptic case are
proven in |Florens-Zmirou| (1989). When it comes to the hypoelliptic sys-
tems, this approach must be modified, as the discretization step of order
A does not allow to compute the terms of order A, which represent the
propagated noise. However, the value of ¢ can still be inferred from the
observations of the rough coordinate by computing

N—-1
. 1 (Yig1 — Y3)?
2 _ i+1 7
AN T NE X v 24

It can be shown that this estimator is consistent and asymptotically normal.
In fact, it is a straightforward consequence of point (iv) of Lemma (7| (see
Appendix), but we do not aim to provide the details here as it only concerns
the particular case of model , that is, when the diffusion term depends
linearly on only one unknown parameter.

5 Simulation study

5.1 The model

The two estimators (fa_, &2& N) and (éi, N &2& ) are evaluated on the sim-
ulation study with a hypoelliptic stochastic neuronal model called FitzHugh-
Nagumo model (Fitzhugh, [1961)). It is a simplified version of the Hodgkin-
Huxley model (Hodgkin and Huxley, |1952), which describes in a detailed
manner activation and deactivation dynamics of a spiking neuron. First it
was studied in the deterministic case, then it was improved by adding two
sources of noise to the both coordinates, what results in an elliptic SDE.
However, it is often argued that only ion channels are perturbed by noise,
while the membrane potential depends on them in a deterministic way. This
idea leads to a 2-dimensional hypoelliptic diffusion. In this paper we consider
a hypoelliptic version with noise only in the second coordinate as studied
in |Leon and Samson| (2017). More precisely, the behaviour of the neuron is
defined through the solution of the system

{dXt = 1(Xy - X} -V, — s)dt (25)

dYy = (v Xy = Y; + B)dt + odW,

where the variable X; represents the membrane potential of the neuron at
time ¢, and Y; is a recovery variable, which could represent channel kinetic.
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Parameter s is the magnitude of the stimulus current and is often known in
experiments, ¢ is a time scale parameter and is typically significantly smaller
than 1, since X; moves "faster” than Y;. Parameters to be estimated are
0= (v,8,¢,0).

Hypoellipticity and ergodicity of are proven in |[Leon and Samson
(2017). In |Jensen et al.| (2012) it is proven that s is unidentifiable when
only one coordinate is observed. Parametric inference for elliptic FitzHugh-
Nagumo model both in fully- and partially observed case is investigated in
Jensen| (2014)). The same problem, but for the hypoelliptic setting is studied
in Ditlevsen and Samson| (2017).

5.2 Experimental design

In order to make our experiments more representative, we consider two
different settings: an excitatory and an oscillatory behaviour. For the first
regime, the drift parameters are set to vy = 1.5, 8 = 0.3, ¢ = 0.1, s = 0.01
and the diffusion coefficient ¢ = 0.6, and for the second v = 1.2, 8 =
1.3, =0.1, s = 0.01 and ¢ = 0.4. The diffusion coefficient does not change
the behaviour pattern, only the ”"noisiness” of the observations. Sample
trajectories for both settings are shown on Figure [I]

We organize the trials as follows: first, we generate 100 trajectories using
formula for each set of parameters with A = 0.001 and N = 500000.
Then we downsample the sequence and work only with each 10-th value of
the process, so that A = 0.01 and N = 50000. We estimate the parameters
by minimizing the contrast to the contrast given by . We refer to this
method as linearized contrast. For the least square estimator (LSE) we do
the following: we estimate the parameter o explicitly from the observations
of the second variable by , and then compute the parameters of the
drift by minimizing . In addition, we compare both methods to the 1.5
strong order scheme (Ditlevsen and Samson, 2017), based on two separate
estimators for each coordinate.

The minimization of the criterions is conducted with the optim function
in R with the Conjugate Gradient method. In Table [I| we present the mean
value of the estimated parameters and the standard deviation (in brackets).
Figure [2| illustrates the estimation densities. Linearized contrast is depicted
in blue, least square estimator —in red, 1.5 scheme in green.

The first thing is that the estimation of the diffusion coefficient o with
the 2-dimensional linearized estimator is biased in both sets of data, even
though the contrast is corrected with respect to the hypoellipticity of the
system. This bias does not appear in the one-dimensional criteria and when
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v p 3 a
Set 1: 1.5 0.3 0.1 0.6
Lin. contrast | 1.477 (1.056) 0.289 (0.428) 0.100 (0.561) 0.672 (0.291)
LSE | 1.460 (1.059) 0.311 (0.403) 0.100 (0.562) 0.611 (0.287)
1.5 scheme | 1.497 (1.055) 0.299 (0.393) 0.099 (0.563) 0.597 (0.288)
Set 2: 1.2 1.3 0.1 0.4
Lin. contrast | 1.199 (0.531) 1.315 (0.621) 0.102 (0.683) 0.472 (0.340)
LSE | 1.170 (0.423) 1.268 (0.598) 0.100 (0.678) 0.400 (0.381)
1.5 scheme | 1.221 (0.645) 1.324 (0.777) 0.088 (0.575) 0.398 (0.338)

Table 1: Comparison between different schemes

the value is directly computed from the observations. Thus its origin may
be explained by the dimensionality of the system. Parameters of the second
coordinate v and 8 are estimated efficiently with all three methods, though
the 1.5 scheme provides a more accurate estimation. It is expected, since
one of the parameters is fixed to its real value. However, in the case of
€, 1-dimensional criteria does not score better than the linearized and least
squares based estimators. This parameter seems to be underestimated in the
case of 1.5 scheme, and a bit overestimated with the linearization scheme,
as well as the diffusion coefficient.

Also note that the experiments illustrate the speed of convergence proven
in Theorems and In particular, we may see that the quadratic-
variance based contrast gives the same performance as the classical contrast
for the parameters of rough coordinate, but parameter £ has a much bigger
variance.

During the simulation study it is observed that ¢ is the most sensitive to
the initial value with which the optim function is initialized, since it directly
regulates the amount of noise which is propagated to the first coordinate.

