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Abstract

We study an approximation scheme for a nonlinear filtering problem when the state process X is
the solution of a stochastic delay diffusion equation, and the observation process is a noisy function
of X(s) for s € [t — 7,t], where 7 is a constant. The approximating state is the piecewise linear
Fuler-Maruyama scheme, and the observation process is a noisy function of the approximating state.
The rate of convergence of this scheme is computed.

1 Introduction

Stochastic diffusion processes with delay have been used as models in many applications: in population
dynamics (see Goel, Maitra and Montroll (1971) [12]), in respiratory systems (see Longtin, Milton, Bos
and Mackey (1990) [23]), in eyes movements control (see Vasilakos and Beuter (1993) [34]), postural
control (see Peterka (2000) [29]), transmission delays for neural networks and/or ensemble of coupled
neural oscillators (see Niebur, Schuster and Kammen (1991) [27]).

In most of the literature the stochastic process is assumed to be completely observable. However,
this cannot always be the case, since measurement errors may occur. This difficulty can be overcome by
modelling this situation as a nonlinear filtering problem.

The aim of stochastic nonlinear filtering is to compute the conditional law at time ¢ of a state process,
which cannot be directly observed, given an observation process up to time t. This task can be achieved
only in a few specific cases, and therefore the problem of the approximation of the conditional law
naturally arises.

A classical model of partially observed system extensively studied in the last past years arises when
both the state and the observation processes are diffusion processes.

For this model, under suitable hypotheses on the coefficients, the filtering equations are well known
(see for example Pardoux (1991) [28] or Kallianpur (1980) [14] and the references therein) and different
approximation schemes have been studied (see for example Kushner (1990) [18] or Le Gland (1989) [21]
and the references therein).

In this paper we are interested in nonlinear filtering of partially observed delay systems of the following
form.
The state process X = (X (t)) - satisfies the stochastic delay differential equation on the prob-

ability space (Q, F, (Ft)ieo, 1), P)

(1)
X (t) = n(0) + [y a(u, 1, X)du + [ b(u, 11, X)dW,, 0<t<T,

*Partially supported by MURST project ”Modelli probabilistici e applicazioni”

TDipartimento di Matematica - Universita di Roma ”Tor Vergata”, via della Ricerca Scientifica 1, I 00133 Roma, Italy
tDépartement de Mathématiques, Université de Metz, 23 Allée des Oeillets F 57160 Moulins les Metz, France
§Dipartimento di Matematica - Universitd di Roma ”La Sapienza”, piazzale A. Moro 2, I 00185 Roma, Italy



where 7 is a positive constant, (HtX ) is a C([—7,0],R) random valued process defined by

t€[0,T]
ILX(s)=X(t+s) —-7<5<0,
W = (W(t))te[O,T]

random variable.
The observation process Y = (Y(t)) tef0.7] is given by

is a standard Brownian motion, and n = (n(s)) is a C([-,0],R) valued

s€[—7,0]

Y(t) = /Ot h(u, T, X )du + W (t), 0<t<T, 2)

where W = (W(t))te[o 718 a standard Brownian motion, independent of W, and h : [0, T]xC/([—, 0], R) —
R is a Borel measurable function.

As an example the functions a(t,0), b(t,0) and h(t,0), for 8 € C([—7,0],R) can be taken of the form

g(t, max f(u);i=1,--- ,7") (3)
where — 1= <7 <---<7.=0, or

g (1 il 0)i(du)s i =1, r), (4)

where 7, are finite measures on [—7,0], and g and 1; are continuous functions.

By taking in (4) 9;(u,z) = z for all i, and v;(ds) in the set {e**ds, d_,(ds), do(ds)}, we recover the
stochastic delay differential equation considered in a control framework by Larssen and Risebro (2003)
in [20] and by Elsanousi and Larssen (2001) in [8]

AX (t) = ga(t, X (1), X(t —7), [ DX (u) du, w(t))dt
+ o (t, X (1), X(t—7), [ DX (u) du, w(t))dW,,

where w(t) is the control. Moreover, when the function g4 (¢, 21,22, 3, w), as well as gy(t, x1, x2, 23, W),
depends only on (z1,z2), we recover the fixed time delay model

AX (1) = g (X (1), X(t —7))dt + go (X (t), X (t — 7)) dW, (5)

which is studied in Frank (2002) [10] and in particular, for gq(z1,22) = (H — K log(x2)) z1 and
gv(x1,22) = x1, we recover the stochastic Gompertz model with delay, see Goel, Maitra and Mon-
troll (1971) [12] and Frank and Beek (2001) [11]. The stochastic Gompertz model without delay has been
used in population growth (see Ricciardi and al. (1986) [32]) or in biomedical sciences (see Ferrante et
al. (2000) [9]).

