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Abstract

We study the problem of estimating the parameters of an Ornstein-Uhlenbeck
(OU) process that is the coarse-grained limit of a multiscale system of OU pro-
cesses, given data from the multiscale system. We consider both the averaging
and homogenization cases and both drift and diffusion coefficients. By restrict-
ing ourselves to the OU system, we are able to substantially improve the results
in [23, 21] and provide some intuition of what to expect in the general case. In
particular, in the homogenisation case we derive optimal rates of sub-sampling,
proving the conjecture in [23].

Keywords : multiscale diffusions, Ornstein-Uhlenbeck process, parameter estimation,
maximum likelihood, subsampling.

1 Introduction

A necessary step in statistical modelling is to fit the chosen model to the data by in-
ferring the value of the unknown parameters. In the case of stochastic differential
equations (SDE), this is a well studied problem [6, 16, 24]. However, quite often, data
actually comes from a multiscale SDE whilst we want to model its coarse-grain ap-
proximation. This phenomenon has been observed in many applications, ranging from
econometrics [1, 2, 20] to chemical engineering [5] and molecular dynamics [23]. In
this paper, we study how this inconsistency between the coarse-grained model that we
fit and the microscopic dynamics from which the data is generated affects the estima-
tion problem.
The problem of estimating the drift and variance parameters of an Ornstein-Uhlenbeck

(OU) process is a standard one. Statistical inference for diffusions is a well-developed
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area and the remaining challenges mainly concern the exact computation of the likeli-
hood. In the case of the OU process, computing the exact likelihood is straight forward.

In the context of the OU process, the problem has been extended to the case where
the differential equation is not exactly a diffusion. For example, in [15], the authors
studied properties of usual drift estimator for scalar OU processes driven by fractional
Brownian motion. Further more detailed studies extended the results to stronger con-
sistency and asymptotics under various assumption: such as in [9], authors discussed
the asymptotics of the drift estimators for an OU process driven by fractional Gaussian
processes, sub-fractional and bi-fractional Brownian motions, with infinite observation
with Hurst parameter H € (0,1); and [18] studied strong consistency and asymptotic
normality for the usual drift estimator for infinite dimensional fractional OU process,
under the assumption that Hurst parameter H > 1/2.

Another extension the problem was into considering the observation process as
component of a multiscale process, converging in some limit to an OU process. This is
the problem we are interested in. It has also been discussed in several papers. In [3, 4],
the authors compute the bias between the estimators corresponding to multiscale and
approximate Ornstein-Uhlenbeck (OU) process, as a function of the subsampling step
size ¢ and the scale factor e. However, their approach is somewhat ad-hoc and limited
to scalar systems.

We consider the case where the multiscale system is an OU process, where the av-
eraging and homogenization principles still hold. We look at the MLE estimators of
both the drift and diffusion coefficients of the limiting system and study their properties
in the case when data comes from the multiscale system. In the averaging case (section
2), we show that the estimators are consistent and asymptotically normal. However, the
homogenisation case (section 3) is much more complicated as estimators are not con-
sistent. To construct consistent estimators, one needs to subsample the data. We show
that the estimators will be consistent in that case. However, proving asymptotic normal-
ity is much more involved and beyond the scopes of this paper. Our approach is similar
to that in [23, 21]. In the first, the authors study a similar problem for slightly more
general models but get weaker results. In the latter, the authors study the behaviour of
the drift likelihood of the limiting system for data coming from the multiscale system.

Finally, let us note that MLE estimators for diffusions are known to have prac-
tical limitations. In particular, the drift estimator requires a long horizon to achieve
satisfactory precision while the diffusion estimator needs very fine scale data. In the
homogenisation case that we study, there is the additional issue of subsampling the data
at a sampling rate that depends on normally unknown separation of scales variable e.
However, we believe that the behaviour that we observe is inherent to the problem of
mismatch between the model and data and not the estimators and thus have chosen a
set-up where analysis can be done in detail.

We present the exact set-up and main ideas below. Let (Q, F,{F;}+>0,P) be a
filtered probability space, and U, V' be two independent Brownian motions defined on
this space. We consider multiscale systems of SDEs of the form

dxzs dU,

% = anzxj +ay; + \/QIditta x¢ = (1a)
dyg 1 g dVy

it Z € € 42 Yyt € _ 1b
it ; (a217f + azoyy) + caq VW (1b)



or

dxt 1 dU,
dtt = < (e + a12y;) + (a13xf + arays) + \/4777;7 z°=1z9 (2a)

dyi _ 1 @ dV;
a T @) ey

Y =10 (2b)

where x, yo are random variables, (a11, a12, G13, a14, @21, az2) are real constants that
will be required to satisfied certain relationships to be specified later which guarantee
ergodicity and g1, g2 are positive real constants. The variable e > 0 denotes scale sep-
aration and we will consider the behaviour of the above system in the limit ¢ — 0. We
refer to equations (1) and (2) as the averaging and homogenization case, respectively
and we denote by p(z,y) their invariant distribution, when this exists. In both cases
and under certain conditions, (x§)o<t< converges as ¢ — 0 to the solution of

4,
dt

- dw,

=X, +Vo— -, (3)
dt

for appropriate @ € R and ¢ € R, and in a way to be made precise later, for W

also Brownian motion defined on the probability space. Our goal will be to estimate a

and o, assuming that we continuously observe (z§)o<;<7 from (1) or (2). It is a well

known result (see [6, 19]) that, given (X;)o<;<7, the maximum likelihood estimators

for a is
T T -1
ar = (/ Xtht> (/ XEdt) . )
0 0

If (X;)o<t<7 is discretely observed, then the estimator of o is the discretised Quadratic
Variation

1 N—-1

65 =79 (Xwrns = Xus)” 5)
n=0
which converges in Lo to o as § — 0. Our approach will be to still use the estimators
defined in (4) and (5), replacing X; by its x{ approximation coming from the multi-
scale model and then studying their asymptotic properties. In section 2, we discuss the
averaging case while in section 3 we study the homogenization case.