6 Conclusions

The proposed contrast estimator successfully generalizes parametric infer-
ence methods developed for models of type for more general class .
Numerical study shows that it can be used with no prior knowledge of the
parameters. It is the most prominent advantage of our method over the
analogous works.

From the theoretical point of view, our estimators also reveal good prop-
erties. Both linearized contrast and the least square estimators are consis-
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tent. In the case of the contrast, estimator of the rough coordinate asymp-
totically depends on the estimator of the smooth coordinate, and its per-
formance is sensitive to the form of the drift term. Question of asymptotic
normality is even more intricated. We prove the asymptotic normality under
rather restrictive assumptions of the drift term even if the method can be
applied to more general models. The normality of the LSE is studied under
no additional assumptions on the drift term. It is noted that the variance of
least square estimator is bigger that the variance of the contrast estimator.

The most important direction of the prospective work is the adaptation
of the estimation method to the case when only the observations of the first
coordinate are available. Under proper conditions it must be possible to
couple the contrast minimization with one of the existing filtering methods
and estimate the parameters of the system (at least, partially). It would
allow to face real experimental data.

Another point is the generalization of the contrast to systems of higher
dimension. In practice we often deal with high-dimensional systems with
arbitrary number of rough and smooth variables, and the general rule which
describes the behaviour of the contrast in that case is not yet deriven. Fi-
nally, it is crucial to pair the method with a robust optimization procedure,
since, especially in higher dimensions, the minimization of the contrast is
sensitive to choice of the discretization step and initial conditions.
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7 Appendix

7.1 Properties of the scheme

Proposition [ Let us consider each integral of separately. Denote:
t+A ~
Witna Z/ e/ A=) B(Zy; 0)dW,
t
where we suppress the dependency of the Jacobian of the starting point on

the interval in order to keep notations simple. Recalling the Jacobian of
system and the definition of the matrix exponent, we have:

t+A
Wt+A:/t (I+J(t+A— )+ O(A2)B(Zy; 0)dW, =

<At s ta ) o] (1) e,

Byar [[T2(t+ A — 5)dW, + O(A?)

( t U) ft-‘rAdW +a a2ft+A t—|—A—S)dW +O(A2)
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Then we can calculate It [Wt+AW£ n A]:

/ , 50 502 )
E WiraWiia] =0(Zi0)E | 8y By | +0(AY,
YAT XA

where entries are given by:

) t+A 2
E(A) = (8ya1)2 [/ (t+A— s)dWs}
t

12 t+A t+A t+A
i = (8ya1 / (t+ A — s)dWS) </ dW, + 8ya2/ (t+A— S)dWs)
t t t

) t+A t+A 2
R = </t dW8+8ya2/t (t+A—s)dWs>

The first entry can be easily calculated by the It0 isometry:

t 2
E[Z(Al)] — (ayal)QE Ut +A(t +A-— s)dWs] =
t+A
(8ya1)2/t " (t+ A —s)ds = (8ya1)2 A;

Now consider the product of two stochastic integrals in the remaining terms.
Assume for simplicity that ¢ = 0. From the properties of the stochastic
integrals (Karatzas and Shreve, [1987), it is straightforward to see that:

Ellm Y (A-s)(Wy-Wiy) Y (Wy-Wy,)|=

n—oo
ti,ti_1€[0,A} ti,ti_lE[O,A]
) A A2
—lm S (A oB [0, - Wi 2] = [ sds =5
ti,t;—1€[0,A]
That gives the proposition. ]

7.2 Auxiliary results

We start with an important Lemma which links the sampling and the prob-
abilistic law of the continuous process:
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Lemma 4 (Kessler| (1997))). Let A — 0 and NA — oo, let fe Rx 0 — R
be such that f is differentiable with respect to z and 6, with derivatives of
polynomial growth in z uniformly in 0. Then:

N

1

N Zf(Zi;H) Lo, /f(z;@)uo(dz) as N — oo uniformly in 0.
i=1

Lemma is proven in Kessler| (1997)) for the one-dimensional case. How-
ever, as its proof is based only on ergodicity of the process and the assump-
tions analogous to ours, and not on the discretization scheme or dimension-
ality, we take it for granted without giving a formal generalization for a
multi-dimensional case. Then proposition [2| in combination with the con-
tinuous ergodic theorem and Lemma {4 allow us to establish the following
important result:

Lemma 5. Let f : R? x © — R be a function with the derivatives of
polynomial growth in x, uniformly in 6. Assume A — 0 and NA — oo.
Then:

2
Z;;0 .
1. g Yo m (Xz‘+1 A Zz,9 ) Lo, =% L[ f(z0)b*(z;00)10(dz)
2
2. ﬁzﬁal (Zla9)< i+1 — A2(Zu9 > f Z Uo)l/o(dz)
236 @)y P
3. NA2 ZZ =0 m (XH—I Al 2179 > ( i+1 — AQ Zug )) —

5 [ F(z0)b?(2;00)n0(dz)
Proof. Let us denote:
CZ(1) N1A3 f(Zi;9()
(Oyar(Zi; 0y 7))*
(= o 1250 (Vi — Aol 236 >>)2

) _ 1 f(Zs0)

Thanks to Proposition [2] we know that:

B [Cf”!fi} = BiNf(Zi;G)bQ(Zi;oo) +0(A).
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Then from Lemma [4] it follows that for N — oo uniformly in 6:

N-1

S B[R] 2 ¢ [ 10 G o)

The same applies for terms CZ@) and Ci(m), 0

Let us introduce an auxiliary Lemma which establishes the convergence
in probability for the first moments:

Lemma 6. Let f : R2x© — R be a function with derivatives of polynomial
growth in x, uniformly in 0. Assume A — 0 and NA — oo. Then the
following convergence results hold:

(i) w52 SN0 F(Z0)(Xipr — A1 (Z600Y)) 2% 0
(i) iz SN F(Z0) (Vi — As(Z:687)) 2% 0
uniformly in 6.

