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Abstract

This paper deals with nonlinear filtering problems with delay, i.e. we
consider a system (X,Y), which can be represented by means of a sys-
tem (X,Y), in the sense that Y; = Ya(t), where a(t) is a delayed time
transformation. We start with X being a Markov process, and then
study Markovian systems, not necessarily diffusive, with correlated
noises. The interest is focused on existence of explicit representations
of the corresponding filters as functionals depending on the observed
trajectory. Different assumptions on the function a(t) are considered.
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1 Introduction

Let (X,Y) = (X¢, Y2)e>0 be a partially observed stochastic system. That is,
assume that the state process X = (X)i>0 of the system cannot be directly
observed, while the other component Y = (¥;):>0 is completely observable,
and therefore is referred to as the observation process. The aim of stochastic
nonlinear filtering is to compute the conditional law 7; of the state process
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at time ¢, given the observation process up to time t, i.e. the computation
of

m(p) = Ble(Xy)/F], (1)

for all functions ¢ belonging to a determining class, i.e. the best estimate
of ¢(X¢) given the o—algebra of the observations up to time t, F) =
o{Ys, s < t}.

A classical model of partially observed system arises when the system is
a k x d—dimensional Markov diffusion process, with state & = (&:)¢>0

& =8+ /Ot b(€s,ms)ds +/0

and observation 1 = (1;)¢>0

t

t
o (&s,ms)dBs +/0 7 (&s,ms)dws, t>0, (2)

t
= /0 h(€L)ds + wi, >0, (3)

where 8 = (6¢)t>0 and w = (w¢)¢>0 are independent Wiener processes and
&o is a random variable independent of 8 and w.

Under suitable hypotheses on the coefficients, one can prove that the
filter 7T§ (¢) = Elp(&)/F] solves a stochastic partial differential equation
known as the Kushner-Stratonovich equation and that the unnormalized fil-
ter solves a linear stochastic partial differential equation, the Zakai equation
(see e.g. Pardoux [20] and the references therein).

We stress that in this model the state process is not necessarily Markov-
ian, while the overall system is Markovian. The same holds for the model
studied by Kliemann, Koch and Marchetti [17], where the state is a jump-
diffusion process and the observation is a counting process. Recently non-
linear filtering has been applied in financial problems in the framework of
Bayesian analysis. In particular we quote the papers by Zeng [24], and by
Cvitanié, Liptser and Rozovskii [9], in which the observation is a marked
point process.

In this paper we consider the filtering problem for a partially observ-
able system (X , Y), with delayed observations, i.e. such that there exists a

process Y such that the observation process Y satisfies

A~

Y = Ya(t)v t >0, (4)

where the function a(-) : [0,00) — [0,00) is a delayed time transforma-
tion, i.e. is non decreasing, with 0 < a(t) <t for all ¢ > 0. In the following
we will use the short notation Y =Y o A for (4).



The inspiring example is the simple delayed diffusion model considered
in [4]: the state is a Markov diffusion process X = (X;;t > 0), with values in
R¥, while the d-dimensional observation process Y = (Y;;¢ > 0) is available
with a fixed delay 7, namely no observation is available for 0 < ¢ < 7, while
after time 7 we are able to observe a perturbation of the delayed integral
fg_T h(Xs)ds. Formally

t t

X = Xy —I—/ b(Xs)ds +/ 0(Xs)dBs, t>0,
0 0

Y, =0, 0<t<T;

Yy = [P h(Xs—r)ds + Wy — W, t>7

where B = (By)i>0 and W = (W})>0 are independent Wiener processes and
Xp is a random variable independent of B and W. The above observation
process corresponds to the choice of a(t) = (¢t — 7)", and

t
f/t:/ hMX)ds + W,  t>0,
0

where Ws =Wrps — W
Our model covers the case when the time lag is not necessarily constant.
The inspiring example can also be viewed as a particular case of the delay
systems considered in [6].

