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ABSTRACT. We propose a homogenized filter for multiscale signals, which allows to reduce the
dimension of the system. We prove that the nonlinear filter converges to our homogenized filter
with rate \/e. This is achieved by a suitable asymptotic expansion of the dual of the Zakai
equation, and by probabilistically representing the correction terms with the help of BDSDEs.

1. INTRODUCTION

Filtering theory is an established field in applied probability and decision and control sys-
tems, which is important in many practical applications from inertial guidance of aircrafts and
spacecrafts to weather and climate prediction. It provides a recursive algorithm for estimating a
signal or state of a random dynamical system based on noisy measurements. More precisely, fil-

tering problems consist of an unobservable signal process X & {X; :t > 0} and an observation
process Y & {Y; : t > 0} that is a function of X corrupted by noise. The main objective of fil-

tering theory is to get the best estimate of X; based on the information ) def of{Y;: 0 <s <t}
This is given by the conditional distribution m; of X; given )% or equivalently, the conditional
expectations E[f(X¢)|)};] for a rich enough class of functions. Since this estimate minimizes the
mean square error loss, we call m; the optimal filter. The goal of filtering theory is to charac-
terize this conditional distribution effectively. In simplified problems where the signal and the
observation models are linear and Gaussian, the filtering equation is finite-dimensional, and the
solution is the well-known Kalman-Bucy filter. In more realistic problems, nonlinearities in the
models lead to more complicated equations for 7y, defined by Zakai (1969) and Fujisaki et al.
(1972), which describe the evolution of the conditional distribution in the space of probability
measures (see, for example, Bain and Crisan (2009), Kallianpur (1980), Liptser and Shiryaev
(2001)).

It is impractical to implement a numerical solution to such infinite dimensional stochastic
evolution equations of the general nonlinear filtering problem by finite difference or finite element
approximations. Therefore, extended Kalman filter algorithms, which use linear approximations
to the signal dynamics and observation, have been used extensively in several applications.
These provide essentially a first order approximation to an infinite dimensional problem and
can perform quite poorly in problems with strong nonlinearities. Particle filters have been well
established for the implementation of nonlinear filtering in science and engineering applications.
Doucet et al. (2001) and Arulampalam et al. (2002) provide comprehensive insight into particle
filtering. However, due to dimensionality issues (see, for example, Snyder et al. (2008)) and
computational complexities that arise in representing the signal density using a high number
of particles, the problem of particle filtering in high dimensions is still not completely resolved.
As a result of these difficulties, we have established a novel particle filtering method Park et al.
(2011) for multiscale signal and observation processes that combines the homogenization with
filtering techniques. The theoretical basis for this new capability is presented in this paper.
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The results presented here are set within the context of slow-fast dynamical systems, where
the rates of change of different variables differ by orders of magnitude. Multiple time scales
occur in models throughout the science and engineering field. For example, climate evolution is
governed by fast atmospheric and slow oceanic dynamics and state dynamics in electric power
systems consists of fast- and slowly-varying elements. This paper addresses the effects of the
multiscale signal and observation processes via the study of the Zakai equation. We construct
a lower dimensional Zakai equation in a canonical way. This problem has also been studied
in Park et al. (2010) using a different approach from what is presented here. In moderate
dimensional problems, particle filters are an attractive alternative to numerical approximation
of the stochastic partial differential equations (SPDEs) by finite difference or finite element
methods. For the reduced nonlinear model an appropriate form of particle filter can be a viable
and useful scheme. Hence, Lingala et al. (2012) presents the numerical solution of the lower
dimensional stochastic partial differential equation derived here, as it is applied to a chaotic
high-dimensional multiscale system.

In general, this paper provides rigorous mathematical results that support the numerical
algorithms based on the idea that stochastically averaged models provide qualitatively useful
results which are potentially helpful in developing inexpensive lower-dimensional filtering as
demonstrated by Park et al. (2011) in the context of homogenized particle filters and by Harlim
and Kang (2012) in the context of averaged ensemble Kalman filters. The convergence of the
optimal filter to the homogenized filter is shown using backward stochastic differential equations
(BSDEs) and asymptotic techniques.

Let us describe the main result. We assume the signal is given as solution of the two time
scale stochastic differential equation (SDE)

dXF = b(XF, Z)dt + o(XF, Z5)dV

£ 1 1> € 1 1> £
dz; = gf(XmZt)dt‘i‘ %g(XmZt)de

Here X¢ is the slow component and Z¢ is the fast component. We assume that for every fixed
x, the solution Z% of

AZF = f(x, Z)dt + glz, Z8)dWi

is ergodic and converges rapidly to its unique stationary distribution. In this case it is well
known that X¢ converges in distribution to a diffusion X which is governed by an SDE

dXy = b(XP)dt + 5(X})dV;.

This X© is used to construct an averaged filter 7°. We denote the optimal filter for the full
system by 7°. Define the xz-marginal of ¢ as 757 i.e.

[ et@ritan) = [ p@itdn,ao).

Our main result is then

Theorem. Under the assumptions stated in Theorem 3.1, for every p > 1 and T > 0 there
exists C' > 0, such that for every ¢ € C’f

(Eg [|75%(0) = 72(0)["]) """ < VEC||p |00

In particular, there exists a metric d on the space of probability measures, such that d generates
the topology of weak convergence, and such that for every T > 0 there exists C > 0 such that

Eq [d(n3", 7)) < VEC.

We begin in Section 2 by presenting the general formulation of the multiscale nonlinear filtering
problem. Here we describe the measure-valued Zakai equation and introduce the homogenized
equations that we seek to derive for the reduced dimension unnormalized filter. Section 3 presents
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the formal asymptotic expansion of the multi scale Zakai equation that results in several SPDEs.
We also present the main results of this paper in this section. Section 4 provides the probabilistic
representation of the SPDEs, that is, we describe the solutions of the infinite dimensional SPDEs
by finite dimensional backward doubly stochastic differential equations (BDSDEs). We restate
some of the results in this context due to Rozovskii (1990) and Pardoux and Peng (1994) at the
end of this section. We present some of the preliminary results of Pardoux and Veretennikov
(2003) on convergence of the transition function of Z* in section 5. These estimates are used in
the proof of the main results presented in section 6.

2. FORMULATION OF MULTISCALE NONLINEAR FILTERING PROBLEMS

Let (2, F,(F:),Q) be a filtered probability space that supports a (k + [ 4+ d)-dimensional
standard Brownian motion (V,W,B). Let the signal (X¢,Z¢) be a two time scale diffusion
process with a fast component Z¢ and a slow component X¢:

(1) dXy = b(Xy, Z7)dt + o (X, Z7)dV;

1
de = f(Xt7Zt )dt+ (Xfaza)tha

1
\/
where X7 € R™, Z; ¢ R", W, € R! and V; € R¥ are independent standard Brownian motions,
b:R™H 5 R™ g R — R™XE £ R™ 5 R, g : R™T? — R?*L All the functions above
are assumed to be Borel-measurable. For fixed z € R™, define

(2) dZ§ = f(x, Z2)dt + g, Z2)dWi.

Assume that for all x € R™, Z% is ergodic and converges rapidly towards its stationary measure
p(zx,-). We will make this precise later.
The d-dimensional observation Y¢ is given by

t
ve = [ s zids +
0

with Borel-measurable h : R™*" — R9. B is assumed to be a d-dimensional standard Brownian
motion that is independent of W and V.