Proof. Consider (i). Expectation of the sum tends to zero for A — 0 and
NA — oo due to Proposition Convergence for (1) is due to Lemma 9
in |Genon-Catalot and Jacod| (1993) and uniformity in () follows the proof
of Lemma 10 in Kessler| (1997). The second assertion is proven in the same
way. O

Remark. Note that in our experiment design from the fact that
iz N (255 0)(Xiv1 — AL(Z3305))) 2% 0 it follows that
_ - P _
Nx 0 F(Z60) (Ko —A1(Z3657)) =2 0, and also & Y5 £(Z:0) (X1 —
A (Z;; 9(()1))) Lo, 0, since A — 0.

We also need the following Lemma for proving the asymptotic normality
of the estimators.

Lemma 7. Assume (A1)-(A4) and NA — oo and NA? — 0. Then for any
bounded function f(z;0) € R? x © — R the following holds:

=

1

i) VNA

F(Z3:0)(Xipr — A1(2Z5505D)) 2

I
o

o <0’ 3 (b2<z;oo><aya1<z;eé”>>2f2<z;9>)>
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i

! i A7 g WY 2
Ve 2 S Es0 K = (250,
Gi) 1 1, R
N F(Zi;0)30%(2:00) (yan (36, 1))* —
=0

o <°’ oo (8121 20) 0 25 667)) 9>)>

(iii) e S5 F(Z350)(Yigr — Vi) 2 N (0,00 (B3(2500) £2(2:)))

(iv) \ﬁAZ L (Zi30)(Yiga — Yi)? —\/%Zf\gol (Zi:0)b*(Ziz 00) —>
N (0,211 (b4(z,00)f2(z,0)))

\/>A2 Z f Zl’a H—l Al(ZZae( )))( H—l Y)_
N—
(v) Z ZZ,G b2(Zi; 00)dya1(Zi; 0) 2
i=0

v (o 3”0 (0 o @z 0)7)

Proof. Proof of (i). Recall that the expression for X; i conditionally on
X, can be written as . That means, we can rewrite the left part of the
equation as:

N—
1(Z550)(Xis1 — A1(Z536")) =
a 1 N—1 1 N-1
Zi;0)b(Z;; 00)0ya + — Zi30)i,
\/T — f O) Yy 179061 NA'?’ — f( )

where §; is an error term, such that E[§;|F;] = O(A3) and E[§2|F] =
O(A*) (see Proposition . Recall that & is normally distributed with
B[] = 0 end BIEf] = 5, then EIf(Z:0)b(Zii00)dya1,6117] = 0 and

E[(f(ZZ';e)b(Zi;O'o)ayaLgofl) |./—"] (f(Zl,H)b(Zl-;oo)Gyawo)Z. As a con-
sequence,

1= 1
TN z; F(Zi;0)b(Zi; 00)0yar 6,61)% |1 Fi] — 30 ((f(z; 9)5(2;00)3ya1,90)2) :
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Furthermore, since the function f is bounded, that means that

+ Zi]\!ol E [(f(Zi;0)b(Zi; 00)0ya1 9,61)*|F;] is also bounded and converges
to 0 pointwise. Then, the Theorem 3.2 in Hall and Heyde (1980) implies
that:

N-1
1 D
N § f Zwe ZzSO'O)ayal,Hofl —
1=0

o <0’ 30 (1 ao><aya1<z;eé“>>2f2<z;9>)>

It remains to consider the error term \/ﬁ SN £(Zi;0)6:. First, note
that MZN Y (f(Zi;0)8;| Fi] = VNO(VA3). It converges to 0 since
by our assumption that NAZ? (and as a consequence, NA?%) tends to 0.
Also, ﬁ ZﬁBIE [(f(Zi;60)6:)%|F;] = O(A). It completes the proof for
().

Proof of (ii). We again rewrite the approximation in the same way as we
did in the preceding part:

L N i
VNAS3 S F(Zis0)(Xigr — Ar(Zis05))*—
i=0
1« Lo (ONY:
N 2 f(Zz‘SQ)gb (Zi;00)(0ya1(Zis 6y "))" =
| N
e X HZa OOy (20 36 - ) +
=0
5 N-1
f(Zi;0)b(Z;, 00)(0ya (Z,,@ ))(55 +
NA 2 0)(9ya1 1
L Nl 1
N > 1(Zi56)(0ya1(Zi; 05))07
i=0

It is easy to see that the expectation of the last two terms of this expres-
sion (and its square) converge to 0 under condition that NA% — 0, since
E[(£16:)%|Fi] = O(AY), and E[(8;)?|F] = O(AY).

Simple computation shows that It [ﬁfﬂfz} =0, E [(%5% — %)2 ]]—]} =

28



Then

N-1

1

N “

E

_ 2
(200001238 (326 - 3) m] E
=0

ot (£ 0 (21 00) @ 2:0())*)

2
Then, since | [(b2(Zi,00)(6ya1(Zi; 9(()1)))2 (563 - %)) ]]—"Z} is bounded, we

may state that = SV ' B [(bQ(Zi,ao)(ayal(Zi; 052 (62 — %))2 m} —
0 and apply again the Theorem 3.2 in |[Hall and Heyde| (1980)), which results
in statement (ii).

Proof of (iii-iv). The proofs are again based on representation and
are absolutely analogous to the proof of (i-ii). The main difference is that
in the rough coordinate the noise term (of order v/A) dominates the drift
term (or order A), so that as A — 0, the increments Y;1; — Y; follow the
same distribution as Y11 — Y; — Aaq(Z;; 9(()2)) up to higher-order terms.
Proof of (v). To simplify the proof for the cross-term, we recall that the
representation can be transformed so that the two noise terms are in-
dependent. For example, we can use an analogue of such a decomposition
proposed in [Pokern et al.| (2007):

vzt 2
Yie1 — Yi = Aag(Zi;6P) + b(Zi; 00) Az + 62,

A3 A2
Xiv1 — A1(Z:68") = b(Zi;00) (8ya1) (?71 + ?72) + o}

where 6! and 62 are error terms such that E[§¥|F;] = O(A3) and E[(6F)2|F;] =
O(A*) (see Proposition , and 77 and 7 are standard independent normal
variables.