Partially observed systems with delay in the observations appear in many
applied fields. For instance Schweizer, in [21], gives an example of informa-
tion with delay for a financial model. Furthermore, if the market is in-
complete then the risk minimization criterion leads to a filtering problem
with delayed observation. Filtering appears in this context since risk mini-
mization criterion corresponds to a quadratic loss function. More generally
filtering appears naturally in financial problems when studying models with
unknown parameters as for instance in [16] and [13]. Considering also a delay
in the information would then lead to an example fitting our framework.

The main results of this paper (Theorem 2.3 and Theorem 3.1) are given
under the condition that the system (X , Y) is a Markov process for which
there exists a feasible filter, i.e. an explicit representation of the filter as
a functional depending on the observed trajectory up to time ¢ (see (9)).
We stress that we are not necessarily assuming that the signal X itself
is Markovian, and that we distinguish between continuous and piecewise
constant time transformations. Since for delayed time transformations

FCFan € F

a

the filtering problem with delayed observations we are dealing with in this
paper is connected with the extrapolation (or prediction) problem for the



system (X , Y) This problem has been largely studied, see e.g. Liptser and
Shiryayev [19] and Pardoux [20], in the case when the observation process
Y is a diffusion and the signal is a semimartingale. Though our hypotheses
imply that the signal X itself is a semimartingale, and in this respect our
assumptions are more restrictive, however we are not assuming that the ob-
servation process Y is a diffusion, and in this respect our assumptions are
less restrictive than the usual ones. Moreover, the main concern of extrapola-
tion results is the characterization of the optimal nonlinear extrapolation by
means of Kushner-Stratonovitch and/or Zakai type equations. On the con-
trary we focus on the explicit expression of the filter for the system (X , Y)
with delayed observation, in terms of the feasible version of the filter of the
partially observed Markov system (X , Y) and of its associated semigroup.
To obtain an explicit representation of the filter is interesting in its own,
and moreover it plays a key role in the connected filtering approximation
problem (see [5]).

The results concerning continuous time transformations are given in
Section 2. The continuity assumption on the function a(:) is crucial in the
proofs of Theorem 2.2 and Theorem 2.3 since it implies that

whenever (4) holds. These results allow us to manage different situations
illustrated by examples considering both diffusive and jump systems. These
examples highlight the differences between the two results; furthermore as
an example of a system with correlated noises we study the cubic sensor
model (see (15) and (16)), for which we give explicitly the robust Zakai
equation for the unnormalized filter (see (17) and (18)).

We conclude Section 2 with a brief discussion of a case which is interme-
diate between continuous and piecewise constant time transformations, i.e.
when the information ” arrives by packets”, in the sense that the information
up to time ¢ is

G =F, for t € [t;,tir1),

with {t;; ¢ > 0} a fixed increasing sequence of times (see Remark 2.4).
This situation arises when we can observe the trajectory of Y |s<; only at
the times ¢ = t;; the delayed time transformation being continuous, this
corresponds to observing the trajectory of ¥|,<, only at the times r = a(t;),

ie. G = ]:2: = ]:;/(ti), for t € [t;,t;+1). This kind of filtration is considered
by Schweizer in [21] as an example of delayed information for a financial
model.

Section 3 treats the filtering problem with delayed observations when the
time transformation a(-) is a step function, i.e. a(t) = a(t;) for t € [t;, ti+1),
for an increasing sequence of times ¢; < t;41. In this case the situation
is completely different: whenever (4) holds, the observation process is a



(random) step function, the information available during the interval of time
[ti,tiy1) is fétm) = 0(Y;,), and therefore

F =0V, = Ya(ti),i Dt <),

which is clearly strictly contained in ]-f(t). Under suitable regularity assump-

tions on the semigroup associated to (X , Y), the problem can be reduced
to a combination of a discrete time filter with the evolution of the associated
semigroup (Theorem 3.1).

In the Appendix we first recall the method initiated by Clark [8] and Davis
[10] to obtain the robust Zakai equation for partially observed diffusion sys-
tems with uncorrelated noises. Then we derive the robust Zakai equation
for the cubic sensor problem with correlated noises by applying the results
established in [12]. To our knowledge [12] is the only paper in the literature
dealing with the robust Zakai equation for partially observed diffusion sys-
tems with correlated noises. Note that, in the latter case, robust filters (i.e.
feasible filters continuous with respect to the trajectory of the observation
process) have also been studied by Elliott and Kohlmann [11].