Define Yi = o(YF: 0 < s <t)VN, where N are the Q-negligible sets. For a finite measure 7
on R™™ and for a bounded measurable function ¢ on R™*" denote 7(¢) = [ p(z, z)7(dx, dz).
Then our aim is to calculate the measure-valued process (77,t > 0) determined by

™ (p) = Elp(Xy, Z0) V5]

Define the Girsanov transform

dPe — Df = 5 € £ £ 2
=Di=exp|— h(X Z8)*dBs — - |hX Z°)|%ds
dQ |,

Under P4, the observation process, Y¢, is a Brownian motion and independent of (X¢, Z¢). By
the Kallianpur-Striebel formula,
]

Ep- {(Xf,Zf ape

Eole(X:, Z0)Yi] =

Eps[jﬂ(gf

t

d

:Dg:exp(/ h(XE, Z°) dYE—/ \h(XE, Z5)| 2d3>

with

dQ
dP* | 1,




4 P. IMKELLER, N.S. NAMACHCHIVAYA, N. PERKOWSKI, AND H.C. YEONG

So if we define

pi ()
— Ep- [ap(Xf,Zf)eXp (/ h(XE, Z5)*dYE — / Ih(XE, Z°),| 2d5> yf] :
then

pi(¥)
75 (@) = .
() pi(1)

Denote by £f = éEF + Lg the differential operator associated to (X¢, Z¢). That is,
82
ﬁF—Zflx 2) ——F jz:lgg ij(x, 2) 920

82
ES—Zb (z,2) + ZO’O’ Ua;z)axax
i0;

1,j=1

where -* denotes the transpose of a matrix or a vector.
Then the unnormalized measure-valued process, p°, satisfies the Zakai equation:

(3) dpi (p) = pi (L) dt + pj (hep)d Y
o) = Eqle(Xg, Z5)]
for every ¢ € CZ(R™,R) (see, for example, Bain and Crisan (2009)). For k > 0, Cé“ is the
space of k times continuously differentiable functions f, such that f and all its partial derivatives
up to order k£ are bounded.
The theory of stochastic averaging (see, for example, Papanicolaou et al. (1977)) tells us that

under suitable conditions, X¢ converges in law to X? as ¢ — 0, where X is the solution of an
SDE

dXY = b(XD)dt + a(X?)dW;
for suitably averaged b and . Denote the generator of X° by L.
We want to show that as long as we are only interested in estimating the slow component, we
can take advantage of this fact. More precisely, we want to find a homogenized (unnnormalized)

filter p°, such that for small &, p>% which is the z-marginal of p§, is close to p°. The z-marginal
of pf is defined as

b= [ plailds.dz)
for every measurable bounded ¢ : R™ — R, and pY is the solution of
(4) dp () = p}(Le)dt + p} (hp)dYy
po() = Egle(Xp),

where h is a suitably averaged version of h. The measure-valued processes 7° and 7% are then
defined in terms of p¥ and p*® as 7° was defined in terms of p°:

() = A1)

e P (%)
Ty and Plp) =1L

A ) " o (@)

Note that the homogenized filter is still driven by the real observation Y and not by a “ho-
mogenized observation”, which is practical for implementation of the homogenized filter in ap-
plications since such homogenized observation is usually not available. However, should such
homogenized observation be available, using it would lead to loss of information for estimating
the signal compared to using the actual observation.
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In this paper, we will prove L'-convergence of the actual filter to the homogenized filter, i.e.

we will show that for any T > 0,

li B [d(5" )] =0,

where d denotes a suitable distance on the space of probability measures that generates the
topology of weak convergence. This convergence result is shown in Park et al. (2010) for a
two-dimensional multiscale signal process with no drift in the fast component SDE. Here, we
extend the result to an R™""-dimensional signal process with drift and diffusion coefficients of
the fast and slow components dependent on both components. The proof of Park et al. (2010) is
based on representing the slow component as a time-changed Brownian motion under a suitable
measure, which cannot be extended easily to the multidimensional setting we assume here.

Based on (3) and (4), the filter convergence problem is a problem of homogenization of
a SPDE. In Papanicolaou et al. (1977), homogenization of diffusion processes with periodic
structures is done using the martingale problem approach. In Papanicolaou and Kohler (1975)
and Chapter 2 of Bensoussan et al. (1978), limit behavior of stochastic processes is studied using
asymptotic analysis. Bensoussan et al. (1978) studies linear SPDEs with periodic coefficients
and also used a probabilistic approach in Chapter 3. Homogenization in the nonlinear filtering
problem framework has been studied in Bensoussan and Blankenship (1986) and Ichihara (2004)
via asymptotic analysis on a dual representation of the nonlinear filtering equation. As far
as we are aware, Ichihara (2004) has used BSDEs for studying homogenization of Zakai-type
SPDEs for the first time. Our convergence proof applies BSDE techniques by invoking the
dual representation of the filtering equation and using asymptotic analysis to determine the
limit behavior of the solution of the backward equation. Pardoux and Veretennikov (2003) give
precise estimates for the transition function of an ergodic SDE of the type (2), and these results
are used in our proof. To our knowledge, such method of homogenization for SPDEs combining
BSDE and asymptotic methods has not been done before.

To our knowledge, a result presented in Chapter 6 of Kushner (1990) is the closest to the results
presented in this paper. In Theorem 6.3.1 of Kushner (1990) it is shown that for a fixed test
function, the difference of the unnormalized actual and homogenized filters for multiscale jump-
diffusion processes converges to zero in distribution. Standard results then give convergence
in probability of the fixed time marginals. Kushner (1990)’s method of proof is by averaging
the coefficients of the SDEs for the unnormalized filters and showing that the limits of both
filters satisfy the same SDE that possesses a unique solution. We obtain LP convergence of the
measure valued process, not just for fixed test functions, and we are able to quantify the rate of
convergence, which, to the best of our knowledge, has not been achieved before in homogenization
of nonlinear filters..

In Kleptsina et al. (1997), convergence of the nonlinear filter is shown in a very general
setting, based on convergence in total variation distance of the law of (X¢,Y¢). This is then
applied to two examples. Since the diffusion matrix of our slow component is allowed to depend
on the fast component, our results are not a special case. In the examples of Kleptsina et al.
(1997), X¢ converges to X in probability, which is no longer the case in our setting. However
it might be possible to apply the total variation techniques developed in Kleptsina et al. (1997)
to obtain convergence in our setting. Only the rate of convergence cannot be determined with
these techniques.

For a given bounded test function ¢ and terminal time 7', we follow Pardoux (1979) in intro-

7T7<P(

ducing the associated dual process v;" ¥ (z, z), which is a dynamic version of Ep: [p(X5)D5|V5]:

7T’ 2
T (@, 2) = Bpe_[0(X5) D50 |VEq)
E

where Pj, . is the measure under which X¢ and Z° are governed by the same dynamics as
under P°, but (X¢, Z°) stays in (z, z) until time ¢, then it starts to follow the SDE dynamics.
Dip = D3(D)™' and Vi = (Y7 =Yy : t < v < T) VN (recall that N denotes the
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Q-negligible sets). From the Markov property of (X¢, Z¢) it follows that for any ¢ € [0,7]:

5 (vg Loy = p7"(¢). In particular (because at time 0, p° is just the starting distribution of

(X<, 29)):
pr () = /U(S)’T’w(%Z)Q(Xg,zg)(d%dz)-
Similarly introduce
07'117 — 3
Ut () = EPiI [SO(X%)DQ,TWLT],
where
- T_ 1 T _
Dty —exp ([ hxdyave - [ cxdpar)
t t

and PP is the measure under which X Y is governed by the same dynamics as under P?, but

stays in 2 until time £. We can also show that for any t € [0,T]: p0(vi""*?) = p%(¢), so that

#0) = [ o7 () Qxy(do)

Note that Q X0 = Qx¢, because the homogenized process has the same starting distribution as
the unhomogenized one.

Now fix T and ¢ € CZ(R™,R) and write vf = v{""¥ and 00 = v,

Our aim is to show that for nice test functions ¢, and for the dual processes v¢ and v° defined
above, E[|v§(x, z) — v](z)[P] is small (in a way that will depend on z and z). Then

Bl () - AP = || [ 050.) ~ o0 (e 2 |

<E [ [ itz - v8<m>rp@<xg,zg)<dx,dz>]

- / ElJes (z, 2) — 03(2) P Qs 2 (d, d2)

will also be small as long as Q Xg,zg) 18 well behaved.

3. FORMAL EXPANSIONS OF THE FILTERING EQUATIONS AND THE MAIN RESULTS

Before we continue, let us change notation: For large parts of this article we will only work un-
der P, and the process Y* is a Brownian motion under P* which is independent of (X¢, Z¢, X?).
Therefore from now on we write P instead of P° and B instead of Y to facilitate the reading.
The distribution and notation for the Markov processes (X¢, Z%, X°) do not change.

The key point is now that v® and v solve backward SPDEs:

(5) —dvi (z, z) = LV (x, z)dt + h(x, z)*v; (x, z)dgt
Vi (,2) = 9(2)
and
_ _ <
(6) —dv? (z) = L) (z, 2)dt + h(x)*v) (z)d By

v (@) = p().
H
Here and everywhere in this article, dB denotes It6’s backward integral.
We formally expand v® as
v$(z,2) = ud(x, 2) + su%/s (x,2) + azu?/s(x, 2).