We shall discuss problems in scalars for simplicity of notation and writing. How-
ever, the conclusions can easily be extended to finite dimensions. We will use ¢ to
denote an arbitrary constant which can vary from occurrence to occurrence. Also, for
the sake of simplicity we will sometimes write x5, (or y;,, X,,) instead of x5 (resp.
YSs» Xns)- Finally, note that the transpose of an arbitrary matrix A is denoted by A*.

2 Averaging

We consider the system of stochastic differential equations described by (1) (averaging
case), where (z§, y5) € X x ). We may take X and ) as either R or T. We make the
following assumptions:

Assumptions 2.1.
Let (0, F,{F:}t>0, P) be a filtered probability space. We assume that

(i) (Ui, Vi), are independent Brownian motions;



(ii) q1, g2 are positive real constants;

(iif) 0 < € < 1 is the scale separation variable;
(iv) asa < 0and ayy < a12a221a21,

(v

xo and yo are random variables, independent of U,V and E (xo + yo) < 00.

These assumptions guarantee the ergodicity of system (1). In this case, the averag-
ing limit of the system is given by the following equation (see [14]):

dX dU

= aXi+ s ©6)
where:

a=ay — a12a§21a21 @)

2.1 The Paths

In this section, we show that (z§)o<;<7 defined in (1) converges in a strong sense to
the solution Xo<;<7 of (6). Our result extends that of [22] (Theorem 17.1) where the
state space X is restricted to T and the averaging equation is deterministic. Assuming
that the system is an OU process, the domain can be extended to R and the averaging
equation can be stochastic. We prove the following lemma first:

Lemma 2.2. Suppose that (x5, y§ )o<i<T solves (1) and Assumptions 2.1 are satisfied.
Then, for finite T' > 0 and € small,

E sup [(z)* + (y5)*] » O <1og (1 + f)) : ®)

0<t<T

Proof. Since (U;):>0 and (V4)¢>0 are independent, we can rewrite (1) in vector form
as

dx§ = a.xjdt + \/qc.dWy )

Ty a1 a2 g 0
x¢=|""),a = Qe =
= () e (in ) a5 2

and Wy = (Ui, V) is two-dimensional Brownian motion. Given the form of a., it is an
casy exercise to show that its eigenvalues will be of order O(1) and O(2). Therefore,
we define the eigenvalue decomposition of a. as

. A (e) 0
_ 1 _ 1
a, = PEDEPE with D, = ( 0 ?\2(6))’

where A1 (€), A2(€) are both of order O(1). Again, it is not hard to see that if (p§, p5)
is an eigenvector, O(p§) = O(A(e); 'p5), for i = 1,2 depending on the correspond-
ing eigenvector. So, for the eigenvector corresponding to eigenvalue of order O(1), all
elements of the eigenvector will also be of order O(1) while for the eigenvector corre-
sponding to eigenvalue of order O(l /€), we will have that p§ ~ O(1) and p§ ~ O(e).

Now, let us define ¥, = P~ 1q.(P~1)*. It follows that

where

=

(o) o)
26<0<1> o<1/e>)



We apply a linear transformation to the system of equations (9) so that the drift matrix
becomes diagonal. It follows from [10] that

su x€||2 log (1+maxi(‘(De)ii|)T) i
2 sup Ini1*) < O Ty € (1.2

Since the diagonal elements of D, and X, are of the same order and max; |(D.);;| =
O(1), we have

E ( sup ||x§||2> = O (log(1+T/e)).
0<t<T
The result follows by expanding the vector norm. O

Theorem 2.3. Let Assumptions 2.1 hold for system (1). Suppose that (z§, y5)o<i<T
and (Xi)o<t<T are two solutions of (1) and (6) respectively, corresponding to the
same realization of the (Uy)>o process and xo = Xo. Then, (x5)o<i<T converges to
(Xt)o<t<r in L? (Q,C([0,T], X)). More specifically,

T
E sup (zf—X,)?<c <6210g () + eT) e
€

0<t<T
Note that when the time horizon T is fixed finite, the above bound can be simplified to

E sup (zf— X;)> = O(e) .
0<t<T

Proof. The first step in the proof will be to expand the slow variable x5 in (1a) in terms
of €. In the OU case, we can get the expansion directly by solving for y; in (1b) and
using the answer to replace y; in (1a). Note that a more general approach that can be
applied to nonlinear systems is to use Poisson equations (see [22]).