2 Continuous delayed time transformation

In this section we consider continuous time transformations. The first result
of this section (Lemma 2.1) plays a key role in our analysis since it implies
the equality (5). After giving the definition of the feasible filter we state our
main results, Theorem 2.2 and Theorem 2.3.

Lemma 2.1. Assume that the function a(-) is a continuous delayed time
transformation, and let Y and'Y be two processes such that Yi = Yy, for
allt > 0. Then

Ya—l(s) = YS, s> 07 (6)

where
a 1(s) = inf{u : a(u) > s} (7)

is the generalized inverse of a(-).

Note that in the above result we are not assuming that Y is the obser-
vation process of a partially observed system. In the following (6) will be
written in the shorter way as (Y o A™1), := Y,-1(5), s 20, or

Y=YoA L (8)



Proof. The proof of (6) is immediate by observing that Y, -1, = Ya(a_l(s)) =
Y, since a(a(s)) = s, a(-) being a nondecreasing continuous function.
The continuity property is crucial, since, together with the fact that
a is nondecreasing, with 0 < a(t) < ¢, it implies that a(0) = 0 and
Im(aljor)) = [a(0),a(T)] = [0,a(T)]. Moreover, by the definition (7) of
a~1(s), there exists a sequence u,, such that a(u,) > s and u, converge
monotonically from above to a~!(s). By right continuity also a(u,) con-
verge monotonically from above to a(a~!(s)) (moreover a is nondecreas-
ing), and therefore a(a=!(s)) > s. Seeking a contradiction suppose that
a(a=Y(s)) > s, then for every so € (s,a(a"!(s))) it cannot exists a ¢y such
that a(tg) = sp > s, since otherwise, for n sufficiently large u, < to
and therefore a(u,) < a(to) = so. Then Im(alp ) does not contain
(s,a(a=(s))), which contradicts the continuity condition on the function

a(+).

O]

An important feature in nonlinear filtering is to obtain a feasible filter:
for the system (X,Y) we mean that there exists a functional U, for which
Us(¥ly) = Us(¥]y(- A s)) a.s. with respect to the law of Y, and such that

the conditional law 7s of X, given F) may be expressed as

(W) = E[W(X,)/FY] = Ug(]Vns)- (9)

In the following we refer to the above situation by saying that the system
(X, f’) admits a feasible filter; furthermore we identify the functional U,
with its underlying measure. For the diffusion case this problem, initiated
by Clark [8] and Davis [10] when considering feasible filters continuous with
respect to the trajectory of the observation process (i.e. robust filters), has
been studied by many authors in different frameworks. When dealing with
counting observation this problem has been studied by Brémaud (see [3]) for
the doubly stochastic case, and by Kliemann et al. in [17] for more general
Systems.

Theorem 2.2. Suppose that the state process X is a Markov process with
generator A, and that the observation process'Y satisfies Yy = Y,;), where Y
is adapted to the filtration FiX V' H, with H a o-algebra independent of FX,

and where the function a(-) is a continuous delayed time transformation.
Then

() = B[ exp{A(t — a(t))}o(Xa)/Farn - (10)
Furthermore, if the system (X, f’) admits a feasible filter, then
() = Uaqry (exp{A(t — a(t)}o | (Y 0 A naqr)). (11)



Proof. The continuity of the function a(-) implies (5) and therefore
() = E[p(Xe)/Fyp] = E[E[0(X0)/Foiny vV H] / Fan),

which coincides with E[E[¢(X;) /]:jft)] /fj(t)] by the independence prop-

erty of H, and then assertion (10) follows. Since the filter is feasible (see
(9)), assertion (11) follows immediately by Lemma 2.1.
0

Note that in the previous Theorem equality (11) is more interesting than
(10) since it expresses the filter in term of the observed trajectory Y, instead
of the underlying process Y.

Before giving some examples of application of the previous result we
consider the case when (X,Y") is a Markov system.