Note that rigorously this does not make any sense, because:
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e We work with equations with terminal conditions. But when we send ¢ — 0, then ¢/¢
converges to infinity. So for which time should the terminal condition of e.g. ! be
defined?

e The terms in this expansion will all be stochastic. Then if u! is adapted to FB, the

pil
stochastic integral ftT ui /E(l', z)dBg a priori does not make any sense for ¢ < 1.
However if we do such a formal asymptotic expansion, and then call

0t z) = ul(t, z), Ptz 2) = 6utl/5(x, z), R(t,x,z) = €2u?/5(1‘, 2)

(of course all terms except v depend on e, which we omit in the notation to facilitate the
reading), then these terms have to solve the following equations:

—dv?(x) = LoD (z, 2)dt + l_z(a:)*v?(:n)dgt
(7) —d) (z, 2) = égwg(a;, 2t + (Ls — L) (@)dt

+ (b, 2) — k()" 0 (x)dB,
(8) —dRy(x, 2) = LERy(x, 2)dt + Lsipt (z, 2)dt

(_
+ h(z, 2)* (Yf (z,2) + Ry(z, 2)) dBy
with terminal conditions
(T, z) = p(x), ' (T,z,2) = R(T,z,2) = 0.

Note that the equation for v° is exactly the desired equation (6). By existence and uniqueness
of the solutions to these linear equations, we can apply superposition to obtain that then indeed

v$(z,2) = v (z) + o (x, 2) + Re(z, 2).

Therefore the problem of showing LP-convergence of v° to v° reduces to showing LP-convergence
of ! + R to 0. To achieve this, we will give probabilistic representations of ¢! and R in terms
of backward doubly stochastic differential equations. This will allow us to apply the existing
estimates for the transition function of Z% from Pardoux and Veretennikov (2003).

It will be convenient for us to work with functions that are smoother in their z-component
than they are in their z-component or vice versa. To do so, introduce the function spaces
CFLR™ x R",RY): For § : R™ x R* — R, 0 = (x, 2), write § € CH/(R™ x R, R?), if 0 is
k times continuously differentiable in its z-components and [ times continuously differentiable
in its z-components. If 6 as well as its partial derivatives up to order (k,l) are bounded, write
0 € CPH(R™ x R™, RY).

Introduce the following assumptions:

(Hgtat) For the existence of a stationary distribution u(x, dz) for Z*, we suppose that there exist
My > 0, > 0, such that for all |z| > M

Sup(f(x,z),z> < _C|Z’a'

For the uniqueness of the stationary distribution p(x,dz) of Z*, we suppose uniform
ellipticity, i.e. that there are 0 < A < A < oo, such that

A < gg*(z,y) < AT

in the sense of positive semi-definite matrices (I is the unit matrix).
(HFj ;) The coefficients of the fast diffusion satisfy f € Cf’l(Rm x R™" R™) and g € Cf’l(Rm X
R"™ Rnxk)
HS; ;) The coefficients of the slow diffusion satisfy b € CFY R™ x R™®, R™) and o € P R™ x
; Y b b
R™, Rmxk)
(HOg,;) The observation function h satisfies h € C’f’l(Rm x R™ R%).
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We will usually write poo(, dz) instead of p(z,dz). Also introduce the notation
pi(z,0;2) = / O(x, 2 \pi(2, 25 2)d2" == E,[0(Z])]
where z denotes the starting point of Z%, and 2’ — pi(z, 2’;x) is the density of ZF if at time 0

it is started in z. Note that the density exists for all ¢ > 0 under the condition (Hgat), because
of the uniform ellipticity of gg*. Similarly

Poo(0; ) = /n 0(x, 2)poc(z,dz).

Let the differential operator £ be defined as

[ TN o e s
R Zm@xi 2 £ i\ 2
=1 2,7=1

where b() = poo(b; ) and @ = poo(0o™; ). Also define h(x) = poo(h; ).
We introduce the following notation: A multiindex a = (av, ..., ) € Nj is of order

la] = a1+ - + ay,.
Given such a multiindex, define the differential operator

Do glal
ot .y
Finally introduce the following norms for f € C’f(Rm, R™):

1£llkoe = D 11Dl

| <k

where || - || is the usual supremum norm.
Our main result is

Theorem 3.1. Assume (Hstqr), (HFg4), (HS74), (HOs4), and that the initial distribution
Q(X&ZS) has finite moments of every order. Then for every p > 1 and T > 0 there exists

C > 0, such that for every ¢ € C}

(Bq [[75% () = 72(@) ")) * < VEC|@lla.00-

In particular, there exists a metric d on the space of probability measures, such that d generates
the topology of weak convergence, and such that for every T > 0 there exists C' > 0, such that

Eq [d(r3, 7)) < VEC.

This result will be proven in Section 6.

In particular we can use Borel-Cantelli to conclude that if (g,) converges quickly enough to
0, then 7°* will a.s. converge weakly to 7V.

The ideas are rather simple: We represent the backward SPDEs by finite-dimensional sto-
chastic equations (this will be BDSDESs). The diffusion operators get replaced by the associated
diffusions. We are able to solve those finite-dimensional equations explicitly, or at least give
explicit estimates up to an application of Gronwall. This allows us to estimate 1! and R in
terms of the transition function of the fast diffusion. But Pardoux and Veretennikov (2003)
proved very precise estimates for this transition function. These estimates allow us to obtain
the convergence.

While the ideas are simple, the precise formulation and the actual proofs are quite technical.
We start by describing the probabilistic representation.
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4. PROBABILISTIC REPRESENTATION OF SPDES

In this section, we derive probabilistic representations for SPDEs of the form
—d(w, tyx) = Lob(w, b, 2)dt + f(w,t,7)dt

(9) + (9(w, t,x) + G(w, t,x)(w, t, x))dgt,
¢(T7 x) = @(wa m),

where ¢ : Q@ x [0,T] x R™ = R, f: Qx[0,T] xR™ - R, g: Q x[0,T] x R — R™? and
G:Qx[0,T] xR™ = R ©:Q xR™ — R are all jointly measurable, and (B; : t € [0,T])
is a d-dimensional standard Brownian motion under the measure P. Equation (9) represents
the general form of the equations (7) and (8) for the corrector ¥} (x,z) and error Ry(x,z),
respectively. The differential operator £ is given by

= 0 1 & 9?
L = Z bl($) 8931 + 5 Z Qij (x)iaxlafb]

i=1 i,j=1

for measurable b : R™ — R™ and a : R™ — §"*™ (S™*™ denotes positive semidefinite symmet-
ric matrices). We will represent these equations in terms of BDSDEs as introduced by Pardoux
and Peng (1994). Note that for these linear equations it is possible to give a Feynman-Kac type
representation without using BDSDEs. This is done, for example, in Rozovskii (1990) (“The
Method of Stochastic Characteristics”). However the BDSDE-representation has the advantage
that it permits us to apply Gronwall’s lemma. This would not be possible with the method of
stochastic characteristics.
A BDSDE is an integral equation of the form

T T - T
}/t = 5 +/ f(sayvsa Zs)d's +/ Q(S, sz’ Zs)st - / stWs
t t t

where B and W are independent Brownian motions. The solution (Y%, Z;) will be ]:tj,BT v FV-
measurable. Starting from the notion of BDSDEs, we can define forward-backward doubly
stochastic differential equations. Let o = a*/? and

X —at [ X [ oKW for sz
t t

X =g for s <t

We then define the following BDSDE

-
—dY}" = f(s, XL")ds + (g(s, X0")ds + G(s, XL" )Y )dBs — ZL"dW
Yt,ﬂ? — (P(Xt,$>
T T

It turns out that Y gives a finite-dimensional probabilistic representation for equation (9), more
precisely we have Ytt’x = 1(t,z). This is not completely covered by Pardoux and Peng (1994),
because we have random unbounded coefficients, and because we do not assume the diffusion
matrix a to have a smooth square root. On the other side, the equation is of a particularly
simple linear type. In the remainder of this section, we give the precise statement and proof for
this representation. This can be skipped at first reading.

