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STOCHASTIC GRADIENT DESCENT IN CONTINUOUS TIME FOR DRIFT
IDENTIFICATION IN MULTISCALE DIFFUSIONS*

Max HIRSCHY*® AND ANDREA ZANONI?

Abstract. We consider the setting of multiscale overdamped Langevin stochastic differential equa-
tions, and study the problem of learning the drift function of the homogenized dynamics from
continuous-time observations of the multiscale system. We decompose the drift term in a truncated
series of basis functions, and employ the stochastic gradient descent in continuous time to infer the
coefficients of the expansion. Due to the incompatibility between the multiscale data and the homog-
enized model, the estimator alone is not able to reconstruct the exact drift. We therefore propose to
filter the original trajectory through appropriate kernels and include filtered data in the stochastic
differential equation for the estimator, which indeed solves the misspecification issue. Several numerical
experiments highlight the accuracy of our approach. Moreover, we show theoretically in a simplified
framework the asymptotic unbiasedness of our estimator in the limit of infinite data and when the
multiscale parameter describing the fastest scale vanishes.
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1. INTRODUCTION

Multiscale diffusion processes are widely employed in modeling natural phenomena. Some applications include
oceanography [11,23], finance [3,28], and molecular dynamics [25,26]. It is often important to derive from data
an effective model which describes the macroscopic behavior at the slowest scale [4]. We focus here on multiscale
stochastic differential equations (SDEs) of the Langevin type, which represents the motion of a particle in a
multiscale potential, and for which a simplified surrogate model exists due to the theory of the homogenization
[34]. Our goal is then to infer the drift coefficient of the effective equation given observations from the full
dynamics. Since we are interested in learning the homogenized SDE from data, this problem is denoted as
data-driven homogenization.

It is well-known that data originating from the multiscale dynamics are not compatible with the coarse-grained
model [33], and this is a typical example of model misspecification. This problem has been studied in several
works and tackled with different approaches [14,15,35]. In particular, it has been shown that the maximum
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likelihood estimator (MLE) is biased if data are not preprocessed. This issue can be solved by subsampling the
data at an appropriate rate which lies in between the two characteristic time scales of the multiscale process
[6,7,29]. However, the accuracy of the estimation is strongly dependent on the subsampling rate, and the
optimal rate is unknown in concrete applications. This has motivated the study of alternatives to subsampling.
For example, in [22] a martingale property of the likelihood function is employed. Moreover, subsampling can
be bypassed using a different methodology based on filtered data which has recently been introduced in [2,17].
Filtered data are constructed applying either an exponential kernel or a moving average, therefore smoothening
the original trajectory. The filtered process is then used to modify the definition of the MLE, which results in a
more robust estimator. In the case that the full path of the data is not available but only a sample of discrete-time
observations is known, filtered data can be used in combination with martingale estimating functions based on
the eigenvalues and eigenfunctions of the generator of the effective dynamics [1,21], for which homogenization
results have been shown in [40]. In [1], it is proved that, as long as the filter width is sufficiently large, the
derived estimator is asymptotically unbiased independently of the regime at which the data are observed.

In this work we consider a different method for parameter estimation, i.e., the stochastic gradient descent
in continuous time (SGDCT), which has been introduced and applied to financial problems in [37]. Differently
from the stochastic gradient descent in discrete time, which has been thoroughly analyzed [9,10,24], the con-
tinuous analogue applied to inference problems is rather new, and it has been studied in [37], where the rate
of convergence and a central limit theorem for the estimator are proved. SGDCT consists in solving an SDE
for the estimator that is dependent on the model and the path of the observations, and therefore performing
online updates. However, if the data are originated from a different dynamics, i.e., in this case the multiscale
model insted of the homogenized dynamics, the estimator is not able to correctly retrieve the exact unknown
due to the incompatibility between model and data, as already observed for the MLE. We therefore couple
SGDCT together with the filtering methodology and build a novel estimator for learning the drift term of the
homogenized equation from multiscale data. We remark that in [36] a similar approach has been employed to
estimate parameters in stochastic processes driven by colored noise.

The main contribution of our work is twofold. We show that SGDCT in combination with filtered data can be
applied to infer drift coefficients in multiscale problems, and we prove theoretically in a particular setting that
the resulting estimator is asymptotically unbiased in the limit of infinite data and vanishing fast-scale parameter.
Moreover, we apply our estimators to the general framework of multiscale diffusion processes with nonseparable
confining potential, where the amplitude of the fast-scale oscillations are dependent on the slow-scale component,
and which lead to multiplicative noise in the homogenized equation [12].

Outline. The rest of the paper is organized as follows. In Section 2 we introduce the problem and the multiscale
model under consideration. In Section 3 we present our methodology based on SGDCT and filtered data, for
which we study the convergence properties in a simplified setting in Section 4. Finally, in Section 5 we show the
potentiality of our estimator through several numerical experiments, and in Section 6 we draw the conclusions.

2. PROBLEM SETTING

In this section we introduce the multiscale diffusion process which we study in this work. We focus on
multiscale Langevin dynamics, which describes the motion of a particle in a multiscale landscape. Let us consider
the following SDE in the time horizon [0, T]]

AX§ = —VV(X5; ) dt + V20 dW,, (2.1)

where X; € R?, V°: RY — R defines a multiscale confining potential depending on an unknown parameter
a € R™ and on a parameter ¢ > 0 that describes the fastest scale, 0 > 0 is a constant diffusion coefficient,
and W, € R? is a standard multidimensional Brownian motion. We decompose the confining potential in its
large-scale part and its zero-mean fluctuations as

Ve(sa) = V(wsa) +p(2, 2).
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where V: R? — R and p: R?¢ — R are the slow-scale and fast-scale potentials, respectively, and we assume

that the parameter o appears only in the first component. Moreover, the fast-scale potential is periodic in its
second component with period the hypercube L = [0, L]? with L > 0, and it satisfies the centering condition

/p(fmy) dy =0,
L

which, defining V(z,y; o) = V(x; ) + p(z,y), implies

1
V(z;a) = E/LV(:L‘,y;a) dy.

The theory of homogenization (see, e.g., [8], Chapt. 9 and [12]) gives the existence of a homogenized SDE, which
only captures the slow-scale components of the solution X{ of the multiscale equation (2.1), of the form

dXt = —b(Xt; Oé) dt + QZ(Xt) th, (22)

such that the solution X; is the limit in law of X{ as random variables in C°([0, T]; R%). In particular, in equation
(2.2) the homogenized drift and diffusion terms are given by ¥(z) = o/C(z) and

b(z; o) = K(2)VV(x; o) — oK (2)V log (/L e~ wP@) dy) — o div(K(z)), (2.3)

where K: R4 — R4%4 ig defined as

JL I+ Vy@(z,y))e Pl dy
I e~ 7P(@Y) dy

)

K(z) =

and where, for fixed z € R%, the function ®: R?*? — R? is the unique solution to the cell problem in L

Vy - (e (1 + V,0(,1)) =0, (24)
endowed with periodic boundary conditions, and which satisfies the constraint

1
/ ®(z,y)e =PV dy = 0.
L

We remark that similar computations have also been presented in [13] for an arbitrary number of scales, and in
[18] for the more general setting of multiscale interacting particles.