Solving (1b) for y; gives

_ . _ avi _1dy;
Yi = —a221a21xt - ﬁaﬁ@# + eaﬁ% (10)
and replacing y; by (10) in (1a) gives
dr§ = arsdt + /qrdU; + vearnasy /@2dVi + earagy dys, (11)

where a is defined in (7). It follows that

t
Ty =z + / axgds + /1 Us + \/Ealgag;\/qEW + ealgagzl(yf — Yo)-
0

Also, from the averaged equation (6), we get

t
X = X, +/ aXds + /Uy .
0

Let e(e); = x§ — X;. By assumption, e(€)o = 0 and

t
e(e)y = / ae(€)sds + \/Ea12a2_21\/qQVt + ealgagzl(yf — o) - (12)
0



Then,

e(e); <3 ((a /O te(e)sds)

Apply Lemma 2.2, the Burkholder-Davis-Gundy inequality [22], Holder inequality
and Itd isometry on (12), we get

IE( sup e(e)?)
0<t<T

2
+e (a12‘12_21)2 Vi e (a12a2_21)2 (y; — y0)2> .

IN

T T
c T/ Ee(e)2ds + €2 log(=) + €T
0 €

IN

T T
c <e2 log(=) + €T + T/ E sup e(e)ids) .
€ 0

0<u<s

By Gronwall’s inequality [22], we deduce that

E ( sup (e(e)t)Q) < c(e? log(z) + eT)eT2.
0<t<T €

2.2 The Drift Estimator

Suppose that we want to estimate the drift of the process (X;)o<;<r described by (6)
but we only observe a solution (x§)o<;<7 of (la) for some ¢ > 0. According to the
previous theorem, (z§)o<¢<7 is a good approximation of (X;)o<;<7, so we replace
(X+t)o<t<r in the formula of the MLE (4) by (x§)o<¢<7. In the following theorem, we
show that the error we will be making is insignificant, in a sense to be made precise.

Theorem 2.4. Suppose that (x5, y§)o<i<T Solves system (1), satisfying Assumptions
2.1. Let a5 be the estimate we get by replacing X, in (4) by x%, i.e.

T T
a5 = (/ xgdmg> (/ (:cg)?dt) . (13)
0 0

: : NE_=\2
A, B = a7 =0

Then,

for a given by (7).
Proof. We define

1 T 1 T
IL(T) = T/o xidry and I(T) = T/O (25)2dt.

By ergodicity, which is guaranteed by Assumptions 2.1 (iii) and (iv)

lim I,(T) =E ((z5)?) = C # 0 a.s.,

where x¢_ is a random variable distributed according to the marginal of invariant dis-
tribution p of system (1). This is an O(1) non-zero constant, for all values of the



parameters under assumptions 2.1. Using the (11) expansion of dx§ in terms of €, we
get

L(T) = ab(T)+ (14)

I _ I 17
+ Vo z5dU; + V/ear2a55 /G2 — 2$dV; + a19a5y — / xiedyy.
T Jo T Jo T Jo

From Itd isometry and ergodicity, we directly get that

1T ’ 1 /T ) c
E \ﬂhf/o zydUy :lhﬁ/o E(zf)"dt = T
and similarly,

€c

2
_ I
E (ﬁalgaﬂl\/q»gT/o mtht> =7
Finally, using (1b), we break the last term of (14) further into

1 T € € 1 T € € € €q2 T €
T/o xiedy; :—T/O xy (a2 @y + asy;)dt — HT /0 xydVy

As before, we see that the last term will be of order O (
converges in L? as T — 0o

%) By ergodicity, the first term

1

T
— / x5 (ag1xf + agoys)dt — E (25 (a2, + a22y5,)) ,
0

where, as before, (z€_,yS,) are random variable distributed according to the invariant
distribution p. of system (1). We write the above expectation as

E (25 (an125 + a2ys)) = B (2 E ((a2125 + azye)25)) -

Clearly, the limit of p. conditioned on z¢_ is a normal distribution with mean —a,; ag; 5.
Thus, we see that
li_r}r(l)IE (x5 (ao1s, + azys,)) = 0.

Putting everything together, we see that
lim lim (I; —al) =0 in L2

e—=0T—o0

Since the denominator I of a5 converges almost surely, the result follows. O

2.2.1 Asymptotic Normality for the Drift Estimator

We extend the proof of Theorem 2.4 to prove asymptotic normality for the estimator
a5 We will show that

VT (a5 — @+ a12E (25 (a5 azzs, +¥5))) = N (0,07)

in distribution, as 7" — oo and compute the limit of 02 as e — 0. We start with
expansion (14). First we apply the Central Limit Theorem to the martingales (see
[11]). We find that

T
VT (\/QI;/ xEdUt> —>N(0,0’(171)2> asT — oo
0



where
o(1,1)2 = ¢ E[(z5,)?]

and
1 T
ﬁ(ﬁama;;\/qu/ x;th) — N (0,0(1,2)?) asT — oo
0
where

0(1,2)? = eqa(araaz; )°E ((25,)?) -

As before, we further expand the last component of the expansion (14) to

1 T -1 T

Q19055 +/€

J = —%/ (aglzf—i-aggxtyt)dt and Jy = —12#%/ 2 dV.
0 0

Once again, we apply the Central Limit Theorem for martingales to /o and we find
VT.Jy, = N (0,0(2,2)?) asT — oo

where
0(2,2)? = e(aziag; )2 @E ((z5,)?) -

Finally, we apply the Central Limit Theorem for functionals of ergodic Markov Chains
to Ji (see [7]). We get

VT (J1 + ar2E (25 (a35 asis, +y5))) = N (0,0(2,1)7)

as T — oo, where with

0(2,1)2 = Var (€(r5,4%)) +2 / Cov (¢ 0, yo), (5. ) dt,

where
§(z,y) = — (a12a§21a21$2 + apry) .