At first the aim was to obtain a computable approximation for E[¢ (X (t))/F} ], for all functions ¢
belonging to a determining class, i.e. the best estimate of <p(X (t)) given the o—algebra of the observations
up to time ¢, 7Y = o{Y(s), s < t}. In fact, since II; X (0) = X (t), we shall give a computable approxi-
mation for the filter m; associated with the delay system (HtX , Y(t)) defined for any measurable
and bounded functions ¢ mapping C([—7,0],R) into R by

m(¢) = Blo(ILX)|F]. (6)

te(0,T]’

In our paper the state is approximated by the piecewise linear Euler-Maryuama scheme (see (12)
and (15)), while the observation is approximated by a diffusion (see (13)), which can be considered as a
continuous Euler-Maryuama scheme (see Remark 2.1, for the peculiarities due to the delay). The filter
process of this approximating system is the first approximation scheme of 7 = (7¢)¢[0,7] We consider (see



(20)). This approximation scheme has a drawback: it depends on the approximating observation process,
which is not the actual observation process Y. Instead, the other approximation scheme we consider
depends on the actual observation process (see (21)).

As the time step converges to zero, the two approximating filters converge in probability to 7 as
measure valued processes (see Theorem 2.2).

To our knowledge there are only three papers dealing with nonlinear filtering for delay systems: Kwong
and Willsky (1978) [19], Chang (1987) [7], and Kallianpur and Mandal (2002) [15].

In [19] Kwong and Willsky give a characterization of the optimal filter when dealing with nonlinear
delay systems with Gaussian noises, i.e. with b depending only on time. A Fujisaki-Kallianpur-Kunita
equation for the filter is deduced from a representation result which characterizes conditional moment
functionals of nonlinear delay systems. However the uniqueness of the solution of this equation is not
guaranteed.

In [7] Chang gives a computable approximation for the optimal filter when dealing with one dimen-
sional nonlinear delay filtering systems with b = 1. The original model is approximated by a discrete-time
model obtained by applying an Euler discretization scheme. An optimal filter for the approximate sys-
tem is obtained by an explicit procedure and the weak convergence of the approximating process and the
approximating filter to the original ones are verified.

In [15], Kallianpur and Mandal study a nonlinear filtering problem where the state process is solution
of the stochastic delay differential equation (1), in the homogeneous case, and the observation process
is given by (2). By using some extensions of results obtained by Mohammed (1984) [25] for stochastic
delay differential equations they prove that the signal process is the unique solution to an appropriate
martingale problem. By taking this fact into account the authors prove that the optimal filter corre-
sponding to the nonlinear filtering problem solves a Zakai-type equation. The uniqueness for the solution
of the Zakai equation is deduced from the results of Bhatt, Kallianpur and Karandikar (1995) [2], and a
Fujisaki-Kallianpur-Kunita equation for the filter is deduced from the Zakai equation by usual arguments
in nonlinear filtering theory.

In addition to the previous references we also quote the paper [3] by Bhatt, Kallianpur and Karandikar
(1999), which is the starting point in some of our analysis, and Bhatt and Karandikar (2002) [4]. Though
none of these papers is explicitly connected with filtering models involving delays, the results achieved
by these authors can be used in the delay context.

This paper is divided into 6 sections and is organized as follows. In Section 2, we introduce the
approximation scheme for the system we are dealing with in this paper and we state the main results.
The first result concerns the convergence of the approximation schemes for the filter, while the second
result deals with the rate of convergence with respect to the bounded Lipschitz metric. In Section 3,
we prove the convergence for the filter by making use of a convergence result deduced from the papers
by Bhatt, Kallianpur and Karandikar (1999) [3] and Bhatt and Karandikar (2002) [4]. In Section 4,
we compute an upper bound for the rate of convergence with respect to the bounded Lipschitz metric
for our approximation scheme by combining filter approximation techniques similar to those in Calzo-
lari, Florchinger and Nappo (2005) [6] with a convergence result for the approximation of stochastic
delay differential equations. In Section 5, we give the proofs of some technical results that we use in
Sections 3 and 4. Moreover we recall a result on the expectation of the modulus of continuity for diffu-
sion due to Slominski (2001) [33], which we use in the proof of the approximation result for stochastic
delay differential equations. In Section 6, we conclude by giving a comparison between our result and
the one by Chang [7] and we discuss briefly some works on approximation for stochastic delay differential
equations, in particular the one by Mao and Sabanis (2003) [24].