Remark 2.1. In the one-dimensional case, equation (2.4) can be solved analytically, and therefore we obtain
the explicit formula for the function I, which reads
L2
K(z) = - . (2.5)
(fOL e‘%l’(ﬂ%y) dy) (fOL e;p(flivy) dy)

Let us now introduce the framework that we will consider in the rest of the work, and in particular the
assumptions on the confining potentials.

Assumption 2.2. The slow-scale and fast-scale potentials V' and p satisfy

(1) V(:;a) € C®(RY) is polynomially bounded, and there exist a,b > 0 such that

~VV(z;a) -z < a— bl
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(2) p € C>®(R??) is periodic in its second variable with period L, and either there exists R > 0 such that
p(z,y) =0 if ||| > R or p is independent of the first variable, i.e., by abuse of notation, p(x,y) = p(y).

We notice that the dissipativity condition in Assumption 2.2(1) is important to ensure the ergodicity of
the diffusion process. Moreover, Assumption 2.2(2) is necessary to prevent the oscillations from growing when
||z|| — oo. This condition is essential to apply the a priori estimates on the moments from [5] and showing the
homogenization result [13].

We are then interested in inferring the drift function b of the homogenized equation (2.2) given a continuous
path (X7)icpo,7] from the corresponding multiscale SDE (2.1). We remark that we only assume to know the
form of the slow-scale potential V' (but not the parameter «/), while all the other quantities, i.e., the fast-scale
potential p, the diffusion coefficient o, and therefore the function K, are unknown for us. So if, for example, V'
was known to be a fourth degree polynomial with coefficients given by a € R*, we would not assume to know
«. The problem of inferring the drift of the homogenized equation, rather than the full multiscale dynamics,
is important in particular for predictive purposes ([17], Rem. 1.1), since numerical integration for multiscale
SDEs is prohibitively expensive. In fact, the discretization step needs to be chosen sufficiently small with respect
to €. This restriction is not necessary in homogenized SDEs where the time step is only based on the desired
accuracy. In the next section we address the inference problem employing the SGDCT. However, since the data
and model are incompatible, we also propose to include filtered data in the definition of the SGDCT in order
to solve the issue of model misspecification.

3. METHODOLOGY

We recall that our goal is to learn the drift function b in equation (2.2) from multiscale data (X )epo,77-
From now on, we will focus on one-dimensional diffusion processes (d = 1), but we believe that this method can
be extended to the multidimensional case in a similar way as it is done for the MLE in Remark 2.5 of [2] and
Section 3.3 of [17]. We propose to follow a semiparametric approach. In particular, we first consider a truncated
basis {u,}N_;, u,: R — R, of an appropriate functional space, and approximate the drift term as

N
b(w;a) = b(x; A) =Y anun(z) = AT U(x), (3.1)

for some coefficients a,, € R, and where
U(z) = [ur(x) ug(x) - uN(x)]T eRY and A= la1 ag - az\/]T e RV,

The basis can be chosen, e.g., as the first N monomials, i.e., u,(x) = 2"}, if we assume a Taylor expansion, or
can be extracted from a family of orthogonal polynomials, or can be informed by the knowledge of the form of
the slow-scale potential V. In particular, the form of the potential V is the only guide in the choice of the basis
functions. Otherwise, if no information is given, and assuming that the potential is regular enough, choosing
monomials is the best option, which is justified by the Taylor expansion. Another interesting possibility would
be to select polynomials that are orthonormal with respect to the invariant measure of the dynamics, but this
would first require density estimation for the invariant measure. We plan to return to this problem in future
work. Then, the problem moves to estimating the best coefficients {a,, }Y_; in (3.1), using estimators which are
suitable for the standard parametric framework. We remark that the MLE cannot be computed explicitly as
it depends on the diffusion term in (2.2), which is also unknown. In this work, we therefore employ a different
technique, i.e., the SGDCT estimator which has been used for parameter estimation in [37], and does not rely
on the diffusion coefficient.
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3.1. Application of SGDCT

In this section we introduce the methodology which we employ to estimate the drift coefficients in the
approximation (3.1). In particular, we employ the SGDCT, which consists in solving an SDE for the unknown
parameters. SGDCT follows a noisy descent direction along the path of the observations and therefore performs
online updates. Following the notation of [37], consider the natural objective function

G(A) = ;]EUb(X;a) 'E(X;A)H - %]E“b(X;a) _ ATU(X)}Q},

and use stochastic gradient descent to approximate its minimum value with some learning rate n;:
dA; = =0, Vg(Ay) dt = —n, (A U(Xy) — b( X5 ) ) U(Xy) dt.

We notice that, since « is unknown, the right-hand side cannot be computed explicitly, but it can be approxi-
mated using equation (2.2)
—b()(t7 a) dt ~ d){t7

where the noise is neglected. Therefore, we obtain
dAt = *T]t(U(Xt) ® U(Xt))At dt — T]tU(Xt) dXt,

and an analogous estimator is obtained by replacing X; with the available multiscale data. Let us denote by EET

the SGDCT estimator of A in (3.1) given continuous-time observations (X;).e[o,r]- Then, Z‘ET is the solution at
the final time T of the following SDE

dAS = —(U(X5) @ U(XF)) A dt — n,U(XF) dXT, (3.2)

where ® denotes the outer product and 7 is the learning rate which takes the form

v

" G

for some v, 8 > 0. As shown in [37,38], this method is suitable to approximate the exact coefficients if the data
employed in the SDE (3.2) are generated from the same equation used in the derivation of the SGDCT estimator.
To be more precise, this technique would succeed in giving a reliable estimation of the coefficient A if the data
originated from the homogenized equation (2.2) where the drift term b is replaced by its approximation b. We
notice that in this case the estimator A; defined above is independent of the parameter ¢ since it is based on the
homogenized data X;. In our setting, however, the drift term is not known exactly, but we use its approximation
in terms of basis functions, and the data are generated from the multiscale equation (2.1). We remark that,
as long as the basis functions are chosen appropriately, the fact that we are looking for an approximation of
the drift function does not strongly affect the inference procedure, as we will see in the numerical experiments.
Nevertheless, the best possible approximation is clearly dependent on the choice of basis functions. On the other
hand, even if the drift can be exactly expressed in terms of a finite number of basis functions, in the next section
we observe that the SGDCT estimator A% alone is not able to correctly infer the drift coefficient A due to the
incompatibility between multiscale data and homogenized model.

3.2. Failure of SGDCT with multiscale data

Let us now show that if we do not preprocess the multiscale data, then the SGDCT cannot infer the drift
function of the homogenized equation. This has already been studied for the MLE estimator in [33], where the
authors show that the estimator approximates the drift coefficient of the multiscale equation ([33], Thm. 3.4).
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We consider here the same setting, where there is a clear separation between the slowest and the fastest scale.
In particular, let the process X; be one-dimensional and consider the slow-scale potential

V(z) = av(z),

where a > 0 is the unknown parameter, and the fast-scale potential p(z,y) = p(y) depends only on the fastest
scale. In this case the function K in (2.5) turns out to be constant and therefore the multiscale and homogenized
equations (2.1) and (2.2) read

dX, = —AvV'(X;) dt + V25 dW;, (3.4)

where A = Ka > 0 and ¥ = Ko > 0. It follows that the only basis function that we need is u;(z) = v'(x) and
thus the SDE for the estimator A% of A simplifies to

dAS = —no! (XE)2AS dt — o' (X5) dXE. (3.5)

Since it will be useful in the following result, we remark here that in Propositions 5.1 and 5.2 of [33] it is proved
that the processes X7 and X; are geometrically ergodic with unique invariant measures. Then, in the next result
we show that, even in this simple setting, the estimator is not able to approximate the drift coefficient A of the
homogenized equation (3.4), and, in contrast, it converges to the drift coefficient o of the multiscale equation
(3.3) in the limit of infinite time and when the multiscale parameter vanishes.