Putting everything together, we get that as T' — oo,
VT (I(T) — al(T)) — Z(1,1) + Z(1,2) + Z(2,1)c + Z(2,2).,

in law, where Z(i,5) ~ N(0,0(i,5)?), for i,j = 1,2. Finally, we note that the
denominator I, converges almost surely as 7' — oo to E ((z5,)?). It follows from
Slutsky’s theorem that as 7" — oo,

ﬁ (&% —a+ak (xgo(a;;aglxgo + ygo))) - N(07 062)7
where
s EB(Z(1L 1)+ Z(1,2) + Z(2,1)c + Z(2,2).)>
E ((25)%)°
It remains to compute lim,_,o o2. We have already seen that o(1,2)? ~ O(e) and

7(2,2)2 ~ O(e), so we don’t expect Z(1,2), and Z(2,2), to contribute to the limit.
Also,

2
o(1,1)2 = iE ((25)?) = @i (X2) = —%,

where X, is distributed according to the invariant distribution of system (6). To
compute lim. 0 0(2,1)?, we set §i(z,y) = ayy azmx + y. Then, (x5, §(x§,y5)) is



also an ergodic process with invariant distribution p. that converges as ¢ — 0 to
N(0, &) @ N(0, 52-). Since &(z,y) = —az1z - §(x,y), it follows that

’ 2(122

. € € 2 2 qz
21_{%\/3’1' (g(woo7yoo)) — %12 2& 2a22'

In addition, as e — 0, the process g(x, y5) decorrelates exponentially fast. Thus

0

ll_% Cov <§($07 Z»/O)a E($§7 y;)) = G%QCOV (X07 Xt) lg;% Cov (g(x()a 90)7 g(.’l?; y;))
forallt > 0. Ast — oo, the process (z§, §(x$, ys)) also converges exponentially fast
to a mean-zero Gaussian distribution and thus the integral with respect to ¢ is finite. We
conclude that the second term of (2, 1)? disappears as € — 0 and thus

lim E(Z(2,1)2) = a2, 22
E]'_)Ir(l) ( ( ? )E) a124da22

Finally, we show that
limE(Z(2,1).Z(1,1).) = 0.

e—0

Clearly, Z(1,1). is independent of g(z, y5) in the limit, since it only depends on the
processes {x§ }1~o and {Uy }+>0. So,

lm E(Z(2,1).2(1,1).) = im E (E(Z(2,1). Z(1, 1)|z5, t > 0))
e—0 e—0

and
1iI%E (E(Z(2,1)]z5, t >0)) =0
€E—r

for the same reasons as above. Thus

4a® [ qF 0142
limo?2=— (-2 442 .
( 26 '*4aag

We have proved the following

Theorem 2.5. Suppose that (x5, y5)o<i<T is a solution of system (1) satisfying As-
sumptions 2.1. Let a7 be as in (13). Then,

VT (i —a — pe) = N(0,07),

where ~
a

pe =0 and o2 — —2a+ ai, as € — 0.

2241

Remark 2.6. Note that in the case where the data comes from the multiscale limit and
for € — 0, the asymptotic variance of the drift MLE is larger than that the asymptotic
variance of the drift estimator where there is no misfit between model and data. The
asymptotic variance of the drift MLE with data coming from the averaged system, (4),
is given by —2a.



AVERAGING: DRIFT ESTIMATOR ASYMPTOTIC VARIANCE

T (a5 — E(a5))

s
logy (7))

Figure 1: The asymptotic variance of the drift estimator is constructed by plotting the
distribution of the time adjusted errors /T (a5 — E(a5-)) for the following choice of
parameters: a;; = Go; = a2z = —1l,a12 = 1,1 = ¢ = 2and e = 279, Also,
T is sampled from 2! to 28. The blue lines are the theoretical bounds as described in
Theorem 2.5, the red lines are the 2.5 and 97.5 percentiles from the simulated samples.

2.3 The Diffusion Estimator

Suppose that we want to estimate the diffusion parameter of the process (X;)o<i<r
described by (6) but we only observe a solution (zf)o<¢<7 of (1a). As before, we
replace X, in the formula of the MLE (5) by x7. The following theorem states that the
estimator is still consistent in the limit.

Theorem 2.7. Suppose that (x5, ys5)o<i<T is the solution of system (1) satisfying As-
sumptions 2.1. We set

2
@5 =7 2 (25— i) (15)
where § < € is the discretization step and T = N is fixed. Then, for every € > 0
lmE(G — 1) =0.
Lim E(G5 — 1)
In addition, and in distribution
2 2
577 (G5 — q1) 2 N0, %) asd = 0.
The proof of the theorem is the standard proof of quadratic variation converging
to the diffusion coefficient, as in the averaging case, the diffusion coefficient remains
unaltered in the limit.

In Figure 2, we show an example of the distributions of the errors of the diffusion
estimator as § — 0.

10



AVERAGING: DIFFUSION ESTIMATOR ASYMPTOTIC VARIANCE

87 % (d5 — B(35))

Figure 2: The asymptotic variance of the diffusion estimator is constructed by plotting
the distribution of § adjusted errors 42 (G5 — E(g5)) for the following choice of param-
eters: aj] = ag1 = Go2 = —1,a12 =1, ¢1 = ¢o = 2and e = 272, Also, § sampled
from 279 to 2717, The blue and red lines correspond to the theoretical and simulated
95% confidence intervals.

3 Homogenization

We now consider the system of stochastic differential equations described by (2), for
the variables (z§, yf) € X x ). We may take X and ) as either in R or T. Our interest
remains in data generated by the (xf)o<¢<7 process.