We will not be able to get an existence result for classical solutions of the above SPDE from
the theory of BDSDEs: This is due to the fact that for this we would need smoothness properties
of a square root of a. But even when a is smooth, in the degenerate elliptic case it does not need
to have a smooth square root (see, for example, Stroock (2008), Chapter 2.3). Instead we will
use the existence result of Rozovskii (1990) and only reprove the uniqueness result of Pardoux
and Peng (1994) in our setting. This will work under Lipschitz continuity of al’?,
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Define for 0 <t <s<T
fg;B:U(Bu—BtItSUSS)

and ]-"t]i as the completion of ]-"2 ;,B under P. Introduce the space of adapted random fields of
polynomial growth:

Definition. Pp(R™,R"™) is the space of random fields
H:Qx[0,T]xR™ —R"

that are jointly measurable in (w,t,x), and for fived (t,z), w — H(w,t,x) is ]:ET-measumble.
Further for fived w outside a null set, H has to be jointly continuous in (t,x), and it has to
satisfy the following inequality: For every p > 1 there is C, > 0, ¢ > 0, such that for all x € R™

E| sup |H(t,a)P

0<t<T

< Cp(1 + [z])

We make the following assumptions on the coefficients of the SPDE:

(Sk) f and g are k times continuously differentiable and the partial derivatives up to order k
are all in Pr. G is (k+ 1) times continuously differentiable and the partial derivatives
up to order (k + 1) are all uniformly bounded in (w,?,x). ¢ is k times continuously
differentiable, and all partial derivates of order 0 to k& grow at most polynomially.

We make the following assumptions on the coefficients of the differential operator L:

(Dg) b€ CER™ R™), a € CE(R™,S™* ™), and a is degenerate elliptic: For every £ € R™ and
every x € R™,

m

(a(x)¢, €) = Z aij(z)&&; > 0.

2,7=1
Then we have the following result:

Proposition 4.1. Assume (Si) and (Dy) for some k > 3. Then the equation (9) has a unique
classical solution 1) in the sense that for every fived w outside a null set, Y (w, -, -) € CO*~1([0, T]x
R4, R), ¢ and its partial derivatives are in Pp(R™,R), and 1 solves the integral equation. If
1s any other solution of the integral equation, then Y and 1/; are indistinguishable. If further f, g
and ¢ as well as their derivatives up to order k are uniformly bounded in (w,t,x), then for any

p > 0 there exist Cp,q > 0 (only depending on p, the dimensions involved, the bounds on a,b
and G, and on T), such that for all |a| < k—1 and x € R™:

E |sup [ D% (t, z)[?

t<T

<C(+|z|ME

@ll7 oo +sup [1 £t )R o0 +sup [g(t, ) o
t<T t<T

Proof. This is a combination of Theorem 4.3.2 and Corollary 4.3.2 of Rozovskii (1990) (The
claimed bound is only given for the equation in unweighted Sobolev spaces, in Corollary 4.2.2.
But from that we can deduce the result for the weighted Sobolev case). The only thing we need
to verify is that our polynomial growth assumption on the coefficients is compatible with the
Sobolev norm condition there. But if 6 € Pr(R™,R"), then for any p > 1 there certainly is an
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7 < 0 such that 6 takes its values in the weighted LP-space with weight (1 + |z|2)"/2:

E | sup /!9(t7w)|p(1+\xl2)gd$ <E / sup !9(f7$)|”(1+\x|2)gdx]
0<t<T 0<t<T
:/IE sup [0(t, )| (1 + [2])3 da
0<t<T
< /cpu F12[9)(1+ |2]?) 3 de < oo
for small enough 7. O

Now we combine this result with the theory of BDSDEs:
Let (W; : t € [0,T]) be an n-dimensional standard Brownian motion that is independent of
B. For0 <t <s, .EVZ is defined analogously to ]:ﬁ. For 0 <t <T we set

Fe=Fhv Ry
Note that this is not a filtration, as it is neither decreasing nor increasing in ¢. Introduce the

following notation:

e HZ(R™) is the space of measurable R™-valued processes Y s.t. Y; is Fi-measurable and

- ]
IE/ [Vi|2dt| < oo.
0 J

° S%(]Rm) is the space of continuous adapted R"*-valued processes Y s.t. Y; € F; and

E | sup |Vi*| < oc.
[0<t<T

A BDSDE is an integral equation of the form

T T - T
(10) Yt=s+/ f(s,~,Ys,Zs)ds+/ g(s,-,Y;,zs)st—/ Z,dW,,
t t t

where f : [0, T|x QxRxR™" - R, g : [0, T]xQxRxR>*" — R and for fixedy € R, z € R1*"
the processes (w,t) — f(t,w,z,2) and (w,t) — g(t,w,x, z) are (F(fT v F¥) ® B(R)-measurable,
and for every t, f(t,-,x,z) and g(t,-, x, z) are Fi-measurable.

(Y, Z) will be called solution of (10) if (Y, Z) € SZ(R) x HZ(R") and if the couple solves
the integral equation.

We will also write the equation in differential form:

(_
_d}/;f = f(t') Y;fv Zt)dt + g(t7 1/%7 Zt)dBt - thWt-

Observe that with suitable adaptations, all of the following results also hold in the multidi-
mensional case, i.e. for Y € R™. We restrict to one-dimensional Y for simplicity and because
ultimately we are only interested in that case.

Pardoux and Peng (1994) show that under the following conditions, equation (10) has a unique
solution:

o £ € L2(Q, Fr,P;R)

e for any (y,2) € R x R f(.,..y,2) € HA(R) and g(-,-,y, 2) € HA(RF)

e f and g satisfy Lipschitz conditions and ¢ is a contraction in z: there exist constants
L>0and 0 < a<1s.t. for any (w,t) and yi,y2, 21, 2o:

|ftw,yr,21) — Ft,w,y2,22) | < L(lyr — 2> + |21 — 22*)  and
]g(t,w,yl,zl) - g(t7w7y2722)’2 < L’yl - y2’2 + Oé|21 - 22’2'
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Now we want to associate a diffusion X to the differential operator £. To do so, assume that
(Dy,) is satisfied for some k > 2. Then o := a'/? is Lipschitz continuous by Lemma 2.3.3 of
Stroock (2008). Hence for every (¢,z) € [0,7] x R™, there exists a strong solution of the SDE

Xb = x4 /S b(X5")ds + /S o (X5 dW for s > t,
Xt =g tforsgt. t
Associate the following BDSDE to (9):
(1) ~AYI = f(5, X1)ds + (g(s. XI7) + Gls, XED)YI)dB, — 28V,
Y = p(Xg").
Under the assumptions (Si) and (Dy) for & > 2, this equation has a unique solution.

Proposition 4.2. Assume (S) and (Dy) for some k > 3. Then the unique classical solution
Y of the SPDE (9) is given by ¥(t,x) = Ytt’x, where (Y5, Z4%) is the unique solution of the
BDSDE (11).

We can give exactly the same proof as in Pardoux and Peng (1994), Theorem 3.1, taking
advantage of the independence of B and W. For the reader’s convenience, we include it here.

Proof. Let 1 be a classical solution of (9). It suffices to show that
(¥(s, XE7), Dip(s, Xe)o (XT) it < s < T)

solves the BDSDE (11). Here D% is the gradient of 1. For this purpose, consider a partition
t=ty <ty <---<tn=Tof [t,T]. Then

|
—

n

Pt X7T) = (T, X57) + > ((ti, Xp77) = (tipr, X27)))

=
o

n—

= (X% + Y (Wt X{T) — P(tipr, Xp7)))
1=0

and
w(t%XtJ:) - 1/}( Z+17Xtil)
= ((ti, X7) = P(ti, Xp77 ) + (Dt X007 ) = (tin, Xi77)))

tit1

'L+1
( (ts, X0 ds + Dw(ti,Xz%(X;’Z)dWs)

t;

+ / T Lp(s, XIT) + f(s, XET))ds

il t,x t.x <
+ / (95, X17) + G(XLT y(s, XL7 ))dB,.