Proposition 3.1. Let /TET be defined by the SDE (3.5). Under Assumption 2.2 it holds

lim lim A% =a, a.s.

e—=0T—o0
Proof. Notice that solving the SDE (3.5) is equivalent to applying the SGDCT to the multiscale equation (3.3)
so that we learn the unknown coefficient A in the function b(z; A) := —Av’(z) which is used to approximate
the target function

b(z;a) == —8(;;; (v;0) = —av'(z) — %p'(%)

Similar to the intuitive derivation of SGDCT at the beginning of Section 3.1 and now employing the notation
in [38], let us now define the objective function g for SGDCT as

2

T N , ) 1,/
gla; A) = 3[ba: 4) — b(ws )| = 2\ Av' (@) + av/(2) + - (2)
By Theorem 3 of [38] it follows that
lim |7/ (A%)| =0,  a.s., (3.6)
T—o0

where g(a) = E[g(X°®; a)] and the expectation is computed with respect to the invariant measure of the multiscale
process X;. We then have

g (35) =B | 9207 )| = Al (x7) - ol (X7 - | 1y (1 )o'x).

3

which due to (3.6) implies

(3.7)
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Finally, from the proof of Theorem 3.4 from [33] we know that
E[zp (55)v'(X°)]

M TEpOeT
which together with equation (3.7) yields the desired result. |

Therefore, in the next section we show how to modify the SGDCT in order to accurately fit the homogenized
equation.

3.3. Coupling SGDCT with filtered data

In the previous section we showed that the SGDCT fails in inferring parameters in homogenized equations
given observations originating from the multiscale dynamics. Inspired by the works [2,17], where filtered data
are used to correct the faulty behavior of MLE estimators, we now propose to employ the same type of filtered
data to modify the SGDCT and consequently obtain unbiased estimations. Let § > 0 be a parameter describing
the filter width, and consider the following smoothed versions of the original multiscale data

R I
Z55 . = 5 /O e Xids and Z0)5, = 5 / ) X¢ ds, (3.8)
tf
where Zgﬁ;,t is obtained applying a filtering kernel of the exponential family and ngz,t is a moving average. To

simplify the notation, from now on we will only write Z7 and we will refer to both as the filtered data in equation
(3.8). However, if it is necessary to specify the type, then we will use the full notation. For completeness, let us
also introduce the homogenized counterpart of the filtered data

1 [t 1 [t
Zop = g/ e” T Xods and  Z0,, = g/ X, ds, (3.9)
0 t—¢

which will be employed later and only denoted by Z;. We are now ready to include filtered data in the definition
of the SGDCT estimator. In particular, inspired by the previous works [1,2,17], we replace only one instance
of the original trajectory X; with the filtered data Z7 both in the drift and diffusion terms of the SDE (3.2).

Our novel estimator, which we denote as 2%, is then the solution at the final time T of the modified SDE
dA; = —n(U(Z5) ® U(XF)) A5 dt — U (Z5) dXF. (3.10)

We notice that, as highlighted in Remark 3.7 from [2], due to the regularity of the filtered process Z%, it is
fundamental to keep the differential of the multiscale process dX; in the definition of the estimator. Then, in
order to obtain the asymptotic unbiasedness, by symmetry, it follows that the original process must also appear
in the drift term of the SDE (3.10). This intuition will become clearer in the following convergence analysis.

Remark 3.2. The computation of the estimator A\% from equation (3.10) requires neither the knowledge of the
diffusion coefficient o of the multiscale dynamics (2.1) nor the diffusion term X of the homogenized equation
(2.2). However, their values affect the variance of the resulting estimator, and this can be observed, e.g., in the
central limit theorem proved in Theorem 2.8 of [38].

Finally, from the expansion (3.1) we can construct the approximated drift function of the homogenized
equation which is given by

N
E(x;ﬁg) - Z(AET) Un(2).
n=1 "
In the numerical experiments in Section 5 we will show that the estimated drift function b is able to provide
a reliable approximation of the exact drift function b. Moreover, in the next section we focus on a particular
framework, and develop a rigorous theoretical analysis which allows us to prove the asymptotic unbiasedness of
the estimator A% in that context.
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4. CONVERGENCE ANALYSIS

In this section we consider a simplified setting and prove theoretically the accuracy of our estimator in the
limit of infinite data (T — oco) and when the multiscale parameter vanishes (¢ — 0). Let us consider the same
framework as in Section 3.2, which we recall here for clarity. We aim to infer the drift coefficient A > 0 in the
homogenized equation

dXt = —AUI(Xt) dt + \/ﬁth, (41)

given continuous-time observations (X§ )te[o,T] from the corresponding multiscale dynamics
£ / € 1 / Xf
dX; = —av'(X])dt — =p' | = ) dt + V20 dW;. (4.2)
€ €
We employ the SGDCT estimator A\ET with filtered data which is the solution at the final time of the SDE

dAE = —pu' (ZEW' (XE)AS dt — ' (Z5) dXE. (4.3)

Substituting the expression for dX in (4.2) into that of dle\f in (4.3) and using d(le\f —a)= d//l\f gives

N N Xe
d(A; . a) - —ntv’(Zf)v’(Xf)(Af - a) dt + Ztv/(Zf)p/(;> dt — V2on' (Z5) AW,

which is a linear SDE for the term Eﬁ — . Therefore, letting Ag > 0 be the initial value for the estimator, we
can write the solution explicitly and obtain the analytical form of the estimator

T
A% =+ (AO — a)e_ fOT Ws11/(Z§)U/(X§)dS — \/20-/ nte_ ftT 7]SU,(Z§)UI(X:)dSU/(Zt€) th
0

4.4

1 T 7an»v'(Z€)v'(X5)ds/ e\, ‘th5 ( )

+g nee” Jr MV 2 ) S (Z)p - dt.
0

Our goal is then to show the asymptotic unbiasedness of EET, i.e., its convergence to the exact coefficient A when
T and ¢ tend to infinity and zero, respectively. We remark that the following analysis relies on the additional
assumption that the state space is compact, i.e., we embed the multiscale diffusion process X7 in the one-
dimensional torus, considering the wrapping of an Euclidean diffusion process, as detailed in [16]. The setting
in which our analysis is performed is summarized in Assumption 4.1 below for the clarity of the exposition.

Assumption 4.1. The following conditions hold.

(1) The dimensions of the processes and of the unknown parameters are d =1 and N = 1, respectively.

(2) The slow-scale potential is V(x; ) = aw(zx), where a > 0 and v is C*(R) and periodic.

(3) The filtered data Z§ and Z; are obtained employing the exponential kernel as in equations (3.8) and (3.9).

(4) The fast-scale potential p € C*(R) is only dependent on the fast component and is periodic with period

L>0.