Assumptions 3.1.
We assume that Let (2, F,{F: }+>0, P) be a filtered probability space. We assume that

(i) (Ui, Vi), are independent Brownian motions;
) q1, g2 are positive real constants;
(iif) 0 < € < 1 is the scale separation variable;

Constants a11, 012,013, a14, 21, G2 are all real valued and the system’s drift
matrix . .
<011 + a1z  Taiz2 +aia
La La
2 Y21 2 22

only has negative real eigenvalues when ¢ is sufficiently small;

(V) a1 7é 0,‘

(vi) xo and yo are random variables, independent of U, V. Moreover, E (:U(Q) + y%) <
0.

Remark 3.2. Assumption 3.1(iv) guarantees the ergodicity of the whole system (2) for
€ is sufficiently small. This condition can be decomposed to aso and a13 — a14a521 ao1
being negative real numbers and a1 — a12a2_21a21 = 0, which ensures that the fast
scale term in (2a) vanishes.

11



Remark 3.3. Assumption 3.1(v) is necessary in our setup. However, for the discussion
of the case where as1 = 0 is zero, see [8].

The corresponding homogenized equation is given by (see [14]):

dX; = aX; + /qdW; (16)
where
@ = a13 — Q14055 Az (17)
and
§=q1+0ai2050 (18)

and for (W});~0 Brownian motion.

Below, we will show that, similar to the averaging case, the paths of the slow pro-
cess converge to the paths of the corresponding homogenized equation. However, we
will see that in the limit e — 0, the likelihood of the observations is different depending
on whether we observe a path of the slow process generated by (2a) or the homogenized
process (16) (see also [21, 22, 23]).

3.1 The Paths

The following theorem extends Theorem 18.1 in [22], which gives weak convergence
of paths on T. By limiting ourselves to the OU process, we extend the domain to R
and prove a stronger mode of convergence.

Lemma 3.4. Suppose that (x5, y; )o<i<T Solves (2) and Assumptions 3.1 are satisfied.
Then, for fixed finite T' > 0 and small e,

T
E sup ((zf)®+ (y)°) =0 (log(l + 2)) ) (19)

0<t<T €
Proof. We look at the system of SDE:s as,

dxi = a.x;dt + \/qc.dW; (20)

where,

1 1
z$ 2a11 +a 2a10 +a 0
xi = (1) o = (Tt et g (00 0

Ye =021 = a22 0 Zg¢

We want to characterize the magnitude of the eigenvalues of a.. Using existing
results regarding the eigenvalues of a perturbed matrix (see [12], p. 137, Theorem 2),
we find that the eigenvalues will be of order O(1) and O(1/€?). Therefore, we can
decompose a. as

. A1(e) 0
_ 1 _ 1
a. = PEDEP6 with D, = ( 0 612 )\2(6)>

where D, is the diagonal matrix, for which \; € R and Ay € R are diagonal entries
of order O(1). Following exactly the same approach as in lemma 2.2, we get the
result. O
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Theorem 3.5. Let Assumptions 3.1 hold for system (2). Suppose that (x5, ys)o<t<T
and (X )o<i<T are realisations of the solution to (2) and (16) respectively, with (U, V) 1>0
and (Wy)>o the corresponding realisation of the driving Brownian motion, where

Wi =G (VUi — a12005 V@ Vi) @1
for § defined in (16). We also assume that xo = Xo. Then (z§)o<t<T converges to
(Xt)o<t<T in L. More specifically,

€ 2 2 T 2 T2
E sup (2§ — Xy)* <c|elog(=)+eT |e' .
0<t<T €
When T is fixed and finite, the above bound will be of order O(e? log()).
Proof. We rewrite (2b) as
(a2_21a21x§ +yi)dt = 62a2_21dy§ — ea2_21 Vq2dV; . (22)
We also rewrite (2a) as

1 _ E — €
dxy = Ea12(a221a2195; + y§)dt + ara(agy anx§ + yg)dt

+(CL13 — a14a2_21a21):z:§dt -+ \/qldUt

1 — € € ~ €
<€a12 + a14) (a221a21xt + yp)dt + axidt + \/q1dU; ,

where  is defined in (17). Replacing (a55 az; x§ + y§)dt above by the right-hand-side
of (22), we get

dr; = e€la2+ ea14)a§21dy§ — a12a2721\/q72d1/} — 6a14a2721\/q72th
+axidt + \/q1dU;

= axjdt+e(a2 + ea14)a;21dy,f + \/éth — ea14a§21@dw .
Thus

t
Ty = o +/ arids + \/§Wt + (23)
0

e(arz + eara)agy (Y5 — yo) — earsay /32 V; -

Recall that the solution to the homogenized equation (16) is given by

t
X, = Xo+ / aXds +\/qW; . (24)
0

Let e(e); = xf — X;. Subtracting the previous equation from (23) and using the
assumption X = x¢, we find that

t
e(e)r = El/ e(e)sds + € ((ar2 + eara)agy (Y5 — o) — araa V@2 Vi) -
0

Applying Lemma 3.4, we find an e-independent constant C', such that

(s (6)?) < Clon()

0<t<T €

13



By Cauchy-Schwarz,

T
E ( sup e(e)f) <c (T/ Ee(e)?ds + € log(%) + 62T> . (25)
0

0<t<T

By the integrated version of the Gronwall inequality [22], we deduce that

E ( sup e(e)f) <c (62 log(g) + 62T) e (26)

0<t<T

When T is finite, we have

E( sup e(e)f) =0 (*log(e)) .