2 Approximation scheme and main results

For the partially observed delay system (1) and (2) stated above we assume the following standing
hypotheses:

(A1) nis a Fo-measurable C([—7, 0], R) valued random variable, with

B (11aX|") = £(_sup [n(s)") < o0

(A2) The functionals a(t,6) and b(¢,0) on [0,T] x C([-7,0],R) are jointly globally Lipschitz, i.e.
la(t,0) — a(t', 0)* + [b(t,0) — b(t'", O)]* < K (|t = ' + 0 - 0]*) , (7)
and satisfy the growth condition
la(t, 0)]* + [b(t,0)]* < K (1+[16]1%), (8)
for some constant K > 0.
(A3) h:[0,T] x C([-7,0],R) — R is jointly continuous and sublinear, i.e.

[A(t,0)* < K(1+|6]).

Condition (A2) assures the existence and the uniqueness of the solution of equation (1) (see Kallianpur
and Mandal [15]). Condition (A1) together with (8) implies that

E[ sup X |?] < oo, 9)
w€[0,T]

(see [25], Theorem II.2.1 and Lemma III.1.2), which together with the sublinearity of h implies that
T
/ E[|h(u, T, X)[!]du < .
0

The above condition, together with the independence of the noises, is a classical assumption in non-
linear filtering theory which guarantees that the filter m; can be represented via a Kallianpur—Striebel
formula

with i . L ) y
oi(¢) = E [QS(HtX)eXp{/ h(s,I1,X)dY; — 5/ (s, I, X)) ds} ’}'t } ,
0 0

where EY denotes the expectation w.r.t. the reference probability measure PY, defined by the Radon-
Nikodym derivative

dpP° T 17 )
—— = expy — h(s, I X)dYs + = |h(s, I, X)|"ds ¢ . (10)
P A 2 J,

This fact will play a fundamental role in the proof of our approximation results. In particular it implies
that there exists a deterministic functional, with values in Dp (7 01,r)) ([0, T]), where P(C([-7,0],R))
is the metric space of probability measures on C([—, 0], R), endowed with the Prohorov metric,

U: [07 T} X C([Ov T]vR) - D'P(C([—T,O],R))([Ov T])
(ty) = Ult,y)



with the property U(t, y) = U(t7 y(- A t)), and such that

m=U(t,Y). (11)

In this paper we consider the following approximation scheme:

The approximation X™ = (Xn(t))te[—T,T] of the state process X = (X(t))te[—T,T]
linear Euler-Maruyama scheme, that is the linear interpolation of the Euler discretization scheme with
step 6 = 8, = T/n, with 7 = md (as in Chang [7], for the sake of simplicity, we assume that T'/7 is
rational)®:

is the piecewise

X"(L8) = n(£s), —m < <0,
X"((€+1)8) = X™(£6) + a(£6, s X™)6 (12)
+b(08, s X™) [W((£+ 1)) — W ()], 0<f<n—1.

With this approximation for the state process X we can consider the piecewise-constant C([—7, 0], R)-

valued process (Hlt/5J'5Xn)te[o ) 3 an approximation of the C'([—7, 0], R)-valued process (HtX)

For the approximation of the observation process, we define Y™ = (Y"(t)) te[0.7] by

telo,T]"

V() = /Ot h([$/8) - 6,T|ss).5X™)ds + W (L), 0<t<T, (13)

where |z is the integer part of x.

Remark 2.1. Note that, unlike in the finite dimensional Fuler scheme, the interpolation has to be
performed at every step in order to evaluate Il;s X™. Nevertheless it is clear that

{(X™(e0), X™((¢ —1)8), -+, X™((¢ —m)5)) }Oggn (14)
is an (m + 1)-dimensional Markov chain, and for t € [¢5, (£ +1)5], 0 < £ <n —1
X" (t) = X™(06) + a(£8,TTys X ™) (t — £6) (15)
+ b(68, s X™) [W((€ + 1)8) — W (£5)] (t — £5) /9,
with X™(0) = n(0), and
Y™(t) = Y™(08) + h(€5, Ty X™)(t — £8) + [W(t) — W (£5)], (16)

with Y™(0) = 0.

When the state is given by fixed time delay model (5), the linear interpolation, in the above discrete
Euler-Maruyama scheme, is not needed in order to compute the sequence {X"(£0)}o<i<n. Indeed in this
case

X"((£+1)8) = X"(£8) + ga (£5, X" (£0), X" ((£ — m)d))é (17)
+ g5 (05, X™(£8), X™ (¢ — m)3)) [W((€ + 1)8) — W (£5)],

with X™(0) = n(0), and therefore the computation of the discrete Markov chain (14) is much simpler.

Tt is clear that, assuming T = %T, we first fix m = kq a multiple of ¢ and then set § = 7/m, so that T = kpd and
n = kp.
Or better, we first fix m, then set § = 7/m, and finally take the interval [—7, |T/§]d], instead of [—7, T, so that n = n(m).