This is justified because X»* and v are independent and because 1) grows polynomially, hence
we can apply It6’s formula. We also used the fact that 1 is a classical solution to (9). If we let
the mesh size tend to 0, then by continuity of X»* and 1, the result follows. (I

5. PRELIMINARY ESTIMATES

The notation DY indicates that the differential operator D is only acting on the z-variables.
The following result will help us to justify the BDSDE-representations on the deeper levels.
Recall that pi(z,0;x) = E[0(x, ZF)|ZF = z].
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Proposition 5.1. Assume (HFy;). Let § € CH{(R™ x R™ R) satisfy for some C,p > 0
% ‘Dg‘DfG(a:,z) < O(1 +|zfP + |2]P).
la|<k|B|<l

Then

(t,z,2) = pi(2,0;2) € COPHRL x R™ x R™ R)

and there exist Cy,p1 > 0, such that for all (t,z,z) € [0,00) x R™ x R"

> Y |PeDip(z0i0)| < Cret A+ a4 |2,
|| <K |B]<1

If the bound on the derivatives of 8 can be chosen uniformly in x, i.e.

> Y sup |DeDZ0(, 2)| < CL+ J2PP),
lal<k|B<t *
then the bound on the derivatives of pi(z,0;x) is also uniform in x:
S0 > sup | DeDIn(z,6:0)| < CreC (1 + [z,
lal<k|Bl<t *
Proof. Note that
pi(2,0;2) = El0(x, Z{)| Z5 = 2] = E(0(Xy, Z:)|(Xo, Zo) = (2, 2)]
is the solution of Kolmogorov’s backward equation associated to (X, Z), where

Xt = X07

t t
Zy = Zy+ / f(Xs, Zs)ds + / g(XSa Zs)dWs‘
0 0

In this formulation, the first result is standard. Cf. e.g. Stroock (2008), Corollary 2.2.8.
The second statement can be proven in the same way as Stroock (2008), Corollary 2.2.8. [

Some results from Pardoux and Veretennikov (2003) are collected in the following Proposition:

Proposition 5.2. Assume (Hstor) and (HFy3). Let 0 € CHO(R™ x R™ R) satisfy for some
C,p>0:

S sup |D26(z, )| < C(1+ |2I7).
laj<k
Then
(1) = po(0;2) € CF(R™,R).
(2) Assume additionally that 0 satisfies the centering condition
0(z, 2)poo(z,dz) =0
R’I’L
for all z, and that 6 € CHY(R™ x R™,R) and
Z Z sup ‘DfD;'f@(:r:, 2)| < C(1+ |z|P).
lal<k Bt *
Then

(x,2) — / pi(z,0;2)dt € CPLR™ x R™,R),
0
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and for every q > 0 there exist C,q1 > 0, such that for every z € R"

Z Z / sup’DfBDxpt z,0; 1) Tt < Ci(1+ |z|%).

la|<k |8|<1

Proof. The statements in the Proposition are taken from Theorem 1, Theorem 2 and Proposition
1 of Pardoux and Veretennikov (2003):

(1) We get from Theorem 1 of Pardoux and Veretennikov (2003), that for any ¢ > 0 there
exists Cy > 0, such that for any (z,z,2") € R™ x R" x R™:

C
Do < Ca
|a|zsxcsgp| P50 < T

So if we choose ¢ large enough and differentiate poo(#; x) under the integral sign, then
we obtain the first claim. (Of course here we have to use the growth constraint on 6 and
its derivatives).

(2) This follows from the bounds on the derivatives of p(z, ;) that are given in Pardoux
and Veretennikov (2003), Theorem 2, formulae (14) and (15): For any k > 0 there exist
Ck,mg > 0, such that for any (t,z,z) € [1,00) x R™ x R"

1+ [2]m*
> 3 [pooemeein| < o

k
| <K |B]<1 (1+)
We combine this estimate with Proposition 5.1, from where we obtain for (¢,z,2) €
Ry x R™ x R™
Z Z sup ‘Daszt(z,H;x)‘ < Cre“rt (1 + |z[P1).
lal<k|8|<t *

We choose k such that gk > 1 and use the first estimate on [1,00) and the second
estimate on [0,1). The result follows.

O
We will also need some moment bounds for the diffusions X¢ and Z°¢.

Proposition 5.3. Assume (Hgqt) and that the coefficients b and o and f and g of the fast and
slow motion are bounded and globally Lipschitz continuous. Then for any p > 1 there exists
Cp > 0, such that

sup E[|Z; P|(X5, Z5) = (z,2)] < Cp(1 + [2]7).
(t,e,2)€[0,00) X [0,1] x R™

Also, for every T > 0 and every p > 1 there exist C(p,T),q > 0, such that

sup  B[X7P[(X5, Z5) = (2,2)] < Clp, T)(1 + [x]").
(t.£)€[0,T]x[0,1]

Proof. The first claim can be proven exactly as in Veretennikov (1997): First write Z7 := Zs s
Then

dZ; = f( 2t Z7)dt + g( 2 Z;7)dwy
where W := 1/eW,2, is a Wiener process. Next, introduce the same time change as in Pardoux
and Veretennikov, page 1063:

w(z,2) = gz, 2)"2l/|z], (1) 12/0 K2 (Xag, Z5)ds,  T5() = (7)1 ().

Define Z§ = Z¢, ,,. Then,

“(8)°
dZ; = 53Xy, Z7) [ (Xoay, Z5)dt + &1 ( X2y, Z5)9( Xy, Z5 ) dWE
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with a new standard Brownian motion W¢. Now we are in a position to just copy the proof of
Lemma 1 in Veretennikov (1997) (which we do not do here) to get the first result.
The second claim is obvious, because the coefficients of X¢ are bounded. [l

Now we we are able to impose conditions on the coefficients of the diffusions that guarantee
smoothness of the coefficients of £. Recall that £ was defined as

L= il;(x) 0 —l—l i a;j(z z)iaz
N im1 ! 8:62 Zijzl K ’ 855181‘]

where b = poo(b; ) and @ = poo(00™; 7).
Proposition 5.4. Assume (HF}3), (HSko), and (HOyp). Then
be CEHR™,R™),a € CFR™,S™™) h e CFR™,RF)

Proof. All the terms of b, @ and h are of the form p.(6; ). So by Proposition 5.2, we only need
to verify that the respective § are in C*9 and satisfy the polynomial bound

> sup [DYO(z, 2)| < C(1 + [2[?)

la|<k

for some C,p > 0. But we even assumed them to be in C{f ’0, so the result follows. O

6. PROOF OF THE MAIN RESULT

We will find convergence rates for the corrector and remainder terms that are expressed in
terms of v¥ and its derivatives. So now we give bounds on v" and its derivatives in terms of
the test function . This is necessary, because we do not only want to show convergence of the
filter integrating fixed test functions, but with respect to a suitable distance on the space of
probability measures.

Lemma 6.1. Let k > 2 and assume b,a, o € C’{f“, and h € C’{f”. Then v° € C%%([0,T] x
R™,R), and for any p > 1 there exist Cp,q > 0, independent of ¢, such that for all x € R™:

< Cp(1+ [z}, oo

S E [ sup [D*v)()P?

aj<k  LOSEST

In particular, v° and all its partial derivatives up to order (0,k) are in Pr(R™,R).

Proof. This is a simple application of Proposition 4.1, noting that the equation (6) for WY is of
the type (9) with f =0, ¢ =0, and G = h*. O

We will prove LP-convergence of ¢! and R separately:

Lemma 6.2. Let k,l > 2. Assume (Hgat), (HFii1141), (HSk+1,41), and (HOpi1041). Also
assume v° € COFFL([0, T] x R™,R), and that all its partial derivatives in x up to order k+1 are
in Pr(R™,R). Finally assume a,b,h € CF. Then ¢! € COFL([0,T] x R™ x R",R), and ' as
well as its partial derivatives up to order (0,k,l) are in Pp(R™ x R™ R). For any p > 1 there
exist Cp,q > 0, independent of p, such that for any (x,z) € R™™ and any ¢ € (0,1)

Y sup E[|Dgyi(x,2))]

jof <k—10=P=T

Cp(1 4+ |2]7) Z E [ sup ‘Dg‘vg(x)‘p] .

0<|a|<kt1 LOSIST
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Proof. 1} (x, z) solves the BSPDE
1 _
(12) —diy (w,2) = | ZLrty (2,2) + (Ls — L)v] (2) | dt

+ [z, 2) — h(x)]" o (x)dB;,
1/)%(1:, z) =0.

Existence of the solution 1! and its derivatives as well as the polynomial growth all follow from
Proposition 4.1. Write Z5%(®%2) for the solution of the SDE

1
gz, 25 aw,, s>t

1
dzszxv(trz) [ Z57I7(tvz) d
S Ef(x? S ) S —"_ \/g

Zif’x’(t’z) =z, s <t.