(5) E['(X)v'(Z)] > 0, where the expectation is computed with respect to the invariant measure of the joint
homogenized process (X, Zt), which is introduced at the beginning of Section 4.1.

(6) The homogenized and multiscale diffusion processes are embedded in the one-dimensional torus and therefore
the state space is compact.

(7) The learning rate has the form ny = v/(B+1) for some v,3 > 0, and v is chosen sufficiently large such that
~FE[' (X)v'(Z)] > 1.

In this context we can now present the asymptotic unbiasedness of our estimator, which is the main result
of this section and whose proof is outlined below.
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Theorem 4.2. Let ;1\% be defined in equation (4.4). Under Assumption 4.1 and if the filter width § is indepen-
dent of ¢ or § = e with & € (0,2), i.e., if § is sufficiently large, it holds

lim lim A5 = A,  in L2

e—=0T—o0
Remark 4.3. Even if Theorem 4.2 is proved in the particular setting described by Assumption 4.1, the following
analysis highlights the importance of filtered data in correcting the path of the SGDCT and therefore giving
an unbiased estimator. We also remark that, as showcased by the numerical experiments, our methodology
works even in more complex scenarios. Hence, we believe that the theoretical results could be extended to more
general classes of problems. However, we will not study here this extension and we leave it for future work.
Nevertheless, even if more general results are out of the scope of this work, we present the main issues that
we would encounter and ideas on how we might tackle them. First, in the multidimensional case we could not
compute the analytical solution in (4.4), and we would need to use arguments similar to the ones in the proof
of Theorem 1 from [38], such as the comparison theorem ([20], Thm. 1.1). Then, performing the analysis in
the whole space, rather than the compact torus, would require the study of the regularity and boundedness
of the solution of Poisson problems for hypoelliptic operators in unbounded domains, by extending the series
of works [30-32]. Replacing exponentially filtered data with averaged data would lead to the analysis of the
generator of stochastic delay differential equations (see [17]). Finally, considering fast-scale potentials depending
on both scales would imply the need of the expansion (3.1), and therefore the study of the error committed in
approximating the drift with the truncated series expansion.

In the next two sections we first introduce technical results related to the homogenization and the generator
of the multiscale diffusion process, and then present the proof of the asymptotic unbiasedness of the SGDCT
estimator Af with filtered data.

4.1. Preliminary results

Let us recall some useful properties of the joint multiscale and homogenized processes (Xf, ZF) and (X3, Zy),
that has been studied in [2]. In particular, the joint process (Xf, ZF) is hypoelliptic ([2], proof of Lem. 3.2),
ergodic, and admits a unique invariant measure p ([2], Lem. 3.3). Moreover, u° converges in law to the unique
invariant measure p of the homogenized joint process (X, Z;) by Lemma 3.9 of [2]. Therefore, it follows that
there exists ¢g > 0 such that for all € < ¢y Assumption 4.1(5,7) hold also for the invariant measure of the
multiscale process, namely

E'(X%)'(Z%)] >0 and AE[W'(X%)V'(Z°)] > 1. (4.5)
The next lemma is fundamental for the proof of Theorem 4.2.

Lemma 4.4. Under Assumption 4.1, if the filter width & is independent of € or § = &% with & € (0,2), i.e., if
0 1is sufficiently large, it holds

B (5]
20 2B (270! (X°)]

=A-aq,

where the expectations are computed with respect to the invariant measure of the joint process (Xi,Z5), and A
and « are the drift coefficients of the homogenized and multiscale SDEs (4.1) and (4.2), respectively.

Proof. The desired result follows from the proofs of Theorem 3.12 of [2] and Theorem 3.18 of [2]. O

We now focus on the definition of the estimator (4.4). The next result is a decomposition of the exponent of
the exponential term, and is based on the Poisson problem for the generator of the joint process (X§, Z5).
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Lemma 4.5. Under Assumption 4.1, there exists a function ¢ = (x,z), which is bounded along with its
derivatives, such that the following decomposition holds true for all s,t € [0,T]

t t
/nw@@ﬂﬁﬂw=mMXi$%me§Z%ﬂ/md@W@ﬂﬂXW
t
—/ (X5, Z8)dr — V2 / U W(X5, Z5) dW,.
Proof. Let us consider the system of SDEs for the joint process
£ /! 13 1 / Xf
dXt = —Qv (Xt)dt_ gp ? dt+ \/20’(31VVt7

1
A7; = —5(7Z - X)

which is obtained differentiating the first equation in (3.8), and its generator

P 1,1« o 1 o 02
( )833 AR

which is hypoelliptic due to Lemma 3.2 of [2]. Then, take the function
¢°(z,2) = v'(2)0' (z) — B[v"(Z9)'(X7)],

where the expectation is computed with respect to the invariant measure p°, and consider the Poisson problem
on the two-dimensional torus T? with a centering condition

oy = ¢,
(4.6)
[ =0,

that has a unique solution, which is bounded along with its derivatives, by Theorem 4.1 of [27]. Applying It6’s
lemma to the function h®(r, z, z) = n,¢°(x, z) we have

t t
0
(X5, Z5) —ns(XE, Z5) = / (X5, Z8)dr + V 20/ nra— W(XE, ZE) AW, + / LoV (XE, Z2) AW,
S S x
Finally, using the fact that ¢ solves the Poisson problem (4.6) and rearranging the terms we obtain the desired

result. O

By an analogous argument, we also obtain the following lemma.

Lemma 4.6. Under Assumption 4.1, there exists a function ’(ZJ = Jz(x,z), which is bounded along with its
derivatives, such that the following decomposition holds true for all s,t € [0,T]

/ G (Z5)p ( )dr_ctw(Xf,Zﬂ (XS, Z5) + / Crd”E[”/(Ze)p (iﬂ
_/tgm X¢,75) dr—f/ G POXT, 25) AWy,

where (. is defined as
G =B+ T)WJE{U’(ZE)U’(XE)]*l_

In the next section we employ these technical results to prove the main convergence theorem.
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4.2. Proof of the main theorem

Let us recall the definition of the SGDCT estimator EET in (4.4) and consider its decomposition

Ar=a+ Q7" +Q3® + 077, (4.7)

where
T ’ € ’ £
?(1) (Ao — a)e™ S nsv' (250 (Xs)ds’

T
Q@ = _\/%/0 e I e O (X9 dsy (72 gy,

e _ 1 g — ST 0" (Z5)v' (XE)ds, 1 ( 7, 1 X
=) e DU ZE )| )t

In the next lemmas we study the limit as T' — oo of the three quantities separately. Then, we collect the results
together to conclude the proof of Theorem 4.2.