The filter 7 associated with the approximating delay system (HLt/5J_5X", Y”(t))te[o 7] is given by
Kallianpur Striebel formula:

op(¢) _ B [o( /5.6 XM LEIF ]

, 18
op(1) EOn [Lp| Y] s

™ (9) =

where E%™ denotes the expectation w.r.t. the reference probability measure P%", defined by the Radon-

Nikodym derivative
dpon

dP

= (c3)

with
t 1 t
e = e { [ ls/8)-0.M0as Xy = 5 [ Lo/l -6 Tym XM ash 0
0 0

which is well defined thanks to the sublinearity of h and (A1).
Taking into account that s — h(|s/d] - 0,11 /5.5X™) is piecewise constant, we have that

Ly =L (X"(), Y5 g, vyﬂ/sjvyzn)a

where, for 0 < ¢ <n,

~
~

-1 -1

1
log LZ;(Z‘(), Yo,Y1, 7y€) = h’(kjéa Hkéﬂ?('))(yk-i—l - yk) - 5 Ih(k67 Hkg.T())lQ&
0 0

x>
Il
>
Il

and, for t € (£6,({ +1)),0<¢<n-—1,
log L?(x()7y07 Y1, 5 Ye, ?J) = IOg L?é(x(')vyanla e ayé)
1
+h([t/0] - 0,1 1/5).52()(y — ye) — §|h(tt/5J 26,11 1 y5).52())* (t — £6).

Moreover, under P%", the processes X™ and Y™ are independent and the law of the approximated state
process is invariant under P and P%", and hence, for t € [(5, (£ +1)5),0 < ¢ <n —1,

ot (9) = E [0 11/s16 X ™) LY (X" ()0, Y15+ 5 Y2, Y)]
Yo=Y ,y1=Y e ye=Y 5 y=Y"

Therefore, by taking the above equality into account, one can explicitly obtain a deterministic func-
tional

U™: [0,T] x C([0, T], R) — Dp(c((—r0),r) ([0, T])
(t,y) — U"(t,y)

with the property that U™ (t, y) depends only on (y(lcc?))(quLJ and y(t), such that
SkESLs
m =U"(t,Y"). (20)

So the filter 7" defined above depends explicitly on the approximated observation process Y™, which how-
ever is not directly observable. To overcome this difficulty we also consider the following approximation
7 for the filter

A =U"(hY) = s (21)

where

&?(¢) =F [¢(HLt/5J5Xn)L?(Xn()ay07y17 T Y y)} .
Yo=Y0,y1=Ys, - ,ye=Yes,y=Y
Then, the following convergence result, which will be proved in the following section, holds.



Theorem 2.2. Let m = (m;t > 0), ™ = (np;t > 0), and ®™ = (77;t > 0), be the cadlag probability
measure-valued processes defined by (6), (18) and (21), respectively. Then:
1. The sequence of filters ®™ converges in probability (and therefore weakly) to the original filter m, in

Dpc((-r0),r) ([0, T]).

2. The sequence of measure valued processes ™™ converges in probability to the original filter .

3. The sequence maxy=1,... n d(T}s, Tks), where d denotes the Prohorov metric, converges in probability
to zero.

In addition, the following result concerning the rate of convergence with respect to the bounded
Lipschitz metric of our approximation scheme will be proved in Section 4. For the ease of the reader we
recall that, for any metric space S, and probability measures 17 and v on .S,

dpr(v1,v2) = sup {|l/1(<,0)—V2(<,0)’ © bounded and Lipschitz}
loll vV Ly

where ||¢|| denotes the sup-norm, and L, is the Lipschitz constant of ¢.

Theorem 2.3. Assume further that the functions a and b are bounded, the function h is jointly globally
Lipschitz, and that there exists a constant C, such that the modulus of continuity of the initial condition
7 satisfies

E[w% ((5; [T, 0])] <Cyé log(%). (22)
Then there exists a constant C' such that

E[dpr(m, 7] < C(f&n)3, (23)

where dpr, is the bounded Lipschitz metric on the space P(C([—,0],R)).

Remark 2.4. As it will be shown in the example at the end of Section 4, by considering the case where
n=0,a=0,b=1 and h =0, the upper bound for the rate of convergence given by (23) appears to be
the best we can obtain in our context.

Furthermore as it is clear from the proof (see (52)) sz[w% (5; [—T, 0])} converges to zero with an order
of convergence lower than O(6 log(3)), then

N

E[dpL(m, 7]")] < C(E[wi(8;[-7,0])])

for a suitable constant C.

To conclude this section, note that in order to evaluate 7{" and 7;* we need to compute

(a) the transition probability of the (m + 1)-dimensional Markov chain

(Xn(&s)?Xn((Z* 1)6)3 e 7Xn((£7m)5))7

(b) the explicit expression of L}.
Consequently we need the explicit expression of a(£0, IIys X™), b(€5, s X™), and h(€5, s X™).