Theorem 2.3. Assume that (X, f’) 18 a Markov process with generator L,

and that the observation process Y satisfies Yi = Yy, where the function
a(-) is a continuous delayed time transformation. Then

mi(p) = B[ (exp{L(t = a()}6) (Xa(: o)/ Fan)
where ¢(z,y) = @(x). Moreover, if (X,Y) admits a feasible filter, then

() = Uiy ((exp{ L(t = a()}0) (. Y) [ (Y 0 A7) pary)- (12)

Proof. The proof is similar to that of Theorem 2.2: indeed, since a(-) is
continuous,

() = E[¢(Xt)/f§t)]
and furthermore, for any r < ¢
Elp(X0)/F)] = B[E[o(X,)/FX¥]/F) ] A
= E[(exp{L(t - r)})(X;, Y;)/F)]. (13)

O

As a first example consider X being a Markov diffusion, i.e. X = &,
where £ is given by (2) with the coefficients depending only on the first
variable, 6 =0, and Y =Y o A, with

t
Y, = / h(X.)ds + W, (14)
0



where W = (Wt)tzg is a Wiener process, independent of X. In this case
the infinitesimal generator is given by

Ap(z) = b(w) - Vilw) + tr{Pp(w)o(z)o” (2)}

This example (already considered in [4]) satisfies the first conditions of The-
orem 2.2 with H = F/¥. By using the techniques initiated by Clark and
Davis one can prove easily that the filter is robust (see also (25) in the
Appendix).

When the state is a one dimensional Geometric Brownian motion, i.e.
when b(x) = bx and o(x) = ox, and furthermore the function A is linear,
then the filter of ¢(X;) can be computed explicitly. Indeed US(-\YAS) is the
Kalman filter of the system (X,Y), i.e., a Gaussian measure with mean
m(s,y) depending linearly on y = Y (s), and deterministic variance, com-
putable via a Riccati equation (see, e.g., [19]). This Kalman filter evaluated
in s = a(t) and y = Y (a(t)) = Y (t), and applied to the function

T — / o )p(t — a(t); x,2") da,
R

where

(512,2)) = ———ex {_ (log(a’) —log(z) — bs)2}
p ) b x/\/m p 230-2 ,

leads to the filter of the system (X,Y).

If instead of (14) one considers
t
Y = / H (X, [§a(Xy)du+ Vi) ds + Wy,
0

where V and W are two independent Wiener processes, both independent

of X, then the first conditions of Theorem 2.2 are satisfied with H = fOV.gW.
It is interesting to note that Theorem 2.3 cannot be applied directly in this
framework since (X,Y) is not a Markov process. Nevertheless it can be
applied if we introduce the auxiliary process

t
7, = / a(Xy)du + V;
0

and consider the filter of the Markov diffusion process (X, Z) given Y.
Using the techniques initiated by Clark and Davis, this filter can be char-
acterized by a functional, from which the functional U, in (9) can be easily
obtained by projection, and therefore all the results of Theorem 2.2 hold.



The next example concerns the cubic sensor with correlated noises and
delayed observation, i.e. the case when (X,Y) = (§,7n), where

§& =&+ 0B+ 0w, (15)
ot :/t€3d5+wt (16)
0 B ’

with ¢ > 0 and 6 > 0. When & = 0 the above filtering problem has been
studied by Sussmann in [22]. When & # 0 this system does not satisfies the
hypotheses of Theorem 2.2, since, though the state process is Markovian,
the noises are correlated. Nevertheless all the hypotheses of Theorem 2.3
are satisfied, since the system is Markovian and admits a robust filter: Let
pg be the density of &y, then the functional U, is given by

Ut(dx]y) o e ee=ayr) Ge(x — &yt|y,pg) dx, (17)

1

where H(t,x) = 15 (x4 at)* — 2*), and cjt(x]y,pg) solves the following
o

robust Zakai equation established in the Appendix

t
a(x) = pj(x) + /0 S 0?4 25+ 5y,
+ (3 olx+ 5y3)2 — (z+ 5ys)6)] (eH(ys,x)qS(x)) ds. (18)