Lemma 4.7. Under Assumption 4.1, it holds

. _rr / €Y,/ € .
lim e~ Jo 70/ (Zv(X0)ds 0, in L%
T—o0

Proof. First, letting ¢ be given by Lemma 4.5, we have

(X7, Z3) — nob (X6, Z5)| < sup [¥|(nr +m0) < C < o0

for some C' > 0 which will change throughout the proof. Furthermore,

T T
‘/ (X5, Zy) dr S/ .| dr - sup [¢| < O < oo,
0 0

T 0 € € T 2 9 € € ?
( / nraxwxr,zr)dm)]E | (gocxazn)

where we have used the It6 isometry and the fact that partial derivatives of ¢ are bounded. Using these bounds,
we obtain

T 2
E |exp (—/ nsv’(Zss)v’(X:)ds>
0

T T 9
eXp<—2E[v’(X5)v’(Z5)]/O nrdr—l—Q\/%/O nraajzﬁ(Xf,Zf)dWr)]
T 2
MTGXP<4U/ Tl?(ﬁxﬂ)(Xf,Zf)) d?")],
0

T T 2
M7 = exp 2\/20/ nrﬂw(XTE,Zf)dWT —40/ n? ﬁw(x:,z:) dr (4.8)
0 ax 0 al’

and

T
E gO/ n? dr < oo,
0

<CE

T
Cexp(QE[v’(XE)v'(ZE)]/O nrdr>IE

where
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is an exponential martingale. Using the fact that My is a martingale and that fOT n2 (L y(XE, Z;?))2 dr < oo
since the partial derivatives of ¢ are bounded, we then have

T 2 T
E [exp < / nsv' (Z5)0' (XE) d5> < Cexp (2]E[v'(X5)v'(ZE)} / Ny dr)E[MT]
0 0

= Cexp (—2E[U/(XE)U/(ZE)] /0 Nr dr) ,

which converges to 0 since E[v'(X¢)v'(Z°)] > 0 by (4.5) and fOT N dr — oo. O

Lemma 4.8. Under Assumption 4.1, it holds
T

dim [ e S (ZO0 (XD dsyl (7Y AW, =0, in L.
— 00 0

Proof. We have by the It6 isometry that

2
T
E </ e ST nsv’(Zj)U/(Xj)dsvl(Zf) th> —F
0

T
/ 77t2@2ftTnsv'(Z.f)v’(Xi)dSv'(Zf)zdt].
0

Since v'(Z§) is bounded, we have by Tonelli’s theorem and computations in the proof of Lemma 4.7 that the
right hand side above is bounded from above by

T T T g
C/o n’E [exp(Q/t Ny dr~E[v’(ZE)1/(XE)]+2\/%/t Uragc7/1(Xf,Zi)dWr>‘| dt

:c/OTnf exp(—Q/tT " dr-E[v’(ZE)v’(XE)]>E ]AVZexp<—4a/tTn$(£¢(X:,Z§)>2dr>] at
< c/oTnf eXp(—Q/tTnT dr.E[v’(zs)v'(xs)OEHﬂ dt

T T
:C’/O n? exp<—2/t 0y dr~E[v’(Z5)v’(XE)]> dt,

where the martingale M; is defined in (4.8) and the last line follows since

o] el ] - ] - ] -

Now substituting the expressions for 7, and 7; gives

2
T
E </ fr}te_ftTnsv/(Z:)UI(X:)dsvl(Zf)th)
0

< O/OT n? exp (-2[ - dr-]E[v’(Zs)v’(XE)O at
:c/OT (ﬁlt)2exp(—QE[v’(Zs)v’(Xs)} /tT i dr-) at

_C/T< ~ )2(5+T)2w1E[v’(Zf)v’(X5)Jdt
o \B+t B+t ’
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which implies

2

T
’ (/ me‘ff”sv’wi)v'(’ff)d%’(zmth>
0

T
I gen T ye 1
2 —27E[v" (Z°)v (X
< Oy (B+T)2E )]/O (B 1 £)7 DEW (7w (X dt

= O(T~EW (Z)0" (X H2EW (2 (X)) =241

=0(r),

where in computing the integral, we used the fact that vE[v'(Z¢)v'(X¢)] > 1 by (4.5). This shows the desired
limit as T — o0. ]

Lemma 4.9. Under Assumption 4.1, it holds
T

’ (X
lim me I nsv/(zi)”,(xi)dSU/(Zta)p/(th) dt = E[U (Z%)p ( £ )] in L2.
€

T—oo Jo

Proof. First, we have by the triangle inequality that
T T 1 1 X®
X5 E[v"(Z)p' (%)
_ S/Zlesd lzslitdt— 3
/0 UteXP< /t nsv' (Z)v'(X5) 5)”( t)p< - ) E[v/(Z¢)v' (X9)]

[ iz (%) [exp<— [ iz ds> - exp<— [ nas E[v'(zwv’(w)] a

I

+ /OT i (v’(Zf)p'<)§) - ]E{v’(ZE)p'(S)D exp ( /tT s ds - E[v’(ZE)v’(XE)O dt

II

+ /OT mE {U/(Zs)p/()f)] exp (- /tT " ds-JE[v'(ZE)v’(XE)]> dt — W

IIT

<

where (X¢,Z¢) is distributed according to the invariant measure p® for the joint multiscale process (X7, Z¢).
We now show that I — 0 in L2, We have

2

T XE T ’ €N,/ € T ’ N,/ €
/J(T) . / ntU/(Zts)p/(t> |:€7 ft nsv' (Z5)v' (X5)ds e ft ns ds-E[v' (Z°)v" (X )]:| dt
0 15

2

T
/ ntv'(Zf)p/(Xf>e_ 7 ne dsER (Z5)0' (X°)] (e— ST e (Z)' (XE) ds+ [T n, ds-E[v (Z5)v' (X)) _ 1) dt
0 13

2

e ftT sV (ZE)' (XZ) ds+ftT ns ds-E[v" (Z%)v'(X®)] _ 1| dt,

T
< CT/ 77t2€_2 ftT ns ds-E[v' (Z%)v' (X*)]
0
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where the last line follows from Hoélder’s inequality and the fact that p’ and V' are bounded on the torus. Now
applying Lemma 4.5, we have

T
i <cr / n2e=2 i na ds B! (290" (X))
0

p 2
% ‘e—nTw(X;,z;Hmw (X£.25)+ [ nlw(X2,28) ds+v2a [ ne Zw(X5,25) aw. _ q]” gy

T 2 —24E[v’ (Z%)v(X*))
T 2
- CT/ T s+T ‘eQ(t,T) _ 1‘ at,
0o \B+t B+t

T T
0
QUET) = —nrd (X5 25) + b (XE, Z0) + [ (X3 20 ds + Vs [ n g 0(XE, 25) WL,
t t

where

We focus on bounding [e@*+T) — 1|2 = 2@tT) — 2¢QET) 4 1. First, recall that

T b T o 2
Mrp = exp (2\/20’/ ’r]r—’(/}(Xﬁ,Zi)dWT —40'/ 777% (@/J(Xi,Zf)) d?")
0 83; 0 6l'
and
_ T g T o0 ’
tr = exp (Va5 [t ulxz 20w, o [k (hexiz0) ar
0 ax 0 333

are exponential martingales. Then repeatedly using the fact that ¢ < T and that ¢ and its derivatives are
bounded, we have

2Q(t,T) _ ,~ BT V(X0 20+ 5 v (X7, 20) =2 f" Gz v (X220 ds+2v20 [T n. (X1, 25) AW,
< exp ¢ +C’/ 5 ds +2V2 / s —(XZ, Z5) dWy
= ﬁ—f—T ﬁ-’—t 5 Rl S S

%MT r 2 0 e € ?
eB+ i, <—40’/t ns<axw(Xs,ZS)) ds

My

e

IN

o

IN
Q)

+t

€

=

Similarly,

> o /T28XEZE 2d
>e i, exp| —o t n; %w( 573 s
Ze_ﬁ EMpS C/ ( )ds

Mt B+s

Thus,
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It follows from Tonelli’s theorem and the fact that E[My/M,] = E[My/M,] = 1 that