When the functionals a, b and h are taken to be of the form (4) with » = 1 we need to evaluate
expressions like

0
g(6s, | (u, s X" (u) v(du)),

-7



where

0 0
[ vl X @)td) = [ o, X7+ ) 2 ()
-1

(ko u—kd
— Z Aé w(U7X7L((£+k)6)+ 5 [Xn((£+k+1)6)_Xn<(ﬁ+k‘)5)]>’y(du),

k=—m

3 The convergence result

This section is dedicated to the proof of Theorem 2.2. With this aim, we will make use of a result deduced
from the papers by Bhatt, Kallianpur and Karandikar [3] and [4] in the following context.

Consider a signal process X = (&X})¢cjo,7], With values in a complete separable metric space (5, ds),
defined on (Q, F, P), with cadldag paths and continuous in probability, and the observation process Y =

(Y'(t))eefo,m) given by

Y(t) = /Oth(Xs)ds+W(t), (24)

where W = (W (t))¢cjo,1) is a standard Brownian motion, defined on (£2,F, P), independent of &X', and
h is a measurable function on S with values in R¥, such that

P (/OT |h(X,)|* ds < oo) =1.

The approximation signal processes X™ = (X}");c[0,7) are defined on (£2, F, P), and take values in S
as well. The approximation observation processes Y™ = (Y™ (t)).c[0,) are defined by

v = [ (s + WD), (25)

where W is independent of X™, and h" are measurable functions on S with values in R¥, such that

T
P (/ |R™(X™)|? ds < oo) =1.
0

Then the following result is an easy consequence of [3] and Remark 7.4 in [4].
Theorem 3.1. Assume that

(B1) A" converges to h uniformly on compact sets,

(B2)  h is continuous,

(B3)  &X™ converges in P-probability (and therefore weakly) to X in Dg([0,T1]),

T

(B4) lim E (/ |[R" (X7 — h(Xs)2d8> =0.
n—oo 0

Then the filters of the system (X™,Y™) converge in probability (and therefore weakly) to the filter of the

system (X,Y) as processes with values in Dps([0,T]), where P(S) is the metric space of probability

measures on S, endowed with the Prohorov metric.



Note that the above conditions (B1)—(B4) are only sufficient conditions, and that in [3] weaker
conditions and different frameworks can be found.

In order to be in the framework described above we take S = [0,T] x C([—T, 0], R), endowed with the
distance
1(£,6) = (", 0")]|s = [t =t/ + 6 = &',

and we consider the limit model (X;, Y(t))te[ho]7 where
Xt = (tv HtX)v
and Y (¢) is given by (2), and the approximating model (X, Y™ (t))te[o ) where
X =(0-1t/] U515/ X™), (26)

and Y™ (t) is given by (16).
Then with this choice, the processes (Xt)te[o 7] and (th)te[o 1
tions (B1) and (B2) are obviously satisfied with h" = h = h.

have paths in Dg([0,77]), and condi-

Condition (B3) which asserts that X™ = ((6 - [t/6] ,H(;.Lt/(;JX"))tE[O 7] converges in probability to
X = ((t,HtX))te[O m n Ds([0,T]) = Dy, ryxc(j—70,r)([0,T]) is also satisfied thanks to the following
Proposition which will be proved in Section 5.

Proposition 3.2. Assume that conditions (A1) and (A3) are satisfied. Then

lim F

n—oo

sup |8+ [£/8] Mg 15y X™) — (6 ILX)|%| = 0. (27)

t€[0,T]

In our approximation scheme, since the function h appears in the definitions of both Y (¢) and Y™ (¢),
condition (B4) is implied by

lim F (/0 |h(6 - |s/d] ,H(;.LS/(;JX”)Fds) =FE </0 |h(s,HSX)|2ds> : (28)

n—oo

Under the continuity and sublinear growth conditions in (A3) for the observation function h, we can
assume w.l.o.g., since the convergence condition (B3) holds, that the integrals inside the expectation in
the left hand side of (28) converge to the integral inside the expectation in the right hand side of (28).
Therefore we only need a uniform integrability condition. To this end observe that

2
T
sup E (/ [h(8 - |s/d] ,H(;.LS/(;JX”)Fds) <supF
n 0 n

T/O |h(6 - [s/6] M5 575, X™)|* dS]

T
< supT/ E
n 0 te[—7,T]

C’ <1 + sup |X”(t)4>1 ds < oo

and hence, condition (B4) will hold thanks to the following result, which will be proved in Section 5.

Lemma 3.3. Assume that conditions (A1) and (A2) are satisfied, then, for k=1,2,

sup £

n te[0,T n u€[-7,T]

sup ||HtX"||2k] =supFE

sup X"(u)|2k] < 00.