We consider (:U,Zs’x’(t’z)) as a joint diffusion, just as in the proof of Proposition 5.1 (z has

generator 0). By Proposition 4.2, the solution of (12) is given by 0§t’m’z)(1), the unique solution

to the BDSDE
—apte D = (£g(., 7500 — Fyul(x)ds
_ * —
+ (h(w, Zew(t2)) _ h(x)) W(2)dB, + AL AW,
pltaM)

We will drop superscripts (¢, x, z) for 0?’“)(1) and write 0} instead. Similarly, we write Z5*
instead of Z?’x’(t’z).

E [th |.7-"ET] , where

Yi(x,2) is FP-measurable, hence, so is 6f. We can then write 0} =

E [0} 1F7%]
. [/tT(ES _ Z)vg(w)d5|f5T]
v [ e, 2% - b)) i 7| -

T
7§’z7des "7_}]734 .

W and B are independent, therefore W is a Brownian motion in the large filtration (F' \/FtBT :
s € [0,7]), hence E [ftT AR AW | FV v ffT} =0, and by the tower property

T
E [ / ygff’ZdWSyﬁ?T} =0.
t

v is FB -measurable and £ has deterministic coefficients. Thus
T —
E [/t Evg(az)dslftj’gT}
T

:/ E [ng(x)]ffT] ds

t

T [ m 9 m 92
= [ S b))+ Y pcllo0 i) (e b ds.
=t k

ox;x;
i.j=1 "
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Since Z%7 is independent of B,

SO

T T
E [ | st Z:%Smds\f%] = [ ElLst 2w F) ds
t t

=1
+1 S B (000, 257 2 il0) b ds
2i7j:1 Oz
T G 0
:/t {;pst(z,bl,af)axzvs(:v)
1 & . %
+2ijz_1psst(27(00' )ij;x)axiijS( ) ¢ ds,

1 . * * 82 0
+§ Zps?—t(za (00%)ij — poo((00 )U,m),x)mvs(x) ds

(the peo(-;x) terms have been brought inside the integral ps—: (z, -; x)

since they not depend on z)

m T—t

c 0
<e Zz;/(; pu(Z, b; —poo(bi;x);x)a—xivgu_i_t(x)du
|l &, 52
t3 i]z-:1/0 pulz, (00%)ij —Poo((ag*)ij;x);x)MuguH(x)du
<e [T ntebi—pelbisiolan sup |t
=170 t<s<T | OT;
223 [Tt (00— pallor gl swp |
2 0 ’ J Rl ) \osor 61‘1_%3 s

,7=1
(f = poo(f;x) is centered, so by Proposition 5.2, (2):)

i 0 i 0?2
< eCq(1 a W (x su W (x
< eCr(1+[2[™) ;t;@, 520 (@) NI A rors o(2)

17
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and therefore finally

T p
(13) E ’E V (ﬁs—ﬁ)vg(x)dﬂffT] ]
t
m o 0 82 0 p
< ePOy(1 + |2|2)E su (z) + su vy (x
2( | | ) ;tgng 3%’ th<s£T 3%’%’ ( )

Next, using again v{ € f T and that Z%% is independent of B,
T _ —
E [ / (h(z, Z57) — h(z)]" vg(x)st|ffT]
t
T -
_ / E [[h(x, Z5%) — h(x)]" v0(z)| FE;) dB
¢

—

T
:/ psi (2, h — h;2)* 02 (x)dBs.
t €

—_ <
Fort <r<T, rw— fTTps;t (2,h — h;2)*v?(x)dBs, is a martingale w.r.t. (ffT cr e [t,T)) if
time is run backwards. Hence by the Burkholder-Davis-Gundy inequality,

o P

T
E / ps—t(z,h — h;z)*0°(x)dBj
t £

SCpE[</tTpst(zh h; 2)*v ()dB>5]

where
2

T B - T -
</ ps—t(z,h — h;2)*02(x)dB,) = / ps—t(z,h — h;x)*vg(m)‘ ds
t t :

< E/OO |pu(z,h — h; x)|2du sup ‘vg(aj)
0 t<s<T

2

‘ 2

)

<eC3(1+|2|%) sup ‘v
t<s<T

where the last inequality is by Proposition 5.2, (2), since h — h is centered. Therefore,

p
sup ’v |p] .
t<s<T

P

2Cy(1+ |2[")E

t\)

T _ —
/ ps=t(z,h — h;z)*02(x)d B,
t

€

(14 E

Combining (13) and (14),

EHHH | <ePCu(1 + |2|™) Z E

|a|<2

s, 20|

Next, consider a first order z-derivative of 6}
0 o (T _
—0} = — | E[Ls—L]v)(x)d
8.1’k t aka/t [ S ]US(:E) 5

9 TEh 757 _ ()] O (2)dB
+(97Uc [(%s) ()] v, (z)dBs.

As before, the forward It6 integral term vanished after taking the (conditional) expectation.
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Interchanging order of differentiation and integration,

[Ls — L] v)(x)ds

/ {8;0“( b; —poo(bi;if);fﬁ);xivgwt(x)

;’/

02
+pu(2,bi — Poo(bi; x); x)wvgu+t(x)} du

K
+Z
5,J=1

3
pu(z (007 —poo«oa*)ij;x);x)av2u+t<sc>} du

2
/ {%u(z, (00"~ (00" 2); ) 501l ()

al‘k ibj

0,
Sai /OO ——Pu(2,bi — poc(bi;z); )| du sup 0 Y(2)
im1 /0 Ox t<s<T | 0%
0o 32
[t = plbisalia)ldu sup |57 ul(a)
0 t<s<T | 0T[4
+5 ”z:l{/o 22,7 pu(2,(00%)ij — Po (00" )ij3 2); ) | du
2
X su vg(x
t<s£T axzx] ( )
o] 3
+ w(2, (007)ii — poo((00™)iis2); )| du su USQ? .
| pute (00" = el )il swp |50 <>}

Then, from Proposition 5.2, (2) again,

T
8/ E[Ls — L] vd(z)ds| < eC5(1 + |2|%) Z sup ‘vag(:c)‘ .
Oz, Jy 1<p<gtsssT

since the quantities b — b and oo* — oo* are centered. Taking expectation,

p]
<ePCo(1+2%) Y E
1<B8<3

9 /TE [Ls— L] v2(x)ds

E
(15) i

P
sup ‘ngg (x) ‘ .
t<s<T
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Next, by (HOy,;), we can interchange the order of ordinary differentiation and stochastic inte-
gration (cf. Karandikar (1983)):

aik < /t "k [h(z, Z5%) — h(z)]" vg(x)d§s>

p
E

where
T| 9 e
| o ®[bie. 27 = b))
T;t a - _ 8 0 2
=€ 0 a.Tk (Z,h—h;.CU) 5u+t( )+pu( h_h’x)ﬁx €u+t() Cl’LL
x| 9 B 2 9
§25{/0 o (z,h—h [02use(2)]” du

o) 2
_ 2| O 0
+/O ‘pu( h,ZE)‘ 8$kv€u+t( ) du}
0 2 2 o ?
<eCr(1+|27) < sup |v(z)|” + sup |7—vi(z)| ».
t<s<T t<s<T | 0T} °

The last step follows once again from Proposition 5.2, (2). So,

£k < /t "B [, 25%) - hi2)]" vg(m)d§S>

< e2Cg(1 + |2|%) {IE
Combining (15) and (16)
0
—0}
[ Oxy
Iterating these arguments for the higher order derivatives of 41,

Y E[|Dg6|"] <e2Cio(1+[2m0) > E[Sup | D20 |]

la|<k—1 laj<kt+1  LISs<T

(16) E ’

90

sup () »

t<s<T

+E | sup

t<s<T

I

] < e2Cy(1+ |2|%) ZIE [ sup ‘D )|p] .

a<3 t<s<T

U
Lemma 6.3. Let k,l > 3. Assume (HFy;), (HSk;), and (HOi1,41). Also assume ' €
COF2L([0,T] x R™ x R™ R) and that all its partial derivatives up to order (0,k + 2,1) are in

Pr([0,T] x R™,R). Then for any p > 1 there exists Cp, > 0, independent of ¢, such that for any
(z,z) € R™ any e € (0,1), and any t € [0,T

E[|Ri(x,2)[P] < Cp Z/ Dgw;(l’,,Z,)lp](x,,z,):(Xg,(t,x)’Z;:,(t,z)) ds.