T 2 —2yE (2°)0' (X))
T 2
JEJ(T)SCT]E/ ( i ) <ﬁ+ ) ‘eQu,T)_l‘ dt
0

B+t) \ B+t

T 2 —24E[v (2°)v' (X9)]
T 2
ZCT/ 7 N (P B ‘6Q<t,T>_1’ dgt
0 B+t B+t
T

2 ~29E[v (Z2°)0' (X9)]
vy ﬁ—i—T c e
< (CT —_— B+t — 2e” B+t + 1) dt.
= /0 (ﬂﬂ) (6+t> (¢ e +1)

Now since yE[v'(Z¢)v'(X¢)] > 1, there is A > 0 such that 2yE[v'(Z%)v'(X®)] —2 — XA > 0, so because T > ¢, we
have

v 2 8+T —24E[v’ (Z%)v' (X®)] B (ﬁ+t)Q’Y]E[U’(ZE)’U’(XE)]*2*>\+)\ _ ’YQ(ﬂ‘Ft))‘_
B+t B+t =7 (B + T)2EW (Z) (X)-2-224X = (B 1 T)2HA
Thus, it follows that

T T
E3(T) < —C 2+A/0 (ﬁ—l—t)’\(eﬁ—%*ﬁ—&-l)dt.

(B+T)

Now we have that

o

P 2P 41214 - +o((B+t)71) —2(1 S +o((6+t)1)> +1

B+t B+t
_3C 4
51t +o((B+1)77)
so that for tg, T sufficiently large, we have
CT cT r _ CcT cCT(B+1T)*
EJ(T) < t)y~ A dt = :
(1)< Greyees * G ryess J, 9+ GRSV RS g

In particular, I — 0 in L? at a rate of O(T*I/Z) as T — oo. Now we look at II. As preparation toward this end,
by Lemma 4.6, we have

T
/ € / XT‘E
| ez (%

T
_ _ xe
)ar = Grix7. 28) - (5. 20) + [ G|z ()]
0
T _ T 9 -
- [ iz vas |6 g ze aw,
0 0 ax
where ¢, := (8 + T)VE[”/(ZE)”/(XE)]_l. Rearranging and dividing by
T T
[ ear= [ (g myrezr ey,
0 0

1
- EW(Z5)v' (X))

T -1 o7
X¢ Xe
(/0 cm) | o (v () - (T)]) o
 rd(X5. Z5) — GU(XG, Z5)  Jy C(XE ZE)dr V20 f) GG, Z5) W,
foT Grdr foT Crdr foT Grdr
() (ii) (iii)

{(5 + T)EW (2 (X)) _ mE[v'(Zf)v'(Xf)]} — @(TWE[v’(ZE)v’(XE)])

gives
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For (i), because 1) is bounded, we have

O(TER (29 (X)] -1y c

O EV @ (X | O(T R (297 (X

foT Grdr

=0(17),

so (i) — 0in L? at a rate of O(T~1) as T — oo. Similarly, we have

O(TER (Z) (XF)] -1y
O(TEWV (Z5) (X))

iy Cb(xe, zg)
foT Grdr

=0(17),

so (ii) — 0 in L? at a rate of O(T~!) as well. For (iii), we have by Ito isometry and the fact that the derivative

of 1) is bounded that
T 2
o rdr ” c Z5)d
2(/0<> [(/4 XZ)W”
T -2 2
:20<A Crdr> ]E/ Cr< O(XE, Zg)) dr]
-2
<C</T(rdr> /Tgfdrz(Q(T—l).
0 0

Thus, we see that (iii) — 0 in L? at a rate of O(T~/2) as T — oc. It follows that

T -1 or
Xe Xe
(/0 ¢ dr) /0 ¢ (u(z,%)p’(;) - E[v’(ZE)p'<€>D dr — 0 in L?
at a rate of O(T~'/2). Now returning to the convergence of II, we have
r X; Xe r ’
IR AaEs) I ap—
0 € € t
T —E[v'(Z°)v' (X)) €
v p+T 10 et | X X
[ (7)(55) (0w () —E[ (JD
2 i r / € / XE /! € /
= (5+T)2’Y]Q[/U'(Zs)v’(X5)]E /O Ct (U (Zt )p (;) —E[U (Z )p ]
2
’Y2 fOT Ct dt r B r / € / X€ !/ € /
= (6+T)(27E[v’(zf)>v’(X5)]E (/0 G dt) /0 G (U (Zo)p ( 5 ) B E{U (Z%)p < 5 )]) d

2
v? (foT G dt) CO(T™Y) o (2w (XN . o(1-1)
S BT @l T o @ (X

E

2

=0(T™h
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so that 1T — 0 in L? at a rate of O(T~'/2). We now turn to showing that IIT converges to 0 in L?. We have
T T / reXe
X© E[v(Z9)p' (<))
/ e,/ [ 2 _ X ’ e,/ 5 _ £
/0 mE [U (Z%)p ( - >:| exp( /t ns ds - E[v'(Z°)v" (X )]) dt E[v' (Z2)V'(X?)]
(7' 5 e 2
_ /T 7 (BT T e (X5 ] ar — B EOP (D)
0o \B+t B+t € E[v'(Ze)V'(X¢))

| B2 (D)) g AE[ (2°)0 (X)) -1 gy _ E[v'(Z°)p’
By ez f, B+ b B oV

E

E[v’(ZE)p’()f)] (B + T)EW (Z)0 (X)) _ gyER'(Z)v' (X)) ]E[v’(ZE)p’(’f)]
Elv'(Ze)v' (X#)] (B + TRl (Z2)v(X9)] B

which we see converges to 0 at the rate O(T~2EM (290 (X)) Thus, since yE[v/(Z¢)v/(X¢)] > 1, we have that
IIT — 0 in L? at a rate of O(T~!). Combining the convergence for I, IT, and III gives

/OT N¢ exp (— /tT nsv' (ZE)v' (XE) ds> v’(Zf)p’()?E)dt - ]E[”/(Ze—m —0 in L?

Elv'(Z#)v'(X9)]
at a rate of O(T~1/2), as desired. O
Proof of Theorem 4.2. By the decomposition (4.7) and due to Lemmas 4.7-4.9 we have

E[v'(Z°) (%))

EyZwxe)

lim A5 =
i Ap =
Finally, applying Lemma 4.4 we obtain

lim lim A\%:a—i—A—a:zﬁL in L?,

e—0T—o0

which is the desired result. O

Remark 4.10. From the proof of Theorem 4.2, and in particular from the proofs of Lemma 4.7-4.9, we notice
that the rate of convergence of the estimator EET with respect to the final time T is O(T~'/2). On the other
hand, the rate of convergence with respect to the multiscale parameter € is dependent on the limit in Lemma 4.4,
whose convergence rate is unknown. Its study would first require the analysis of the rate of weak convergence
of the invariant measure u° of the multiscale joint process (X{,Zf) towards the invariant measure p of its
homogenized counterpart (X, Z;). We will return to this problem in future work.