Therefore, since all the conditions in Theorem 3.1 hold, the filters of the systems (X™,Y™) conver-
gence in probability to the filter of the system (&,Y") as random processes with values in Dp(g)([0,77),
and this implies the convergence of ™ to 7 as random processes with values in Dpc((—r,01,r)) ([0, T1])-

To prove the second assertion of Theorem 2.2, we make use, like in Section 2, of a representation
result for the filters (X™, Y ™) and (X,Y) in the state space S.
In this setting there exist functionals

V", Vi [0,T] x Dgi([0,T]) = P(S) (29)

with the properties V" (t,y) = V”(t,y(~ A t)) and V(ty) = V(t,y(- A t)), such that the filters of
(X™,Y™) and (X,Y) are given by V"(¢,Y™) and V(¢,Y), respectively. This fact is true under very
general conditions (see for instance, Kurtz and Ocone (1998) [17]). Note that if one uses the general
representation result, then one could only say that the functionals V™ and V are defined almost surely
with respect to Pyn, the law of Y™, and with respect to Py, the law of Y, respectively. Therefore,
the approximation V"(¢,Y) of the (X,Y)-filter (as the one provided in (21)) could be not well defined.
However in this case Py~ and Py are equivalent, and this problem does not occur.

In our delay case S = [0,T] x C([—,0],R) and the functional V™ can be computed starting from the
Kallianpur-Striebel formula with the Radon-Nikodym derivative £} defined by (19). This fact implies
also that, for any (¢,y) in [0, 7] x C(]0,T],R) the projection on the space C([—, 0], R) of the probability
measure V" (t,y) coincides with U™ (¢,y), defined in Section 2.

Moreover in [3] (see Theorem 3.3-(a)), as a step in the proof of a weak convergence result, the authors
prove that for any Wiener process B = (B(t))¢co,7], the P(S5)-valued processes (V" (t, B)):e[o, 1) converge
in probability to the P(S)-valued process (V (¢, B))cjo,r]- This amounts to say that if P° is the reference
probability measure defined by the Radon-Nikodym derivative

dPO T 1 T
T —ewd— [ magdvie g [ pasy. (30)

i.e. the measure under which the process Y is a Wiener process, independent of the state process X,
then the P(S)-valued processes (V" (t,Y))¢eo,r) converge in PP-probability to the P(S)-valued process
(V(t,Y))tecjo,r)- In addition, since the measure P is also absolutely continuous w.r.t. P?, the convergence
also holds in P-probability. This implies that

7™ converges in P-probability to

which is the second assertion in Theorem 2.2.

Since the filter 7 is continuous in time, the last statement of the Theorem is an immediate consequence
of the convergence in probability of ™ to .

4 Rate of convergence

The aim of this section is to compute an upper bound for the rate of convergence of our scheme, i.e. to
prove Theorem 2.3.

Let (X, X™ Y ,Y™) be the stochastic processes introduced at the beginning of Section 3, with values
in a complete separable metric space (5, dg), and let P™ be the probability measure defined by

dP" /T 1 T )
— exp h”(XS")dYs—f/ R (X2 ds b (31)

where P is the reference probability measure on (€, F) defined in (30).
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Then the law of (X™,Y") under P™ is the same as the law of (X™,Y ™) under P, so that the processes
(X, X™ Y) and the probabilities P, P and P" satisfy conditions (a), (a»), (b1) and (b2) of Calzolari,
Florchinger and Nappo (2005) [6], apart from the fact that we are in a complete separable metric space
(S,ds). Therefore, with slight modifications in the proof of (32) in Theorem 2.3 of [6], we get

Bld5, (V(LY), V(£ Y))] < 2B°[[(dP"/dP°)|5, — (dP/dP)|z, || + E[ds (%, &7)],  (32)

where V and V™ are the functionals defined as in (29), d%; is the bounded Lipschitz metric on P(S) and
Fom RO

The above inequality is the starting point of the proof of Theorem 2.3 and, as a consequence, we need
the estimates for the quantities in the right hand side of (32) stated in the following Proposition.

Proposition 4.1. For allt < T, we have
E°[|(aP" /dP")|z, — (dP/dP")|z]
<2 (E[/Ot [h"(xm) — h(Xs)]2d5D2 + E[/Ot [h"(xr) — h(Xs)fds] (33)

In the particular case when h™ = h and h is a globally Lipschitz function then, for allt < T, we have,
for a suitable constant K(T),

E[[(aP" /aP°)| 5, ~ (aP/dP")\z,|]
ng){ sup (B[ (x, &)])* + sup E[d%(xs,xsﬂ}. (34)
s€[0,T) s€[0,T]
Proof Define A; and A} by
t 1 t
ro= [ n@pay. - 5 [ weras (35)
0 0
and
t 1 t
ap = [y -5 [ aetas (36)
0 0