Finally we point out that Theorem 2.3 can also be applied to the jump-
diffusion model with counting observations considered in [17]. In the latter
paper the authors have shown that, under suitable conditions, these systems
admit a feasible filter which can be represented by means of a recursive
algorithm. In general the feasible filter cannot be computed explicitly, and
an approximation may be necessary. This approximation problem has been
studied in [5] for the jump case, i.e. when (X,Y") is a Markov process with
generator L of the form

Lo(z,y) = Ao(ﬂw)/ (o(2',y) — oz, y)) po(z, y; da’)

+ Ai(z,y) / (qﬁ(x',y +1) — ¢(z, y)):ul(x7y§ dx/)a (19)

where \; are measurable functions and u; are probability kernels, for ¢ = 0, 1.

Remark 2.4. When the information ”arrives by packets”, in the sense ex-
plained in the Introduction, that is when the information up to time t is
G = F;Eti) fort € [ti, tit1), assuming we are in the setting of Theorem 2.3
we obtain that the filter is given by

Elp(X1)/Gi] = Uggry (exp{L(t — a(t;))}8|(Y o A™) nary),  (20)



for t € [t tiv1), with ¢(z,y) = @(x). Note that in formula (20), for
t € [ti,tiv1), one uses the trajectory of Y up to time t;.

As recalled in the Introduction, Schweizer [21] has considered an example
of delayed information for a financial model by taking a similar filtration.
More precisely in [21] the state X is a Markov diffusion with generator A,
the information available at time t is Gy = fgf(t) where a(-) is a cadlag de-
layed time transformation. In this case it corresponds to take a(t) = a(t;)
f07“ te [ti,tprl).

3 Piecewise constant delayed time transformations

As explained in Section 2 (see Lemma 2.1), the continuity assumption on the

function a(-) is crucial, since F} = fgf(t). The situation is completely differ-

ent when the time transformation a(-) is a step function, i.e. a(t) = a(t;) for
t € [ti,tiy1), for a strictly increasing sequence of times ¢;, with tg = 0. When
dealing with this problem in the setting of Theorem 2.3, except for the con-
tinuity assumption on a(-), which is substituted by a step-wise assumption,
we get for any measurable bounded function ¢, when ¢ <t < tg41

mi(¢) = E[exp{L(t — a(t))}¢(Xa(te): Yai)) /o Vagr)»i < K)],

where ¢(z,y) = o(z). Indeed, since FY C f;/(t), by (13) and the chain rule
for conditional expectations, we have

() = E[exp{L(t — a()) }¢(Xo(t): Ya) /o Yaqry it i < 1)].

As a consequence, when t;, <t < tj41, we can rewrite the filter m(y) as

ﬁa(tk)(exp{L(t - a(tk))}d)(’ )A/a(tk))) = frsk(exp{L(t - 5k)}¢(7 YA:sk))a (21)

where s, = a(t;) and 75, denotes the discrete time filter for the system

{(Xs,, Y5, ); k= 0}

To compute the above quantities one could use the results established
by Joannides and Le Gland in [15], with a slight modification. However, our
case is much simpler than the one considered in [15], and a representation
of the filter can be obtained directly.

Theorem 3.1. Assume that (X, f’) 1s a Markov process with generator L
and that the observation process Y satisfies

10



where the delayed time transformation a(t) is a step function.
Assume further that the semigroup exp{Lt} of the Markov process (X,Y)
has the property that whenever the initial distribution of (Xo, Yy) is

p(dz, dy) = p(x) dx 6;(dy),
then the distribution of (X, Yu) at time u has a joint density p, given by
Pu(2,ylp,9) dz dy = (exp{L*u}p)(dz, dy),

where L* is the adjoint of L.
Assume finally that the distribution of X is pff(w)dw, Yy = yo, and denote

X ﬁa(thrl)_a(tk)(x’ Y%k+1|pka Y;fk)
po(z) = py (%), pry1(z) = -
0 ’ fpa(thrl)—a(tk) (ga }/tk+1 |pk7 nk)dé-’

k> 0.
Then, for any t, the filter m; is given by mo(dx) = pg (z)dz, and
m(dw) = ﬁiia(tk)(ﬂpk, Yt )dz, Jor t, <t < g, k>0,

where
P (I, §) = / Pl 41, 5) dy.