<2
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Proof. Ry(z,z) solves the BSPDE

(17) —dRy(z,z) = (L°Ry(z, 2) + Ls} (x, z)) dt
+ h(x, 2)* (wtl(:v, z) + Ry(, 2)) dEt,
Rp(x,z) = 0.

Existence of the solution R and its derivatives, as well as the polynomial growth all follow from

Proposition 4.1. By Proposition 4.2, the solution of (17) is given by Hﬁt’x’z)@

the BDSDE

, the solution to

—dg{ 3@ = Loy (X300, 250D ds
B0, 220 gl (X0, 250 aB,

+ h(X?(t’x), Zg,(t,z))*egt,x,z)(Q)dES _ ,}/?m,des _ (SE’x’Zd‘/s
e _ g

We will drop superscripts (t, z, z) for 9§t’x’z)(2), (t, z) for 75t2) and (t,z) for Xe&tz),
Ri(x,2) is ]-"fT-measurable, hence, so is 67. As before, the stochastic integrals over dV and
dW vanish when we take conditional expectation with respect to ffT. Thus

J-"ET}

T —
{E [ | nxz zol s, z2ab,
t

T
(18) 62 —E [ | esvixz zoas
t

ffT]

T —
+E [/ h(XE,Z5)*0%dB,
t

f,f”T] ] gE[

e 0
X2, Z2
(e oz

ffT] :
Consider each term separately:

T T
‘E [ / LsyM(XE, 25)ds / Lol (X2, 2)ds
t t

7

p

g(T—t)’J‘l/tTE

+ 1'21(00 )ZJ(X Za)axl z Vs (X5, Z5) ds

<af (HbHooZE[ |

1 - 0?
* 1
3ol 3B |52 vxE. 29)

ij=1

N | —

L(XE, 79)

p
]ds

<02/ > E[|Dgei(Xs, Z)|"] ds.

1<]|a|<2
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Note that Z¢ and X¢ are FV V FY-measurable, 1! is 7B -measurable, and B and (V, W) are
independent. Thus

E[|D3vl(Xs, 29)|") = E [E[|Devl(Xs, 29[| FY v 7]
—E |[E[|D2vl (@, 2)["]

p]
<C Z TIE E HDa1/11(l‘/ z’)m ds.
=2 ; zWs i (2'2')=(X5,25)

1<|a]<2

(x’,Z’):(Xi,Zi)] ’
so that

T
(19) E \E [ | esvroeszoas
t

ffT]

Next, by Jensen’s inequality, the tower property, and the Burkholder-Davis-Gundy inequality,

p

T «—
B |[B| [ a0z, 2 el 220,
t

]-"ET}

p

T «—
<E / h(XE, Z5) ) (XE, 25)dB,
t

T —
<G ([ hX5, 205 Z0)aB)E .
t
where by Holder’s inequality and the Cauchy-Schwarz inequality

P
2

T - T £
( / B(XE, 250 (X, Z2)dB,) :(/ }h(Xi,Z?%*w;(X;,zs)!?ds)
t t

T
<oy / Ih(XE, Z5)PIoL(XE, Z5) Pds.
t
p]
<C TE E |y, )" d
=t { [, )] ](z’,z’):(Xg,ZSE)} 8-

Finally, using Burkholder-Davis-Gundy in the second line, and Cauchy-Schwarz in the third

line
p]

T —
/ (X, Z5)]" 02dB,
t

T £
( / rh<X§,Z§>*9§|2ds)

t

T £
( / rh<X§,Z§>\2e§Pds)

t

T
(21) < G|, / E[|62P]ds.
t

So by the same arguments as for the first term,

T —
(20) E ‘E [ / B(XE, Z5) ) (X2, 22)dB,
t

]-“ET]

ffT]

T —
E ’E U h(XE, Z5)*0%dB,
t

p

IN

E

IN

C,E

< C,E




DIMENSIONAL REDUCTION IN NONLINEAR FILTERING 23

Combining (18) with (19), (20), and (21)

T
B <o X2 [ B[R IDEAE s o]

lor| <2
T
LGl / E[[62[7)ds.
t

By Gronwall,
E [|67]"]

T
<G| 2o /t E B[ D36 ) (x| @ | €770
o] <2

T
< Cr Z/t E B [|D36 @ ) o oyexs e B

o] <2

where we choose C7 so that the inequality holds for every t € [0,T] (replace elT=HC5llhlle by
eTCsllhlloo, O

Now we can collect all these results, to obtain the first step towards Theorem 3.1.

Lemma 6.4. Assume (Hya), (HFsa), (HS74), (HOs4), and that ¢ € CJ(R™ R). Then for
every p > 1 there exists C, q1,q2 > 0, independent of @, such that
sup E[|vf (z, 2) — v (@)["] < PC (1 + |2 + |2) ||| [} o
0<t<T
Proof of Theorem 3.1. We track the necessary conditions backward from Lemma 6.3.

1. For the solution R given in Lemma 6.3 to exist and satisfy the stated bound, we need
(HF33), (HS33), (HO44), and 9 € C%%3(]0, T] xR™ xR™,R). The polynomial growth condition
will be satisfied anyways.

2. For ¢! to be in C%%3([0,T] x R™ x R™, R), we need (Hstat), (HFg4), (HSg4), (HOg4) and
a,b,h € CP. We also need v € C%6([0,T] x R™,R). Again, the polynomial growth condition
will be satisfied.

3. For 0 to be in C%5(]0, 7] x R™,R) we need @, b, ¢ € Cg and h € Cs.

4. For a,b to be in Cf we need (HF73) as well as (HS7) by Proposition 5.4. Similarly we
need (HFg 3) as well as (HOg ) for h to be in C5.

5. So sufficient conditions are (Hgtat), (HFg4), (HS74), (HOg4). In that case we obtain from
Lemma 6.1

(22) > E [ sup [D0)(z)[P| < Cr(1+ [|™)[|]f} o
laj<a  LOSEST
From Lemma 6.2 we obtain
(23) > sup E[|DS0}(x,2)[P) <2Co(1+21%2) D E | sup |Dgvf(x)["| .
a<2 0St=T laj<4  LOSEET
From Lemma 6.3 we get
T
1 P
(24) E [’Rt(xvz)‘p] < C’3 Z /t' E |:]E [‘Dgws (CL',, Z,)} ](x/,zr):(X;?v(tw)’ng(t,z)):| ds.

|af<2
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Combining (22), (24), (24), we get for any t € [0,T] (by time-homogeneity of X¢ and Z¢)
E [|Re(x, 2)]"] + E [Joy (2, 2)|7]
(25) < P20y (1 + sup E[[XJ" +[Z57% (XG5, Z5) = (%Z)]) ol 00
0<s<T ’
From Proposition 5.3 we obtain

sup E[|XG|" +|Z57%((XG, Z5) = (2, 2)] < Cs(1 4[| + |2]%).

0<s<T
Noting that the right hand side in (25) does not depend on t € [0, 77,

sup E[|Ry(x,2)[P] + sup E[|yy(x,2)["]
0<t<T 0<t<T

< eP2Cs (1 + |2|% + |29) ||ol[f o

Finally
sup E[[vf (x, 2) — o] (x)|7]
0<t<T
< Cr ( sup E[|Ry(z, 2)"] + S E [|¢y (2, Z)Iﬂ)
0<t<T
< ePCg (14 [2]% + [2|%) ||(p||4,oo’
which completes the proof. O

Now we recall that all the calculations up until now were under the changed measure P*.
We only wrote P and B to facilitate the reading. So let us transfer the results to the original
measure Q.

Lemma 6.5. Assume (Hsar), (HFs4), (HS74), (HOs4), and that ¢ € C{(R™,R). Then for
every p > 1 there exist C,q1,q2 > 0, independent of v, such that

sup Eq[|vf (z, 2) — of (2)P] < e”2C (1 + [2]™ + |21) ||pl[f o
0<t<T

Proof. This is a simple application of the Cauchy-Schwarz inequality in combination with Gron-
wall’s lemma:

Eqlvf (2, 2) — v (2)[P] = Ep [Ivf("v’ 2) = v} ()

dQ
i

1/2

2

so we see that the result is true by Lemma 6.4 as long as the second expectation is finite. Recall
that we had defined the notation

d -
dIg = Df =exp (/ WX, Z5)dYE — / |h(XE, Z5))| st>
Fi

So D¢ satisfies the SDE

dD; = DEh(XE, Z5)*dYF,  D§=1.