0<t<T

This completes the proof. O

3.2 The Drift Estimator

As in the averaging case, a natural idea for estimating the drift of the homogenized
equation is to use the maximum likelihood estimator (4), replacing X; by the solution
x; of (2a). However, in the case of homogenization we do not get asymptotically
consistent estimates. To achieve this, we must subsample the data: we choose A (time
step for observations) according to the value of the scale parameter ¢ and solve the
estimation problem for discretely observed diffusions (see [21, 22, 23]). The maximum
likelihood estimator for the drift of a homogenized equation converges after proper
subsampling. We let the observation time interval A and the number of observations
N both depend on the scaling parameter €, by setting A = ¢ and N = ¢~7. We find
the error is optimized in the L? sense when o = 1/2. We will show that a . converges
to a only if 6% — 00, in a sense to be made precise later.

Theorem 3.6. Suppose that (x5, y5)i>0 solves the system (2) satisfying Assumptions
3.1. Let an ¢ be the estimate we get by replacing X in (4) by x; and discretizing the
integrals, i.e.

;] Nl | Nl -1
aNe = (NA ;x; (#hgr — $2)> (NA Z ($2)2A> (27

n=0

Then,
2

1
E(ay,e —)? = O(A? + w5 + 13)

where @ as defined in (17). Consequently, if A = ¢, N =¢ 7, a € (0,1), 7 >

. ~ N2
llg(l)E(aN,e a)=0.

Furthermore, o = 1/2 and v > 3 /2 optimize the error.

Before proving Theorem 3.6, we first note that the magnitude of the increment of

y© over a small time interval A will be of order O(@), coming from the discretization
of the martingale part. By definition A = €®. Thus, we conclude that
]E(y;+1 o ye )2 _ O(gmax(a—?,O)) , (28)

n

taking into account the fact that, by ergodicity, this will never be more than O(1).

14



Proof. Define I; and I as

N-1
1 € € € 1 €
1(e) = 55 D @y —20)at  Bo(0) = = D (%)
n=0

By ergodic theorem, and since N = ¢~ 7, we have
lim Ir(e) =E (X?) =C #0
lim Io(0) = E (X?) = C #
which is a non-zero constant. Hence, it is sufficient to prove that

62
B ((1i(0) — aB(0)?) = O(A + 4 + ).

We use the rearranged equation (23) of (2a) to decompose the error:

I (€) — alz(e) = Ji(e) + Ja(€) + J3(e) + Ju(e) ,

where

a N-1 (n+1)A

Ji(e) = m; /nA xids —xp A | x5,
1 = Y (n+1)A

Joe) = — Q'/ x5 dWy |,
NA o nA s
¢ N-1 L (n+1)A

J3(e) = — a12+6a14)a_/ x5 dys,

( NA nzo( 22 WA

o Nl X (n+1)A

Ji(e) = — 1405 qz/ x5 dVs.
NAngO 22\/7 WA

By independence, It6 isometry and ergodicity, we immediately have

_N-1 ,(n 2
E (Jo(e)?) = E(‘/&Z (H)Ax;dWs>

NA 2= J,

i N-1  (nt+1)A 2
= —=E / & dW
e (X[ )

n=0

i (n+1)A 2 )
4 _NE / aw, | E((z5
e ([ ()

IN

and, similarly,

15
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By Holder inequality, and (28), we have,
N-1

2
o NZ1 A o N1

n=0 n=0

2 N-1 2 N-1
€ € €2
620 max(a— € 62
VLG (@=20\NE ((z5)?) = O(x3)-

It remains to get an estimate for J (e). We use the integrated form of equation (23) on
time interval [nA, s] to replace x¢

(n+1)A 2
E(Jl(e)z) = N2A2 (x§ — af)asds (30)
a* (N ) L i) 4 sl 4 el )
776 n,e n,e n,e
= SB[ D ( + K"+ KM+ K )) (31)
NZA <n=0
(32)
where,
(n+1)A  ps
Kf”’e) = EL/ / xoATs duds |
o) (n+1)A
K577 = e€(aiz + €arq) a22/ / xi adysds
(n+1)A
KM = / / 2SN dW,ds |
nA
(n+1)A
Kinaf) = 6@14@;21\/6/ / l’;AqudS
nA nA

We immediately see that

a2 N-1/ 4 2
E(1(0°) = axaE (ZKf"’€)> (33)

n=0 \i=1

~2

4 4
o w3 (L) (2m) ) e

m¥#n

Remark 3.7. Under the vector valued problem, we use the exact decomposition of
E||J1(€)||? by using (33) and (34). This is essential in order to obtain more optimized
subsampling rate for the drift estimator. For general LP bound for the error, Holder’s
inequality leads to an optimal subsampling rate of « = 2/3, and achieves an over
all L' error of order O(e'/?) [23]. However, this magnitude of overall error is not
optimal in L?. We will show later that the optimal L? error can be achieved at the
order of 0(61/ 2), using the exact decomposition shown above.
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By Cauchy-Schwarz inequality, we know for line (33),

E Nz_:l <Z4:K§"‘>>2 SNZ_:I 411E((K§”=6>)2) .

n=0 \i=1

n=0 i=

Using first order iterated integrals, we have

E((K{™))2) =

IN

IN

Using (28), we have

E ((Kén,e))Q) _

<
<
<
For Ké”’e), we have,
E((K§"9)?) =
<
<

(n+D)A s 2
E / / ro AT duds
nA nA

(n+1)A s
C’A/ E (/ (IZ)QdudS(m;A)Q)
nA nA

(n+1)A
CA (s —nA)%ds
nA

O(AY.