Then, using the fact that [e? — e’| < e |a — b + €® |a — b|, we have
E° “(dP"/dPO)b;_t — (dP/dP°)|;, ” — E° [yeA? e ”

< O [QA?WL — At” + E° [eAt|A? - At|]

|

= B[]} — Af] + B[ |67 - A

where E™ is the expectation with respect to P™.
An easy calculation gives

1

AP — A = /0 [h™(X) — h(Xy)]dY, — 5/0 [|R™ (X = [h(Xs) ] ds

= /t [R™M(X]) — h(Xs)] (dYs — R (X])ds) + % /t (R (X)) — h(?@)f ds
0 0

= [ By —h) @Y, ) + 5 [ ) —hee) s

11



Therefore we have

E° U(dP”/dPO)th — (dP/dP°)|;, H < E" [|A? - Atﬂ Vv E [\Ag - At”

< En[ /Ot [h"(X) = h(X,)] (dYs — h" (X])ds) H n %E" [/Ot ) — b

i

2

+E|| /Ot (") = B(2)] (4Ys — h(X,)ds) ] + ;E[/Ot [ (22) ~ h(X,)]” ds].

By recalling that
t t
Y}—/ h™M(XM)ds and Yt—/ h(Xs)ds
0 0

are Wiener processes under P™ and P respectively, we get, by Cauchy-Schwarz inequality, and the
isometry of stochastic integrals,

E°[|(dP" /dP")|z, — (dP/dP")|z,||

< ([ [ I - ) as]
+ (8] [ e - h(&)fds})%

As the joint laws of X and X™ under P™ and P coincides (with the joint law under P°) the final
upper bound is

1
2 2

+ ;En{/ot [h™ (&) — h(Xy)] ds}

+ ;E[/Ot [hm(x™) — h(X,)]? ds]

EOU(dP”/dPONf. (dP/dPO)\frtl}

t

<9 <E[/OT [hm(xm) — h(xs)]stD

which is inequality (33), and immediately implies inequality (34).

' + E[/OT [hm(x7) — h(x,)]? ds],

As in the previous section, we take S = [0, T]xC([—,0],R), &; = (t,11; X), X" = (6-|t/d] , 5. 1¢/5) X™)
and h"™ = h = h. Therefore (32) implies that

Eldpp(m, 7)) < 2E°[|(dP" /dP%)|z, — (dP/dP)|z, || + B[ % — 7|ls], (37)

and, when h is a jointly globally Lipschitz function, inequality (34) holds. Finally the result of Theorem
2.3 is a direct consequence of the following improvement of the result of Proposition 3.2.

Proposition 4.2. Assume that conditions (A1) and (A3) are satisfied, and furthermore that the initial
condition 1 satisfies (22), and that the functions a and b are bounded. Then there exists a constant Cx
such that

logn

E <Cx

sup [(6- [¢/8) M55 X™) — (6, 1,.X) % (38)

te[0,T)

n

The proof of this result will be given in Section 5.

12



Remark 4.3. Obviously, from (38) there exists a constant Cyx < Cx such that

1og n

sup E “| [t/6], ;. Lt/JJXn (t, I X H } < Cx
te[0,T]

(39)

and, by (34), the above inequality is a sufficient condition to get the upper bound (23) in Theorem 2.3.
From the following example it appears that the rate of convergence cannot be improved neither in the
r.h.s. of the previous inequality nor in (23).

Example Take n =0, a=0,b=1and h = 0. In this case X = W and X" = wn is the piecewise linear
interpolation of W. Moreover m; and 73" coincide with the law of I, W and 5. ;/5) W™ respectively, and
therefore

1
2

Eldpr(m,77)| = dpr(m, 7)) < E [HH(;,W(;JW” - HtW)H} < (E [Hﬂa.waJW” —IL,W)|| D

where the first inequality follows by standard coupling techniques.
Furthermore

B [|[Ts. 175 W" = W) [[*] = O(52),

for any t € [0,7T], and uniformly in [0,7]. This fact can be shown by using the results established by
Pickands (1968) in [30] (see also Nappo (2005) [26]). This result could be expected thanks to Lévy’s
modulus of continuity, which implies that there exists a finite random variable M such that

sup |Wy — Wy| < M /5 log(1/4)

s,t€[0,1]
|s—t| <8,

holds a.s. (see the paper by Pinsky (2001) [31] for a simple proof).