Proof. Taking (21) into account, we get

() = / (exp{L*(t — so) b (- dy), (22)

with
(e, dy) = o, (d)dy, (dy),

and, as a consequence, we only need to compute the discrete time filter
o (dx) = P[ X, € dx/o(YVs,,i < k)].
To this end, we evaluate the quantities
P[(Xy,Yy) € (dz,dy) /o (Y, i: si < u),
by the following procedure:
For 0 < u < s1, since Xg has a density po,

P[(Xu,f/u) € (dz,dy)/o(Ys,,i: si < u)| = P[(Xu,f/u) € (dz, dy)]
= pu(®@, ylpo, yo)dx dy,

11



and for u = s7

P[X,, € dz/o(Vs,)] = P[X,, € dz/Vy)]

_ ﬁsl (377?91‘170;90)
fﬁsl (57 Y:?l ‘pOa yO)dé~

x =: p1(x)dz.

Then, for s1 < u < s9
P[(X. V) € (dr,dy)fo (Vi 81 <w)] = P[(X, Vo) € (di, dy)/o(Vay)]
= Pu-s (@, ylp1, Vs, )da dy,
and for u = s9
P[X, € dzv/o(Ys,, i <2)] = P[Xs, € dz/Ys,, Yy

_ ﬁ82751 (xa}/vsz |p17Y;1)
fﬁ82*81 (67 szz |p1, Y51>d5
Therefore, all the quantities we need can be easily computed by iterating

these steps.
Recalling (22) and that

dzr =: po(z)dz.

Pu(@, ylp, 9)dax dy = (exp{L*u}p)(dz, dy)

for p(dz, dy) = p(x)dz dy(dy), we get the thesis.
0

Note that, for ¢ € [tx, tx+1), the filter 7, as given in the theorem, depends
explicitly on Y;,, but also indirectly on Y;,,---,Y;,, through the density py.

It is also interesting to note that if X is a Markov process with generator
A, with the property that whenever the initial distribution of Xy has a
density, then the distribution of X, at time u has a density, we have

%@m@:/m@wnwwzwwmmmﬂwm

with 4~ (dz) = p(z)dz, and therefore the computation of the filter becomes
much easier, and furthermore, for ¢ € [t,tx+1), the explicit dependence on
Y;, of the filter m; disappears.

4 Appendix

The purpose of this section is to compute the robust filter for the cubic sensor
model with correlated noises. With this aim we first recall how to compute

12



the robust filter when dealing with the classical model of a partially observed
diffusive system (&,m) given by (2) and (3). In this case the generator L is

Lf(z,y) = (b(x,y), h(x)) - Vf(z,y) + %tr{vzf(:c,y)E(w, y)X(z,9)},

where X(z,y) = <"(f)’ y) 5%”).

Assuming that all the coefficients are bounded one can prove (see for

example Pardoux [20]) that the filter wf(gp) = E[p(&)/F] can be obtained
via the Kallianpur-Striebel formula

<
13 Py (v)
Ty (90) - )
pi (1)
where 1(z) = 1, and pf is the so-called unnormalized filter. The latter

solves the linear stochastic partial differential equation known as the Zakai
equation (see [23])

t t
pi () = u5(p) + /0 p5(An,0)ds + /0 PS5 (A, 0)dns

where ,ug is the distribution of &, Ayp(x) = Lo(z,y), where ¢(z,y) = ¢(z),
i.e. Ay is the second order differential operator defined by

1 *
Ayp(x) = bz, y) - Vo(z) + §tT{V2¢(w)0(w,y)0 (z,9)}
1 ~ ~ %
+ gtT{v2(,0($)O'($, y)o‘ (CL‘, y)} (23)
and A, is the first order differential operator defined by

Ayp(x) = h(z)p(z) + o (x,y) V(). (24)

Remark 4.1. When & is a Markov diffusion the above Zakai equation can
also be obtained, under some additional hypotheses, when h is unbounded
by means of the same arguments when ¢ = 0 (see Hopkins [14] or Baras,
Blankenship and Hopkins [1]) and by different techniques when & does not
depend on y and n is a one-dimensional process (see Florchinger [12]).