5. NUMERICAL EXPERIMENTS

We now present numerical experiments to demonstrate our results. The code to reproduce these experiments
is available on Github [19]. Throughout our test cases, we sample multiscale data generated from equation (2.1)
with the Euler—-Maruyama scheme

Xi - X, =—-(V) (X5 0)At + V20 AW, X5=0, AW, ~ N(0,At), (5.1)

where the time step At is chosen sufficiently small with respect to e, 4.e., At = 3. Then, unless otherwise
specified, we solve the SDE (3.10) for the modified SGDCT estimator using the Euler-Maruyama scheme

Aoy — A5 = o (U(Z5) @ UXE)ASAt — 0, U(Z5) (X5, — X35), A5=0, (5.2)
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for an appropriate vector of basis functions U. Furthermore, we take as learning rate

10

=10+ nAt

i.e., we set v = = 10, except where noted. We remark that choosing a good learning rate is highly dependent
on the given problem [39]. In our setting, the variance of our estimators depends on the constants appearing in
the learning rate, and the optimal value can depend on the unknown parameter A and so cannot be known in
practice [38]. Due to these difficulties, we intuitively choose the learning rate to be smaller when the learned
weights are not converging as expected.

Now, given a sample path {XZ}N_ with N = |T/At], the exponential filtered path {Z}Y_ is computed
as

1
ZE =0, and Z5=e 2075 |+ Se*At/éXZAt for n >0, (5.3)
and the moving average path {Z5}N_ is computed as

Z5 =0,
75 = (nA)IY"  XEAL if1<n < S, (5.4)
Ze =010 (XAt ifn> S,

where S = [§/At].

We now present three experiments. In the first, we will verify our theoretical results by showing that the
SGDCT estimator is asymptotically unbiased when we use filtered data and biased otherwise. We also show the
dependence on the filter width §. In our second experiment, we demonstrate the efficacy of our estimator for a
two-dimensional drift coefficient, employing both the exponential filter and the moving average. Finally, in our
third experiment, we learn the drift function using our semiparametric approach and observe that the learned
function provides a satisfactory approximation of the true drift. Because our theoretical results are for the limit
as T — oo, we choose the final time of computation 7" in each experiment so that we observe convergence when
computationally feasible.

5.1. Verification of the theoretical results

In this section, we numerically verify our theoretical results. We let

1:2

Vigsa)=a7  and  plz,y) =sin(y),

so that 1
VVE(z;a) = ax + — COS(E)-
€ €

We begin by showing that without using filtered data in our SGDCT estimator, that is, by using the estimator
(3.2), we obtain « as a biased estimate of A. Thus, instead of solving (3.10) to obtain our estimates of A, we
solve (3.2) using the Euler-Maruyama scheme

Aoy — A = —q(X5)PALAL — 0, X5 (XEy — X2), A5 =0,
We take the parameters
a=1, =01, ¢=05 T=5x10% At=1073,
and we notice that in this case, due to equation (2.5), the drift coefficient A of the homogenized equation reads
(27)? 1

A=Ko = (fo% e—2sin(y) dy) (fOQﬂ e2sin(y) dy) B lo(2)

5 ~0.19, (5.5)
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FIGUuRE 1. Comparison between SGDCT estimator (a) without filtered data and (b) with
exponential filtered data, for the example in Section 5.1. In each plot, the dashed orange line
is the biased value «, the solid orange line is the unbiased value A, and the blue line is the
estimate over time t.

where I stands for the modified Bessel function of the first kind.

The resulting estimate over time for a single sample path is shown in Figure 1. We see that the estimator
converges to the biased value « instead of the true parameter A.

We also compute estimates via the filtered SGDCT scheme (5.2), which in this case is

w1 — Ay = i Z XL AL A — 0 2, (X0 — X5), Ag =0,

where Z¢ is computed with the exponential filter (5.3). Doing so for the same sample path as before, we obtain
the second plot in Figure 1 and see that the estimates now converge to the right value A.
We now take the parameters

a=1, £=0.025 oc=05 T=10° At=1.5625x 1077,

and we take v = 8 = 1 in the learning rate. In Figure 2, we demonstrate the convergence for large T' of the
estimate A%, when the filter width § is dependent on . On the horizontal axis, we plot the exponent & of § = &5.
We see that the estimator is robust as long as the filter width ¢ is sufficiently large, meaning that EET provides
a reliable approximation of A for any value of ¢ approximately in [0, 1]. However, for larger &, the estimates XET
move away from the correct value A and finally tend to the drift coefficient « of the multiscale dynamics. This
is in line with Theorem 4.2, which gives a sharp transition in £ = 2. We remark this exact behavior cannot be
observed in practice due to the finiteness of the final time T" and, in particular, of the parameter . Nevertheless,
in the numerical example we demonstrate that values of £ closer to 0, i.e., § close to 1, give better and more
robust approximations of the unknown parameters.

Now in Figure 3, we consider E[| A5, — A|?]'/2, the L? error of the estimator for a fixed value of ¢, as T' — 0o
and show that it follows the expected O(T -1/ 2) rate highlighted in Remark 4.10. We take the parameters

a=1, =01, oc=05 T=10* At=10"3

Because we cannot compute the expected value exactly, we instead compute an approximate error using the
Monte Carlo estimate

| M , 1/2
Approximate L? Error at time n = <M Z(ﬁfbl — A) > )
i=1
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00 05 10 15 20 25 30
¢ (where § = %)

F1GURE 2. Effect of filter width § dependence on ¢, for the example in Section 5.1. The filter
width is given by § = €%, where £ € (0, 3) is the variable on the horizontal axis. The top dashed
orange line corresponds to the biased value «, while the bottom dashed orange line corresponds
to the unbiased value A. The blue line gives the value of the exponential filter estimator at the
final time 7.

—— L2 Error
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FIGURE 3. Rate of convergence in time of SGDCT estimates A%, with exponential filtered data,
for the example in Section 5.1. A Monte Carlo approximation of the L? error of the estimates
E% from the true value A is given in blue, and a reference line giving an O(T~/2) rate is given
in orange.

where M = 50 is the number of multiscale data paths which we sample, and A\ff is the SGDCT value at time n
corresponding to the i-th sample. We indeed observe that the approximate L? error has the same slope as the
O(T~'/2) reference line.

5.2. Multidimensional drift coefficient
In this section, we now consider

z? z?

V(z;a) = o —ax5 and p(z,y) = sin(y),
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so that )
Vo) (z;0) = aya® — age + - cos(g)-

We then estimate A = [a1 as] " in the expansion of b(z; A) = ATU(z), where U(z) = [2* —z] " This estimation
is done wia the filtered SGDCT scheme (5.2), which in this case is

N N 753 (X —(ze)3xe]| 7e)3 N
Aoy = A =g, [P I X g 1 (e ey, A=,
~ZX5 ZEXG -7

where Z¢ is computed with the exponential filter (5.3) or the moving average (5.4) with § = 1. We use the
parameters
ar=1, a;=2, =01, 0=05 T=10° At=1073,

which, repeating the computation in (5.5), give the homogenized drift coefficients

1

- Lo ~0.19, Ay=

~ (.38.
In(2)?

Ay

The results are given in Figures 4 and 5, respectively. In each of these figures, we see the path of the SGDCT
estimator corresponding to a single sample X,, with the components A; and A, first in separate plots, and
then in the same plot, where the color of the curve corresponds to time. In each plot (a) and (b), the orange
horizontal line corresponds to the true parameter values 4; and As. In the plot (c¢), the star represents the true
parameter A. In both figures, we see the sample estimates of A; and Ay converging to the true parameters as
time increases. We note that a larger time 7" was required to observe convergence to A; and As. In general, we
observed that a larger time 7' was required to observe convergence when there are more parameters to estimate.