It is easy to see that the matrix of noise used for this representation mul-
tiplied by its transpose is equivalent to , so that the approximation is
equivalent to (18). It is possible to repeat the proof for any type of ap-
proximation, but we will restrict ourselves to one specific case. Then we
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! Z f(Z;0) (Xz‘+1 — A1 (Zs; 95”)) (Yig1 —Y3) —
1
75 OS2 O)5H( 2 o0) Oy (26 = D) Z 1750

<b<Zi§UO)(8ya1) <\[2771 + AEU

S
o

\_/

+ (5}) (Aag(Zi; 03 + b(Z; O'())A%UQ + 53) -
1
(26:0) $W(Z ) 0,0 (2 0V)

Then it is easy to verify that IE {( i+l — Al(Zl,G( ))> (Yig1 = Y5) \]:Z] =
42b(Zi;00)(9ya1) + O(A?), and then

2
B [£(Z0) ((Xiv1 = A(Zis6)) (Vi = Yi) = 30%(Zis00) 0y0) ) 17| =

0. With slightly more tedious computations (which are omitted) we get also
that

(( o1~ A2 (Yo — ¥) - <Zz,ao><aa1>)2|fi

P (i ) 0ym)? + O()

E

Since % — 0 by design we see that

N-1

VNA2 ; f(Z;0) ( il — Al(ZZ,G( ))> (Yig1 — Yi) —

N-1

1
VN &

)

(2:50) 5005 70) Oy (25 04) =

4
S0 (b'(z:00) (9,01 (z:65)?)

Further, since

4
B { 7(Z00) ( (Xows = Au(Zs0)) (s = ¥) = 502 on) 0y0)) m]
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is bounded, and consequently

1
N2

AQ

Therefore, we can apply again the Theorem 3.2 from Hall and Heyde| (1980))
and obtain the statement (v). O

Remark. Note that the results for convergence in distribution for the in-
crements of the second coordinate hold without any assumption on the pa-
rameters of the function ag(z;0). It is due to the fact that the order of the
noise dominates the order of the drift term (which is not the case in first
coordinate, where the noise is propagated with the higher order). As a con-
sequence, the convergence of a functional Zi]ial (Zs;0)(Yip1 — Ao (Z;;69))
holds, with a proper scaling, for any value of )

7.3 Consistency and asymptotic normality of the linearized
contrast estimator

Lemma 1l Consider
A

N [EN,A(9(1),9(2),02; Zo.N) — »CN,A(Q(()l)a 9(()2), o3; ZO:N)] =T1+To+T5+1Ty,

where the terms are given as follows:

_ (1)
T 6A Nl ( i+l — Al(ZZ,H( ))) ( i+1 T Al(ZZag ))
1= 3 - 2
NAS = 2(Z;;0) (aym(Zi;e(l))) b2(Zi: 00) (ayal(Zi;H(()l)))
T, — _ 6A = ( i+1 — Al(Zzae( ))) ( i+1 — AQ(ZuQ( )))
2 NA? i—0 19, al(Zi,H(l))bQ(Z,-,o)
( i1 — Al(ZuH( ))) ( i1 — A2(Z279(2)))
0, al(Zi;H(() ))bQ(Zi;O'())
24 NZ Vi — A2 (Zi:0P)? (Vi1 — As(Z336057))?
~ NA — b2(Z;;0) b2(Zi; 00)
N-1
A dyai(Z;; 00
T4 == N log al( (1))
i=0 0, al(Zzaeo )
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Consider term 77:

1 = 2
64 ( o A1(Z1,9( ))+A1(Zi;9(()l))—A1(Zz';9(1)))

T, =
NA = V2(Zi:0) (8yar(Z5;00))

_ 2
(Xir - Ai(Zs6))) 6

2 = 3
b?(Zi; 00) <8ya1(Zi;9(()1))> NA i—0

1
b2(Zs; 0) (9ya1(Zi; 0M))?

[< = A2 o))

1 A
+
2 2
B(Zi00) (9, (Zi00)) | P(Zi0) (O (Zi:60))

(Xirr = Ar(2:60"))

A? (1) D) 2
P By 2P (@ Ze ) —en(Z:6) |

Recalling Lemmas [4] [6] and [5] we have that:

(a1(Zi;0) — ay (Zi;00)) +

1 1 P
Ay (Z5060Y) _ o,

2 +1 — 1 79 9 2
NA < ) b2(Zi;0) (Oyar(Zi:0W))"  42(Z;; 00) <8ya1(Zi§ 9(()1)>>
6\ 1 (1) (1) P

i1 — A1(Zi; 6 i05) — a1(Zi:0M)) =

NE 2 P o) Gy Zadmyp (vt~ AZ ) a2 07) = an 20 S0
6 = (a1(Zi:6)") — an(Zi:61))% p, 6/(a1(2;90)—a1(z;9) 2V0(dz)
N —~— b2(Zi;0)(0yar(Zi; 0M))? b2(z; 0)(0ya1(z;0))? '
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Now consider T5:

N-1

- % Z; [(Xisn = A1(Zs0§") + A (Zis0") - Au(2::01))
(¥ies = A2 07) + Aa(Z07) = A2(25:0™)  (Xivs = A2 (Vios — AaZis0f?)) |
b?(Zi; 0)0ya1 (Z;00)) bQ(Zi;ao)ﬁyal(Zi;Gél)) B
IR 1[( 1= A(Zs01)) (Vi — A2(Zis007))
NA — Xi v ‘ %

1 1
B(Z:0) (001 (Zi00)  12(Z3.00) Dy (Zs 95”))]

etz (o~ D) ol -t

(Yier = A2(Zi505) ) (a1(Z::00") = aa(2::00)) | +
A2
b2(Z;; 0)(0ya1 (Zi; o))