(n+1)A  ps
E eC/ / o Adys ds
nA nA
(n+1)A 2
cer ([ aal— s

) (n+1)A ) )
CEAR / (45 — ) ?ds(a5, )
(

A

n+1)A s—nA
Ce2A (e7 = —1)ds
nA

@ (64(6_6% — 1)) .

(n+1)A s 2
E (/ / \/gxflAquds>
nA nA
(n+1)A s 2
os | E<</ qu))ds
nA nA

(n+1)A
C’A/ (s —nA)ds
nA

O(A%).

Since Ki"’e) is similar to K:g"’e), we have

E ((Kﬁ"ﬂ)?) = O(2AY).

17



Thus, for line (33), the order of the dominating terms are,

N—1 / 4 2
E(Y (Z K§”76>> = O(NA* + Ne*(e™ 2 — 1) + NA3) .

n=0 i=1
For line (34),
4 4 4 4
E| > QK"K | <3 E (z Wﬂ) E (S Koo
m#n =1 j=1 m#£n i—1 =
We know,

E(K{")) = ( / s / xduds)
c( [T naa )

= 0A?).

IN

Similarly, we have

(n+1)A
E(K") = eCE / (Y5 — yna)ds
nA
= 0(eA).
Since the integral of Brownian motions is Gaussian

E(K{") = / e / AW, ds)
+1)A

n

= (J]E(/A (W, — Wya)ds)

(n+1)A
_ C]E(/ Wads — Woal) = 0

A

and
(n+1)A

E(K{"™) = CeE/ / dV,,ds)
(n+1)A
= CGE(/ Vids — VuaA) =0

nA

Thus,

(ZK”E> O(A? + €M),

immediately we have for line (34),

4 4

ElY [OCEMO K™ | | = o(N2at + N22A?) .

m¥#n i=1 j=1

18



Putting all terms for J; together, we keep the dominating terms, and by assumption
A
NA — oo, and o < 2since e <2 — 0,

E(Ji(e)?) < NSA2(NA4+N€ (73 — 1) + NA®)
+ N?CN (N?A* + N22A?)
= 0(%2+N€;(6_6%—1)+%+A2+62)
= O(N22 + A%+ €%).

Therefore, putting J;(€)’s, ¢ € {1,2, 3,4}, together, we have,

B ((Il(€> - ELIQ(G))2) < Z]E (J(G)ZQ)

_ 2
= O(NAQJrA + €2)
2 2
+(9( )+O( )+O(NA)
2 1 2
= O +M+A2)

We rewrite the above equation using A = ¢® and N = €7,
E ((I1(€) — alz(€))?) = O(e2* + €~ + 272%) .
It is immediately seen that o = % and v > 3/2 optimize the error, and « € (0, 1), the
order of the error is
E ((I1(€) — alz(€))?) = O(e) .
This completes the proof. O

In Figure 3, we show an example of the L? error of the drift estimator with various
scaling parameter € and subsampling rate o. We see that the error is minimized around
a = 1/2 as in Theorem 3.6.

3.3 The Diffusion Estimator

Just as in the case of the drift estimator, we define the diffusion estimator by the maxi-
mum likelihood estimator (5), where X is replaced by the discretized solution of (2a).
More specifically, we define

€ 2
Gva = NA;) e — ) (35)

where xf, = xf, 5 is the discrete observation of the process generated by (2a) and A is
the observation time interval.

19
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Figure 3: This is a colormap plot of the L? norm of the errors from the drift estimator
an, at different subsampling rates. Simulations are done through exact solution of the
multiscale OU system. Each path is subsampled with N = ¢'*® number of observa-
tions, at time increment of A = €%, with o € [0.1, 1]. We take ¢ from choices of 274
to 2712, Each estimate is based on 100 paths. The initial condition is (g, yo) = (0,0)
and the parameter values are a1; = a12 = a13 = @21 = Qg2 = —1, a;4 = 1,
=G =2

o o6
Subsampling rate a

Theorem 3.8. Suppose that (z5):~0 is the projection to the x-coordinate of a solution
of system (2) satisfying Assumptions 3.1. Let . be the estimate we get by replacing X
in (5) by x°, i.e.

Then .
O €
E((qefq)z) =0 (A+e2+A2>
where G as defined in (18). Consequently, if A = €%, fix T = NA, and o € (0, 2), then
lim E ((Ge — §)*) =0.
Furthermore, o = 4/3 optimizes the error.

We first define

(n+1)A
VAR, = / dw, .
nA
Proof. We now prove Theorem 3.8. Using the integral form of equation (23),

(n+1)A
To —h = / VGdw, (36)
nA

+ Rl,e + Rz,e + R?,,e

20



where

R (n+1)A
R = &/ zids

A
R . (n+1)A
Roe = e€aaan, \/q72/ v
nA

R (n+1)A

Rg,e = 6(&12 —+ ea14)a2_21 / dy(S)
nA

We rewrite line (36) as
(n+1)A
/ VadW, = /GAn, 37)
nA

where 7, are A/(0, 1) random variables.
For A and e sufficiently small, by Cauchy-Schwarz inequality

(n+1)A 2 (n+1)A (n+1)A
E c/ xids < cE / (xi)st/ ds
nA nA nA
(n+1)A
< cAE / (z¢)%ds
nA
< AR < sup (x§)2>

nA<s<(n+1)A

= o)

Therefore,

By It6 isometry

Then we look at 1:2375,
E ((f13.)?) = ECE ((yh1 — v5)?)