5.3. Learning the drift function

In this example, we estimate a more generic drift function b given by a nonseparable multiscale potential.
We have

4 2 2
V()= =5 and pla,y) = T cos(y)1{|x| < 2},
so that )
vy s ([ ey T -
V) (z) = o x+xcos<€>]l{|x| <2} - bm(g)n{m <2}

We remark that in this setting the homogenized drift term b can be computed analytically. In fact, due to (2.5),
we have

o (x2>2
K(z) = =1 — H{|z| <2} + 1{|x| > 2},
) ( 027'r o~ %5 cos(y)1{|z[<2} dy) (fo% ok 5 cos(y)1{|z|<2} dy) '\ 20 {lz] } {l2] }
which, by equation (2.3), implies
V() if |z| > 2,

V’(m)[o(%)d + xh(%)lo(%)ig if o] < 2. (5:6)

We then aim to estimate A = [a1 az as a4 " in the expansion of b(z; A) = ATU () with

U(z) = [1z:172 1:3]T
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FIGURE 4. Sample estimates using exponential filtered SGDCT, for the multidimensional drift
coefficient in Section 5.2. In (a) and (b), the blue line is the estimate over time ¢ for 4; and
As, respectively. The orange lines correspond to A; and As, respectively. In (c), the curve is
the path of the estimate of (A1, A2) with the color of the curve representing the time of the
estimate and the red star representing to true value (Ap, A2). (a) Sample of SGDCT for A;.
(b) Sample of SGDCT for As. (c) Sample of SGDCT for A; and As.

We do this via the filtered SGDCT scheme (5.2) with the above choice of U and the exponential filter with
6 = 1. We use the parameters

£€{0.050.1}, o=2 Te{10,10%,10%}, At=1.25x 1074

and we set v = 5/2 and 8 = 10 in the learning rate. The plot of the estimated expansion bofb given in (5.6) for
a single sample from (5.1) compared to the true value of b is shown in Figure 6. We see that the approximation

b matches the shape of b, with better approximations for larger T'. Moreover, even if the difference is not large,
the approximation is also better for ¢ = 0.05 than for £ = 0.1.
We now consider the parameters

€€{0.050.1,0.2}, o€ {1,2,4}, T=10°, At=125x10"",
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FIGURE 5. Sample estimates using the moving average SGDCT, for the multidimensional drift
coefficient in Section 5.2. In (a) and (b), the blue line is the estimate over time ¢ for A; and
As, respectively. The orange lines correspond to A; and Asg, respectively. In (c), the curve is
the path of the estimate of (A1, A2) with the color of the curve representing the time of the
estimate and the red star representing to true value (Ap, A2). (a) Sample of SGDCT for A;.
(b) Sample of SGDCT for Aj. (¢) Sample of SGDCT for A; and As.

with the same learning rate, i.e., ¥ = 5/2 and 8 = 10, and the same slow-scale potential V(z) = %4 — %
We aim to estimate A = [al as as a4]T with U(z) = [1 x 2 x3]T. We now use the moving average with

§ = 1. The resulting estimates b(z) of the true drift function b(z) are shown in Figure 7. We observe that, as
expected, results get worse for larger values of ¢, and, in particular, € must be sufficiently small in order for the
approximations to be reliable. Moreover, we see that increasing ¢ smooths out the true drift function, so that
it can be better approximated by a cubic function, and as such, the estimates improve for larger o.

We finally consider estimating the slow-scale potential with 3 and 5 basis functions to investigate the effect of
having too few or too many basis functions compared to the 4 basis functions needed to represent the slow-scale
potential. We consider the parameters

e=01, oc=2, T=10% At=125x10"%,
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FIGURE 6. Learned drift function b(z) at T' = 10, 100, 1000 for SGDCT with exponential filter,
for different values of ¢ = 0.05,0.1, for the example in Section 5.3. The exact drift function
b is given in blue, while the approximations corresponding to b are given in shades of orange.
Darker shades of orange correspond to the estimates for larger times. (a) € = 0.05. (b) € = 0.1.

with the same learning rate v = 5/2 and 8 = 10 and the same slow-scale potential V(z) = % — I—; We

aim to estimate A = [al as ag]T with U(z) = [1 x wQ]T, A = [al as as a4}T with U(z) = [1 x 2 x3]T,
and A = [al as as a4 a5]T with U(z) = [1 x x? 23 x4]T. The results are shown in Figure 8. As we see from
Figure 8a, we are not able to represent the drift function with too few basis functions. When there is a larger
number of basis functions than is needed to approximate the drift function as in Figure 8c, we are still able
to approximate the drift function, but a larger time T is required for convergence of the estimator compared
to the time required for a smaller number of basis functions in our approximation, like the plot in Figure 8b,
making the results slightly worse.

6. CONCLUSION

In this work we focused on multiscale diffusion processes of the Langevin type, considering also an example
of nonseparable multiscale potentials, meaning that the fast-scale oscillations are dependent on the slow-scale
component. The theory of the homogenization gives the existence of a homogenized SDE which only captures
the behavior of the slowest scale. We aimed to infer the drift term of this effective equation given continuous-
time observations from the multiscale dynamics. We considered a semiparametric approach and wrote the drift
function in terms of a truncated series of basis functions. We then proposed to estimate the coefficients of this
expansion coupling SGDCT and filtered data in order to overcome the issue of incompatibility between data
and model. We derived a rigorous theoretical analysis in the particular setting where only a one-dimensional
drift coefficient is unknown, the confining potential of the Langevin dynamics is separable, and the state space
is compact. In this context, we proved the asymptotic unbiasedness of our novel estimator in the limit of infinite
time and when the multiscale parameter vanishes. Moreover, we performed a series of numerical experiments
which showed that our estimator can be successfully employed in more general frameworks. Therefore, it would
be interesting to extend the range of applicability of the theoretical analysis to more general scenarios by
lifting some of the assumptions. This would first require preliminary studies related to the solution of the
Poisson problem for hypoelliptic operators in unbounded domains, function approximation, and stochastic
delay differential equations. Finally, another interesting future direction of research is the study of the rate
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FIGURE 7. Learned drift functions b(z) (solid orange) compared to true drift function b(z)
(dashed blue), varying the multiscale parameter € and the diffusion coefficient o, for the example
in Section 5.3. Estimates are obtained using data filtered with a moving average.
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FIGURE 8. Learned drift functions b(z) at time 7' (in orange) compared to true drift function
b(z) (in blue) for (a) 3 basis functions, (b) 4 basis functions, and (c) 5 basis functions in the

approximation b(z), for the example in Section 5.3. Estimates are obtained using data filtered
with a moving average.
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of convergence and possibly a central limit theorem for the SGDCT estimator with filtered data. This would
indeed give more precise information about the accuracy of the estimator in the finite regime, and indications
on the choice of the parameters in the learning rate. We remark that the rate of convergence with respect to the
multiscale parameter is dependent on the rate of weakly convergence of the invariant measure of the multiscale
diffusion process together with its filtered data towards the homogenized invariant measure. Hence, we first plan
to analyze the convergence in law of the joint process of the original and filtered data towards its homogenized
counterpart.
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