+

(a1(Z5565") — ar(Z5;00)) (a2 (255 657) — az(Z;; 0<2>>>] :

Thanks to Lemma [6] we know that:

N—-1

6 1 (1) e g2

N Z b2(Zi; 0)(0yar (Zi;0M)) [( i+l — Al(Zza‘g )) (a2(Zi; 0, )_a2(Zia9( )))+
i=0 v

( i1 — A2(Zw0( ))> (a1(Zz';9(()1)) - al(Zz'§9(1)))] 50

and, respectively, for the cross-term we have:

6A = (a1(Z:60") — a1(Zi;60)) (a2(Z:;65) — a2(Z1;6?)) py
N s 700 Y

1=0

Then we use the fact that the variance of the cross-term is of order A2 and
by Lemma [5| we obtain:

6 X (Yi = A2 (Vi — AaZit)) [(ayanzi;eé”)) 1] e,
NA & V2(Z5; ) (8yar (255 65")) !
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Finally, consider the term T3:

T3 = % Z; bZ(le,U) [( i+1 — AQ(ZZ,Q( )))
(Yier — Ao(Z3;007))(Aa( 253 0) — Aa(Z3;0))+
<A2(zi;9< ) = Ao(Zi:0P)) = (Vi — Aa(Zi3057))?] =

N—
Z Z 0'0 |: ( i+l AZ(Zz,Q( )))(CLQ(ZZ79(()2)) _CLQ(Z“H(Q)))—I—
1=0 (3

A*(az(Z; 9(()2)) — az(Z;; 9(2)))2}
Lemma |§| implies that Tj L0, ). The same holds for Ty. Thus, we indeed
have

A
5 [Ena0?,0®,0% Zon) = Lna (05,057, 0% Zon) | 2

a 2;9(1) — ay(z;0M))2
6/ (b12(<2;0(_))(39ya1(12(; 9(1))))2) v(dz). (26)

lim
N—00,A—0

O]

Theorem (consistency and asymptotic normality of 0(1)). Throughout the

proof we assume that (1) € R in order to simplify the notations.
Consistency. It follows essentially from Lemma [I| Indeed, the result

of the Lemma (and the fact that the parameter space is compact) implies

) (1)

that we can find a subsequence 0§V A Which converges to some value 6
)

However, the minimum of the expression in Lemma (1| is attained for 0(() .
Then by the identifiability of the drift function we have the consistency, that
IR

Asymptotic normality. The proof follows the standard pattern (see
Kessler| (1997), (Genon-Catalot et al.| (1999)), Ditlevsen and Samson| (2017))).

First, we write the Taylor expansion of the function . Then we have:

A (1), A1) @ . IN a) )y _
NWﬁN’A (00 + U(HN,A — 00),0 7(J',Z) du- Z(GN,A_GO ) =
A 0

1
N 56 NGRS
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Note that the values of 82 and o may be taken arbitrary. Now we have
to compute the first and the second order derivatives of . We omit the
dependency on parameters in the expression for partial derivatives to make
it readable and study the convergence of the first order derivative:

9 IRy R
gam nalbo 07, 052) = ; 5 a1
6 2(Xip1 — Ai(Zi5605))? 92 gy 2&in — Ay(Z5;05)(0pa1)
b2(Zs; 0)0ya: A3(d,a1)? yoH A2(dyay)

(Vg1 = Ao(Zi00) @par)  Kivr = Ar(Zis057) (Vir = A2(Z330P)) (@ 5y a1)
A A2(aya1)

(27)

Lemma [7] gives us the following convergence to zero in probability:

ye(l)al_ 128;,9@)“1 (Xit1 — AI(ZMQ(I))) - Lo,
\/ dya v2(Z;;0)(0ya1)3 A3(9ya1)?

\/KNZ—:I (X - A (Zi0)) (Yigr — As(Z369))(82 41y an) Po,
A?02(Z;;0)(0ya71)?2 '

The result holds since both terms consist of the variable which converges in
distribution to a normal variable due to Lemma |7, multiplied by v/A, which
converges to 0 by design. Then, by Slutsky’s theorem, they converge to 0 in
probability. Finally, applying again Lemma [7] we get:

N-1

a 24 o
e R S i)

‘90<1 a1) (Yigr — A2(Z;09)) | p b?(z;00) (Opayar)?
Zio)  (Oyar) ] 2o (030 (D) )

v =1
Thus, we have the following convergence in law:

A 9
N o)

2
1) @) ..\ D b*(z; 00) 2 1
A0y ,0%,0,2) — N (0, 3619 < (2 0) (Ogyar)” [ 1+ 7(8ya1)2

For the second order derivative we split again the expression (27) in several
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parts and study their convergence:

AN 2 20° y,00 1 1285790)@1 (Xit1 — Al(Zua( ))) _
N Z ]

L oe) @,al b2(Zi; 0)(0ya1)3 A3(0yay)?
] e AL PP
N & (8,a1) A3D2(Zs; o) (0yar)t T TR

12
+A362(Z¢;a)(8ya1)5 [( i1 — A1 (Z3;000))? ((ayal)%ze(l)@(l)al - 2(529@))231;&1)

20 (X1 = Au(Zi50§7)) 9y} (020 1)

N-1
A 12A
T = — _ )
N ; A20*(Zi; 0)(9yar)? [(@gyar1)*+

(892(1)9(1> a1)(0ya1) — (859(1) a1)(Gpya1) ]

(Xiy1 — A1(Zs; 9(1)))

(ayal)2

é NZ: z+1 A2 Z 0(1)>) (aya1)2a§(l>0<l>a1 — 2(89(1)@1)(859(”&1)
N — Zi;0) (Oyar)*

(859(1) a1)2 — (839(1)9(1) a1) (8ya1)