By (28), we have
E ((R3,€)2) = O(emax(@,2)) (38)

We substitute (x5, ; — xj,) into the estimator g in Theorem 3.8. We decompose

21



the estimator’s error as follows,

1=
+ T - RiyéRjyg
n=0 i#£j
R

- €

1 N—-1
E((-d°) < CFE ((N ni1>2>
n=0
3 LNl 2
+ CY E (T Rie>
i=1 n=0
3 LNl 2
+ CZE (T Rz,e V dAnn>
i=1 n=0
S (on)
+ CZE ( Rﬁz,e@R‘j,e )
i#j Tn:O

By law of large numbers, line (39) is of order O(A).
In line (40), for i € {1,2}, we have

(N1 2 ;N )

n=0 n=0

Since E ((}?1,6)2) = O(A?), we have
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2
The estimate is different for E (% R§€> . By (28), we have

(N1 2 Ol N-1 , 2
E <T Z R%,e) = T2 E <Z (yf),—‘rl - ny) )
n=0 n=0

N-1

CENSE (i —35)")

n=0

64+2ma)((()4)472)
- o(e )

6rr1;3ux(4,2a)
o)

Adding up all terms for line (40), we have,

3 N-1 2
ZE l ZRQ _0 AQ N 4 N 6111;1)((4,2(1) 43)
i=1 T n=0 o - ‘ A? .

In line (41), for i € {1,2}, we have

| N2 2 )
E <T 3 Ri qm,n> < ON2AE ((RM,H) > = CONE ((Ri,e)Q)

n=0

IN

Since E ((1%176)2) = O(A?), we have

since E ((R27€)2) = O(e2A), we have

n=0

N-1 2
1 > ~ 2 2
E (TZR% qAnn> = O(Ne?A) = O(e?) .

N-1 2
Again, it is different for E <} Z]A%&e (jAnn> due to correlation between

n=0

Réf? and 7,,. Using the expression from (37) by only considering the dominating
terms, we have

1 o (m+1)A (n+1)A
+ E| 5 Y R{VRM / VidW s / VidW s
m#n mA nA
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By computing the order of the dominating terms and the martingale terms, when
m=n,

1N—1A2 N 9 1Nl o,
E <THZ:OR3,E ( qAnn> ) ?HZ:OAIE (R:s,eqﬁn)
— CE(R)

- 0 (Emax(a,2))

and when m < n,

1 . ) (m+1)A (n+1)A
El Z RgnZ)R:(),ne)/ ﬁdWS/ \/EdWS
T2 ’ ’ mA nA
m#n
< CON?EE (1 — Yn) Wit — Yi)
(n+1)A (m+1)A
< / AW, dw,
nA mA
(n+1)A
< CON?¢€’E (Yrt1 —y;)/ AW
nA
X

(m+1)A
E ( (s6ys — v5) / R

Using the expansion in (37), and using the dominating terms only,

(n+1)A
E| (Yrns1 — Ym) / AW Fina

A

= E(((c % -1y

1 (m+1)A _ (m41)A-s
+ = e s xids
€ mA
1 (m+1)A (m41)A—s (m+1)A
+ - e 2 dV / dWS\]:mA
€ JmA mA
= Oc(e™® ~1))

1 < (m) A( (m+1)A (n+1)A
E| > R{VRYY / VGdWs VGdW s
m#n mA nA
64 _A
= o(Ge 1)
O<64—2a+2max(a—2,0))

O(emax(0,4f2a) )
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In the case m > n, the result is identical due to symmetry. Adding up all terms for line
(4D),

5 e 2
i=1

n=0
=0 <A+€2 +€max(a,2) +€2max(0,2—a)> (44)
In line (42), we have
N-1 2
> E (Z Ri,eRj7€> < NE ((Ri,e)*E(R;0)?)
i#£] n=0
Substituting in the L? norms of each ]:ZLE, i € {1,2,3}, we have for line (42),
N-1 2
(S
] n=0
- O (A262 + Aemax(a,Q) + E2+rnaux(o¢,2)> (45)

Aggregating bounds (43), (44) and (45) for equation lines from (39) to (42) respec-
tively, we have

A2
+ 0 <A+62 +€max(a,2) +62max(0,27o¢))

max(4,2a)
+ O (A2 +et + 6)

_|_

(A262 + Aemax(a,2) + 62+Inax(o¢,2))

It is clear that when o < 2,
E((¢ —@)%) = O(A+ 72 + ).
The error is minimized when o = 4/3, which is of order
E (¢ — ) =0 () .
It is easy to see when o > 2, the error explodes. This completes the proof. O

In Figure 4, we show an example of the L? error of the diffusion parameter with
various scaling parameter € and subsampling rate ov. We see that the error is minimized
around oo = 4/3 as in Theorem 3.8.
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Figure 4: This is a colormap of the L? norm of (g, — G) for different € and . Each
path is generated over a fixed total time horizon of 7" = 1, at a very fine resolution with
d = 2720 with available number of observations N = 220, Each estimate is based
on 100 paths. We test the scale parameter € from 272 to 2725, and test the diffusion
estimator at a sequence of subsampling rates « over each path at rates [0.1,2]. The
system’s parameter values are a;; = a2 = @13 = G217 = Q22 = —1, a;4 = 1,
=G =2
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