Furthermore note that, under suitable hypotheses, a Zakai equation can
be obtained when the state process € is a general Markov process (not nec-
essarily given by (2)), and the observation process n is a diffusion process
given by (8), with w independent of € (see for example Bhatt, Kallianpur
and Karandikar [2]).

13



If the density pf of the unnormalized filter pf exists and is regular enough,
one can easily deduce from the above Zakai equation that it solves the fol-
lowing linear stochastic partial differential equation

P5 =i+ /A gder/ A pldns,

where pg is the density of &g.

Starting from the above equation one can get the robust Zakai equation.
First, assume that 6 = 0 and set

df (@) = pi(@)e .

Then qf solves the robust Zakai equation (see Clark [8] and Davis [10]),
i.e. the deterministic equation with random coefficients

t
af () = pf (@) + /0 e 4y (g() €0 ) (@) =SR2 @)at (a)| ds.
(25)

Now, assume that all the coefficients do not depend on y and that n is a
one-dimensional process. In this correlated case, the robust Zakai equation
has been obtained in [12] as follows.

Let ®; be the flow associated with the function &, i.e. the unique solution
of ®(z) =z + [, 5(Ps(x))ds, and H be the function defined on R x R¥ by

t
Hit z) = / h(®4(x)) ds.
0
Then by setting

6; (x) = pj (By, (2)) [Py, ()] =010,

where Jv denotes the Jacobian of a regular function v, one gets, by applying
the generalization of It6 formula proved by Kunita (see Theorem 8.1 in [18]),
the following robust Zakai equation

af (v) = p () + /0 0 |10y, ()] C* (170, ()] 7" ™0 65() ) () ds,

where C" is a second order differential operator, which, when also the signal
process is one-dimensional, is given by

() = A%(w) + 3 [ (@) o) ~ ()] ()



with h(z) = h(z) — &' (2).

We now explain how to get the functional U, for the model considered.
For any continuous (deterministic) function y, and for any probability den-
sity po denote by ¢ (x|y;po) the solution of

qt(x) = po(x)

t
+ /0 ) |1, (2)] € (170, ()7 " W)g () ) (2)ds,  (26)
pe(dzly; po) = G(®,, (2)|y; o) [Ty, ()] W) da,
and by
3 P(ely; Po)
U, = 27
(oly) pe(1]y; po) &)

Note that ¢, pt, and U, depend on the trajectory y restricted to the
interval [0, ¢]. Then, with the above notations

pi(dx) = pi (x)de = pi(dz|n; p§) = G(®,, () |m; p§) [Ty, ()71 €00 da,
and consequently
: Yin;p
m; () = Unlolm) = M
pr(1|m; p)

We end by observing that when 6 = 0, then ®4(z) = x so that p.(dx|y; po) =
i (z|y; po) €M@Y dz, and the equation for §;(z|y;pg) simplifies to the Zakai
equation (25) in this setting.

Remark 4.2. When the observation coefficient h is unbounded, and the
noises are correlated, the filter can be characterized as the solution of the
above robust Zakai equation by using the results by Florchinger [12] and by
Cannarsa and Vespri [7].

The cubic sensor model with correlated noises considered in (15) and (16)
falls in the models considered in the above Remarks (the growth restriction
on h stated in [12] is satisfied in the polynomial case). For this system one

1
gets ®y(x) =x+ ot and H(t,x) = e ((z+6¢t)* — z*), and therefore
o

g5 (z) = pi (x + 1) e L)

satisfy the following robust Zakai equation
t
—H(ns,x) 2 -
i) =) + [ [0 200l 0,

+ (3 &@%S (z) — ®° (x))} (eH(”S’x)qg(a:)) ds.

Ns

In this example (26) reduces to (18), and then by (27) one gets the functional
U, in (17).
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