(8ya1)2

A(Dga1) (55, 01)
(8ya1>

ANZ Yip1 — Aa(Zi;0W))
N & AN (Zo)

(Xit1 — A1 (2:687)) +

Easy to see that the terms T3, T3 and T converge to 0 by Lemmas [6] and

a 2
Ty, according to the Lemmad{and Lemmal6 converges to 12 [ %1@ (dz).
That gives the result. O

Lemmal3. We can split the contrast in the following sum:

: L (1) p2) 2. _ : _
N_)LO - 2N£NA(9NA,9 0% Zo:N) N_)})lglA%O (311 — 315 + T3 + T4
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where terms are given by follows:

18R (X1 — A1(Z;;00))2

T =
N = A3b2(Zi;a)(8 a1(Zi;04)5))?
Xiy1 — A1 (Zi;0W) (Yigr — Ao(Z;50P))
A202(Z5;0)(0ya1(Z55054)

( 1 — As(Z;;0))2
Ab%(Z;;0)

=2

Z\H
M

2@

T3 =

=| -
I

7

1
=¥ Z log b*(Z;; o)
1=0

For the term 77 we have:

r

T =Nas Z v2(Z;; 0) (z;a (2.1.(92(239;))>)
i=0 ya1(Zi; Oy A
1= (Xirs = A1 (Z200) + 41 (220" — A1(Z20))
N z; Z@vf’ A3(9ya1(Zi: 0\ 5))?
= L Nz: (Xi+1 — Ai(Zs; 981))>2 (Oya1(Zs; 9(()1)))2
N = v*(Zi;0) A?’(ayal(Zi;é%,)A))Q (9ya1(Zi;0(V))2
24 (Xinn = 417 0) (m(Z65") — (207 )y)
A3 (0ya1(Zs; éJ(VI?A))2
A2 (a1(Zi;0(()l)) — al(Zi;é](\}?A)>2
A p2(Z4:0) (9,01 (Zi304))?

_|_

Thanks to the Lemmas [5] and [6] we know that the second term of the sum
converges to 0 in probability, and for the first one we have:

(1) 2
NZ ( i+l — Al(ZzaQ )) (aya1<Zi§0(()1)))2 E
2(Zi50) A3(0,a1(Zi035))? (9ya1(Zi:05))?

1=0
b*(2:00) (Byan(z: 9“>>>2V .
/bz(z;a) (Byar(2:054))? 0le2)
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For the third term, we use linearity for a; with respect to the parameter
6™ and then obtain the convergence to 0 in probability thanks to Theorem
continuous mapping theorem and Lemma

N 2 N
2 (@(Zath”) — an(Zi0R0)" 2 A el RO 00,
A == 2 .
V(Zi0)@,a1(Z600))2 N S 12(Zis0) (9,1 (2 03)4))?

LA?
NX;A

Then, T5 decomposes as:

1NZ_1< i1 = A1 (Zi500)) (Vs — A5(23;0)) _
N & A2b2(Zi;U)(aya1(Zi§ég\},)A))

HH

15~ Oa(Z:6) [(Xz‘+1 — A1 (Z3:05) (Vi — Ao(Zi657) |
N 5 02(Z0) (0401 (Zi: 634 A2(9ya1(Zi;63))
A = A7 00)) @225 07) — a2(Z5:0))
A2(9a1(Z;; 05))
A(Yier — Ao(Z3;00)) (a1 (Zi:05") — a1(Zi303),)
A2(9ya1(Z:;65"))
A2(ay(Zi;0y)) — a1 (253 030)) (a2(Zi05)) — az(Zi; 61))
A2(9ya1(Z:;65"))

+

Again, using Lemma [6], we know that the second and the third terms are
converging to 0 in probability. For the first term, thanks to Lemma [5| we
have the following convergence:

1N21 Xiv1 = A(Zis057) (Vi = Ao(Zi3057) 0,1 (23 67)) o,
p A202(Z3;0)(0ya1(Zi3 05))(0ya1 (Zi3 )

/ b2(z;00) Dyar(z;0")

- vo(dz)
b?(2;0) Oyar (z; 9](\}7)A)

Finally, we treat the remaining term:

1 = 1 A%(ay(Zi; 9(()1)) —a1(Zi; é](\},)A))(aQ(Zi; 9(()2)) — ay(Z;;0%))
NS 8225 0)(9y01(Zis0y)0)) A
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Using again the Lipschitz continuity of ai, Theorem [I| and the Slutsky’s
theorem, we obtain a convergence to zero in probability for this term. Ty
converges in probability to [logb?(z;0)vo(dz) due to Lemma 4| Consider
T;:

N-1
1 1 (2) @\ (A (7. 9@
T3=NA§bg(Zi;a)[ i1 = Aa(Zi 05 + (Vi = Aa(Zi: 07)) (Aa(Zi5 07

(2)
_ . (2) 2+1 A2 Zlaa ))
(Ay(Z;;089) — Ax(Zi; 0@ } NA Z +

b%(Z;; 0)
A N (Vi = AalZit >>><az<zi;eé>>—a2<Zi;0<2>>>+
NA b2(Z;;0)

A2 2 (a3(Z3;09)) — ax(Zi;09))?