Since under P¢, Y¢ is a Brownian motion, we get by Ito-isometry
t t
Bee (D7) = e | [ (DRPINXE 25)Pas| < Il | [ (D92s].
0 0

so that by Gronwall Ep- [(D%)Q} < o0 O
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Lemma 6.6. Assume (Hgqt), (HF34), (HS74), (HOg4), that ¢ € CT, and that the initial
distribution Q(XS:ZS) has finite moments of every order. Then for every p > 1 there exists
C > 0, independent of v, such that

Eqlloz" () — p7(9)IF] < e22C||¢l|If o

Proof. As we already described in the introduction, we obtain from Lemma 6.5

Eqlloz" (#) = pr()IP)

~ o || [ wi(o.2) ~ oh(o) Qs ()
< [ Balleb(z,2) - o8@)P)Qx 25) (o d2)

<20y [ (1 Jal" + 1) Qg 25 (o ) e

< 2G|l

O

The convergence of the actual filter, i.e. of 7% to 7°, now follows exactly as in Chapter 9.4
of Bain and Crisan (2009). For the sake of completeness, we include the arguments.

Lemma 6.7. Let p > 1. Then

sup  {Eqllp;" (1) 7] + Eqllpf (D] 7]} < o0
e€(0,1],t€[0,T

as long as h is bounded.

Proof. We give the argument for Eq[|p;"(1)|77], Eg[|p?(1)] 7] being completely analogue. We
have

Eollof"(DI7] = Ber | 157(0)|*

dpe

< Bpe [|p5°(1)]72]"/? Bpe

1/2
dQ\?
dpe
We showed in the proof of Lemma 6.5 that the second expectation is finite. Note that  — z=2P
is convex. Therefore by Jensen’s inequality,

Epe[|p} " (1) 7]

—2p
5 |5 {exp ( / h(XE, 25 dYe — - / i Xs,zs>|2ds>\yf} ]

t —2p
< Ep: | |exp </ h(Xg:,ZE alYE — / ]h XE ZE \ ds) ]
0

[ d —2p dpe 2p+1
Q17 _g, .
P* a0

The result now follows exactly as in the proof of Lemma 6.5, because for Df = dP°/dQ|r, we
have

< Ep-

dDf = —h(XE, Z5)dB,, DS =1

and B is a Brownian motion under Q. [l



26 P. IMKELLER, N.S. NAMACHCHIVAYA, N. PERKOWSKI, AND H.C. YEONG

Define for any measurable and bounded test function ¢ : R™ — R
0
0 pi ()
™ () = :

' PP (1)
Recall that 7, was defined analogously with p;* instead of p9. We then have
Lemma 6.8. Assume (Hstat), (HFs4), (HS7,4), (HOs4), and that the initial distribution Q(xz 7¢)
has finite moments of every order. Let p > 1. Then there exists C > 0 such that for every ¢ € Cg

Eqlln5" (¢) — () P) < e?/2Cllplf} o

Proof. In the third line we use that 7%% is a.s. equal to a probability measure.

p7 () pho)|”
ko [ () (D) ]
N ) = pp(@) o P (1) = pF ()
=l o) T ) ]
p7"(0) — 7 () | » p7 (1) — pp (1) [°
<G (2| A1) RIGEY| ) /)

< Gy (Ealler ()| 1) (E@ [105°(0) — )]

+lleliEq [loz=m - A] )

< 20|

where the last step follows from Lemma 6.6 and Lemma 6.7. O

4,009

Since the bound only depends on ||¢||4,00, We can replace the assumption ¢ € Cf by ¢ € Ci:
Just approximate ¢ € Cyf by ¢" € Cf in the || - ||4,0c-norm, and take advantage of the fact that
e,x 0 1e
7 and 7y are a.s. equal to probability measures. Therefore we have

Corollary 6.9. Assume (Hgqi), (HFsa), (HS74), (HOg4), and that the initial distribution
Q(XS:ZS) has finite moments of every order. Let p > 1. Then there exists C > 0 such that for

every ¢ € Cyf,
Eq[l77" (p) — 79(p)[P] < e”/2C| |01} oo

Now note that there exists a countable algebra (¢;);en of 0;)1 functions that strongly sep-
arates points in R"™. That is, for every x € R™ and § > 0, there exists i € N, such that
infy. .,y l9i(7) — @i(y)| > 0. Take e.g. all functions of the form

n
exp | — Z qj(z — x;)?
j=1

with n € N, ¢; € Q4, z; € Q™. By Theorem 3.4.5 of Ethier and Kurtz (1986), the sequence
(p;) is convergence determining for the topology of weak convergence of probability measures.
That is, if p,, and p are probability measures on R™, such that lim, o pn(;) = p(p;) for every
i € N, then p, converges weakly to p.

Define the following metric on the space of probability measures on R"*:

A1) = iy (v ) = 32 L)L
i=1
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Because (y;) is convergence determining, the metric d generates the topology of weak conver-
gence. Therefore the proof of Theorem 3.1 is complete. U

7. CONCLUSION AND FUTURE DIRECTIONS

This paper presented the theoretical basis for the development of a lower-dimensional parti-
cle filtering algorithm for the state estimation in complex multiscale systems. To this end, we
combined stochastic homogenization with nonlinear filtering theory to construct a homogenized
SPDE which is the approximation of a lower-dimesional nonlinear filter for the “coarse-grained”
process. The convergence of the optimal filter of the “coarse-grained” process to the solution
of the homogenized filter is shown using BSDEs and asymptotic techniques. This homogenized
SPDE can be used as the basis for an efficient multi-scale particle filtering algorithm for es-
timating the slow dynamics of the system, without directly accounting for the fast dynamics.
In Lingala et al. (2012) we present a numerical algorithm based on this scheme, that enables ef-
ficient incorporation of observation data for estimation of the coarse-grained (“slow”) dynamics,
and we apply the algorithm to a high-dimensional chaotic multiscale system.

Even though this paper deals with just one widely separated characteristic time scale, one
can extend this work to incorporate a more realistic setting where the signal has more than one
time scale separation. As before we let € be a small parameter that measures the ratio of slow
and fast time scales. Consider the signal and observation processes governed by:

1 1
078 = 5 (75, X7) + =g(Z8, X7) AW, Z5 ==,
£ 3

1
(26) AXF = Zb(Z8, X5) + (75, X5) + 025, X5 dVi, XG =,

dYF = h(ZE, XE)dt + dB,, YE =0,

where W, V and B are independent Wiener processes and x and z are random initial conditions
which are independent of W, V and B. It is important to realize that there are several scales
in (26), even the slow process X; has a fast varying component. This case is important, in
particular, for applications in geophysical flows and climate dynamics. The drift term b and the
diffusion o cause fluctuations of order order 1, and the drift term f and the diffusion g cause
fluctuations of order order =2, whereas the drift term b’ causes fluctuations at an intermediate
order e~!. It was found that when the average of b/ with respect to the invariant measure of
the fast component Z5 (for the fixed slow component) is zero, the limit distribution of the slow
component (away from the initial layer) can also be obtained in terms of the solution of some
auxiliary Poisson equation in the homogenization theory. However, a unified framework to deal
with e~! term in developing a lower-dimensional nonlinear filter for the “coarse-grained” process
is still not available.

Our conditions on the coefficients are very restrictive and exclude for example linear models.
This is due to the fact that we are using homogenization of SPDEs to obtain convergence of
the filter, and that for existence of solutions to the SPDEs, the coefficients need to be bounded
and sufficiently smooth. Working with weak solutions in place of classical solutions would
not improve the conditions much. Using viscosity solutions or entirely relying on probabilistic
arguments might be a way to get less restrictive conditions, however with these methods we do
not expect that a rate of convergence can be obtained.

While we were able to obtain the explicit rate of convergence /¢, the constant C' in Theorem
3.1 depends on the terminal time 7'. It would be interesting to find conditions under which this
can be avoided. This might be achieved by building on stability results for nonlinear filters, see
e.g. Crisan and Rozovskii (2011), Chapter 4, “Stability and asymptotic analysis”.
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