NA — b2(Z;;0)

Thanks to Lemma Bl and [l we conclude that

Py bQ<z§UO)
T 2\ 70
3 —>/ 2z 0) vo(dz) +0+40

Finally, we obtain

1
NEN,Aw,O'Q; Zo.n) =%
2
2( . .o .o
/ be(Z’.UO) 3 —8ya1(z,zq)) _3—6ya1(z7z?)) + 1| +logb*(z;0) | vo(dz)
(z30) Oyar(z;05'A) Oyar(z;05'A)

Then thanks to the tightness property of the estimated sequence ég\})A, we
obtain that a

—31/“1(21‘;?8)) Po,

Oya1(Zi; 0 a)
It gives the Lemma. O

Lemmal[d Note that we cannot infer the value of #(2) with the same scaling
as the parameter of the smooth coordinate because the estimator for each
variable converges with different speed. Thus, we fix the parameter () to
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5(1)

its estimated value 0’, and consider the same sum, but with a different
scaling, namely :

. H(1 1 2
yolim o (L A8 0 08 Zo) = Ly a0 067 08 Zo) | = T4 T+ T

where the terms are given as follows:

[ ) ()
USN)

T = 4 Z 2017
NAY = B(Zio) | (9,01(Z0)4))? (Bya1(Z::03)0))?
6 N1 ( i+1 — Al Zz»HNA) ( +1 — A2 Z’Lae( )))
L=-Jas H(1) Bl
i=0 0 al(ZzagN )b (Zzaa')
<Xi+1 — A(Z;; 95\7?&) <Y%+1 — As(Z;; 9(() ))>
Bya1(Zi; 03\ 0 (Zi50)
o [ = A0 — (Vs — A2
PTNA? & b2(Zi;0)

T is obviously cancelled. Consider T5:

Ty = —

_l’_

6 A (X - Au(Zi60)) (@2(2:0%) - an(Zis657)

NA? — dya1(Zi; 0\ 0 (Zis 0)

A2(a1(Zi:05") — ar(Zi;03)5)) (a2(Zi:02) — az(Z55657)))
dya1(Zi; 05 )0*(Zi; 0)

Then, the first part of the sum converges to zero in probability after applying
Lemma[6] Second part of the sum also converges to zero because NA — oo

by design, and GJ(V)A =% 0(1) (so that a1 (Z;; 9(1)) a1 (Z; HAE\})A) also converges
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to 0). So we just have to consider the remaining term Tj:

_ 2 1 . p(2)\\2
Tg_NA2 ZbQ Z»L“O' [ i+1 — AQ( i790 )) +

(Yiq1 — Az(Zz,Q( )))(AQ(ZZ';G((]Z)) — Ay(Z;;6P))+
(A2(Z3;657) = Ax(Z330D)) = (Yigr — Aa(Zi:07))%| =

9 N-1 1
NAZ i=0 bZ(ZZaO-)

|A(Vier = Ao(Z500)) 0223057 — aa(Zi5 02) +

A%(aa(Z: 87) — ax(Zis 6]

The first part of the sum is canceled due to Lemma [6] Then we apply
Lemma [5| and get the convergence:

|:£N a(0$A, 0, 0% Zo.n) — Lna(B3). 057, 08 Zo:N)} Po,

as(z:6p) — as(z;0))?
2/( 2l ,952)(2.02)( :9) vo(dz)

lim
N—00,A—0 NA

O

Theorem [d. The proof follows the standard pattern. Throughout the proof
we assume that /2 and o € R in order to simplify the notations. We write
the Taylor expansion of the contrast function defined in and apply an
appropriate scaling

/CN,A (90 + u(éN,A - 90);z) du Ena = — Dy a(bo),

where by 6 we denote (6?), o) and the parameter #(!) is fixed to its estimate
GA]%)A throughout the proof, and

2 2
Cn.a(f) = [NlAaa(;?ae@)ﬁN,A(e(l),e(2),g; Zo:N) N#ﬂmﬁw(l)’g(z)’a; Zo:n)
) L 2

A s LN A0, 00, 0: Zo) g L (0,602, 03 Zowy)

VNA@GY _9(()2))] D [\#693(%51\,“9(1) 80, o Zo.n)
) N,A —

)

E =
e VN(6n — 00) \1F8 Lya0D, 09 0; Zo.n)
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First, we compute the partial derivatives of first and second order with
respect to 0 and o

N—

88 Lna() Z

A(Dgya2) (Vi — Ao(Z;; 0@ )))]
A2 (Zs;0)

A(Opaz)(Xiy1 — A1(Zi;0W))
A?02(Z;;0)(0gyar)

2 = DZIVA

)

(Xi1 — Ai(Z;;61))*
A3(0pya1)?

¢ K1 — Ay(Z3;60W)(Yigr — Az(Zi;e(Q)))+2( i1 — Ag(Zi;69))? N

A%(9yyar) A

Ogb
g —: D2
b(Zi;0) a4

6

3725 ()= S _GA(8§(2>9<2> a2)(Xiv1 — A1 (Zi; 0(1)))+
002002 e i=1 A20%(Z;;0)(0pyar)
2A(3§<2>9<2)az)( i1 — Ag(Z:;09))) . A2(8)2a2)? .
Ab? (Zi,0'> AbQ(Zl,O') :Ona

A(86(2)a2>( +1 — Al(Ziﬂa( ))>
A2b(Zi; 0)(9pmya1)

4A(89(2>a2)( i1 — Aa(Z; ;02 ))) —C
Ab(Z;; 0) Va
& al) Ni()’ab —26(21,0)(8306) o (Kit1 — An(Z;01))°
902 v b4 (Zi; 0) A3(0pyar)?
6( i1 — A1 (Zi;0W)) (Yigr — 1‘12(21;9(2)))+2( i1 — As(Zi360%))?
5 0(Zi0)(9540) = (950)* _ 29
b2(Z;;0) TNA

We start with proving the convergence for the terms Cy a. Note that the
4(1)

parameter (Y is not fixed, and thus we plug-in the estimated sequence 0 5 .
Then we can obtain a convergence in probability after few technical steps.
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We start with Czlvl,A:

L 1 = A (825 02) (Xit1 — A1 (Zi; éﬁfA))
NA CNa = NA ~ A2b?(Zi; 0)(0gayar)
L . p2)
A(ae(Q)eéz)a2)(Yz+1 AQ(ZuQ )) N AZ(@@@)(w)Z
Ab*(Z;;0) Ab*(Z;;0)
1S A @) Xin = A(Zi0)) A0 02)(@1(Zi ) — ar(ZisO))
NA ~ A26%(Z;;0)(0prya1) A202(Zi;0)(9pyar)

2 (2)
A(ag(g)eéma 2)(Yit1 — A2(Zu9 ) A2(89(2)a2)2
Ab%(Z;;0) Ab%(Z;;0)

Note that thanks to Lemma [6] we know that

1 = 6A(8§<2>0(2)a2)(X,-+1—Al(Zi;Gél)))

NA pt A2b2(Z;;0)(0gyar)

2 (2)
A(89(2>952)a2)( i1 — A2(Z3;01))) . A2 (D az)? Py / (aG(Q)GQ)QV @)

AV (Z;;0) AV(Zi;0) b(z0)
What about the remaining term, we can recall the condition (H1):
Z 2)0(2 a2 al(Zzae( )> - (Zwég}',)A)) B
- ¥a V(Zi:0) (1) -
) a0
NZ Tyrgea2)a1 (Zi; \/g (9((1 - 9§V,)A))
\/7]\]' — (ZZ‘,O')(ag(Ual)

We know that <6?(()1) — éﬁ)A) \/% is normally distributed by Theorem ,

and Zl 1 % converges to its invariant density by Lemma {4
Then by Slutsky’s and the continuous mapping theorem the product also
converges in distribution to a normal variable, which is, divided by v NA
converges to zero since NA — oo by design. However, as NA — oo, this
term converges to 0 in probability. As a result,

2y an)?
NAc .g/Wgég;mu@
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With the same arguments we prove that C}Vz A= CZQ\} A P00 and

that " "
a
Lo vy, [ (007
wCRa i | 7 (zio) )

Then we consider the remaining term. Recall the assumption (H1), namely
that the function a(Z;;0™M) is linear with respect to (). We start with
the term

1 1 N A@Gpean)(Xip — A1(Zi03)0))

S § } Spp— —6
JNA N,A VA s A2b2(Zi;a)(69(1)a1)

2

2

A(Ogya2) (Vi1 — As(Zi309))) 1 = 8e<2>a2 (Xip1 — A1(Zi; 60 )))_
AV (Zs; 0) ~ JNA - Ab?(Zi;0)(0pyar)

1=

(Opra2)ar(ZiOvin = 00") ) (Bpenan)(Yios — Aa(Zi562)
b*(Zi; 0)(Opn aa) b*(Zis o)

For the first and the third term we simply apply Lemma [7| and obtain con-

(9,(2)a2)?
b2(z;00)

apply the result of Theorem [1} as well as the continuous mapping and Slut-
sky’s theorem we may state that:

6N L (Ope2a2) a1(Z;; \/E(é%)A—OéU)) i)—()‘/ (Og2)a2)
b*(Zi; o) (9gayan) b?(2;0)(Fgyar)

. For the second term we

vergence in distribution to N <0, 0

a1(z;7)rvo(dz),
=1

where 7 is distributed as stated in Theorem [I} Then, as N — 0,
6 V= Oy a2) a1(Z;; \/ﬂ(éﬁ)A—Qél))) Po

— — 0
N b2(Zs; 0)(Fpya1)

By analogy, we prove the convergence for the term Djz\,’ A, Obtaining:

jﬁpﬁm PN <07 3210 (é?% >>

That gives the result. O
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7.4 Consistency and normality of the least squares contrast
Theorem [3. Consistency. The proof follows the one of the classical con-
trast. Recall that is written as

N-1

Liva0: Zow) = ) <( i1 = A (Zis 00 + (Viar — Aa(Zis 6 >)))
1=0

Let us now consider the following difference:

1
NA2

(Vi1 — Ao(Z3;09))2 — (Xi1 — A(Zi;050))2 = (Yign — Aa(Zi; 605 )))2]

(24 2(0; Zo.x) — £ 5003 Zow)| = AQZ[ 1 — A (Zi 002

T NA - [2<Xi+1 — Au(Z 067) (An( 233 007) — A(Zi00)) + (Aa(Zis07) — A(Zi;0)))?

+2(Yiir — Az<zz,e<2>>><Az<Zi;eé”>—A2<Zi;e<2>>>+<A2<Zi;0§f>> Ax(2::6%)]

Then we have from Lemmas [5] [6}

N-1

2A
Az 2 (Kivr = Au(Zis057)) (@1 (Zi:07) — ar(Zi20)) T 0
=0
IA N-1 P
Az 2 (Yin = Aa(Zi05)) (@2(Zi5057) — ax(Z6%))) =% 0
1=0
A2 = 1 P 1
i D (@(Zi6)) — an (236 / (ar(z:65) = a1 (3 0™M))*wu(d2)
1=0
A2 Nl P
i D (a2(Zi057) — ax(269)) 2 / (a(z:65) — as(=0)))*wu(dz)
1=0

From that we can conclude that there exists a subsequence 0 N.A = arg minﬁﬁl\, Al: Zo.N)
9 K

that tends to 0. Since the minimum is attained at the point 6y, we con-

clude that 8, = 6y. Then the result follows from the identifiability of the

drift functions.
Asymptotic normality. We apply again a Taylor formula for a func-

tion :
/CN (90 +u(ly — 90>)du Ex = Dn(60),
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where we define

)

On(8) = [Nlﬂ' 66<1>g0 LA Zon) aeg)ag(z)ﬁ a(0: Zo.w)
NA?W£ al0; Zoy) NAmﬁNA(H Zo:N))

(1) . (07
M(e@) ?%) . Dy(6) = | NVA® ae<1> 05 Zo.n)
VNAGY —007) N\Fae(?)ﬁ (9§ZO:N)

Using Lemma [7] we get:

N(0) = —2 N <0’ 5 be(Z%UO)(ayal(z;9(()1)))2(%(1)@1(2;9(()1)))21/0(613))
: N (0, 82023 070) By aa (= 67 oo =)

And by Lemmas we have the result for Cy(6):

N =

L p(yy2
Cn(60) 2o —2 J(9gmyai(z; 6y 7)) *vo(dz) 0(2) ,
0 J(Opea2(2;057)) 1o (dz)
That, in combination with the consistency result, gives the theorem. O
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