5 Technical results

This section is devoted to the proofs of Lemma 3.3, Proposition 3.2 and Proposition 4.2. In order to
prove these results we introduce, as a technical tool,
e the operator P? which gives the linear interpolation of a function (x(s))s clorT) with step §, so that

(P‘Sa:(s))se[iT’T] is the linear interpolation of (¢4, x(¢9)), for £ = —m, ..., n,

and, as another approximation for the state,

e the continuous Euler-Maruyama scheme, i.e. the diffusion processes Z™ = (Z”(t)) t€[0.7] where
Z™(t) = n(t) -7 <t <0,
¢
20(0) 1= 1(0) + [ (6 [5/5) Ty /5)X")ds (40)

t
+/ b3 (5/6) My (o5 X)W, 0<t<T,
0
which can be considered as intermediate approximation processes for the state X.

The processes Z™ have the property that
P2Z"(s) = X"(s), for s € [—7,0]U [0, T7, (41)
since

Z"(45) = X" (49), for £ > —m.

13



Indeed Z™(¢5) = X™(¢5) = n(£d), for —m < ¢ < 0. The case £ > 0 follows by observing that for
t e [ls, (L+1)d]

t

Z(t) = Z"(08) + /

12
= Z"(08) + a(08, T X ™) (t — £8) + b(£8, T X™)[W (t) — W (£6)],

t
a(l8, s X™)ds + / b(£6, TLps X™)dW,
129

so that
Z7((+ 1)) = Z7(06) + (€5, s X8 + b(¢5, T X)W (£ + 1)8) — W(£o)],
and finally comparing the above recursive formula with the definition of X™((£ + 1)) in (12).

We are now able to prove Lemma 3.3.

Proof of Lemma 3.3 First observe that by (41)
sup | X" (¢)| < max <n||, sup IZ"(t)|> ;
te[—7,T] te[0,T]

and set
t
M ;:/ by (w)dW,,  where by, (u) :=b(d - [u/d] . |/5) X™). (42)
0

For any ¢ € {1,2} take o = 2¢ and 8 = 2¢/(2¢ — 1), so that (1/a) + (1/3) = 1. Then for any stopping
time o, there exists a suitable constant Cy such that

sup [ X" (w)[*
w€[—T7,tA0]

. 2/
<G n||“+(/ sup Ia(5-LU/5J7H5-LU/5JX")ICZS> + sup (MY
0 ue

[0,5A0] s€[0,tA0]

f 20/
< O Inl* + 277 (/ sup |a(5'LU/5J7H5-Lu/5JXn)|ad8> + sup P
0 ue

[0,5A0] s€[0,tA0]

t
SCe{IIWIIMﬂLtﬂ_l/ K" <1+ sup IX"(u)%> ds + sup IMﬁAUIN}
0

u€[—7,5N0] s€[0,t]

If M],, is a martingale, setting

by o(t) = F

sup IX"(u)IM] ,

w€[—7,tAc]

and applying Doob’s inequality for p = 2¢ to M/, yields

t
n n n E
ey < Ci{ue s [ onoas £ [l ] | (13)

for all t € [0, 7], for a suitable constant C) = C}(T).
Taking o = o := inf{s > 0; sup,¢[_, 4 |X"(u)| > N}, we have

T
/ Els<or, b24(s)]ds < oo, (44)
0

14



and M[,, = Mﬁ\ag is a martingale. Indeed, by the sublinearity condition (8) on b we have
¢ t
| Bl ois < [ Bt su X0 )P)ds (45)
0 B 0 u€[—7,5AoR

and the r.h.s. of the previous inequality is finite since sup,,¢; 1| X" (u)] < N. Then

n
—T,S\oN

</ 1“"?%”"(5)”8)2] -/ Bl B s

and (see e.g. Lemma 4.12, page 125, in Liptser and Shiryayev [22])

t 4 t
(/ 1s§0}{,bn(8)dWs) ‘| S 62t/ E[lsgg;\l’ bfl(s)}ds
0 0

Then, taking into account (43) and (45), and invoking Gronwall’s inequality we get a bound for
o, J(T) = ¢Z}n\,ﬂ (1), uniform in n and N. Therefore, applying Fatou’s Lemma and making use of the fact
that o}, — oo as N — oo, we get the theses.

B(|M;) o ] = E

B(|M, ') = E

O

Remark 5.1. Note that with the same technique one could prove that under the same assumptions of
Lemma 3.3

sup ||HthH2€

sup F
n te[0,T]

=sup F
n u€[—‘r,T]

sup |Z”(u)|%] < o0, fort=1,2.

In order to prove Proposition 3.2 we need some intermediate results, stated in the following Lemmas,
which will be proved at the end of this section.
The first Lemma concerns the behaviour of the modulus of continuity.

Lemma 5.2. Denoting by
we (05 [=7,T]) == sup |a(s) — x(t)]
s,te[—7,T)]
ls—t1<8,

the modulus of continuity of the function (:z:(s))se[i_r ) We have

S [T 1o) PP = M) < 2en(6: [T, (46)
and, for 6 = d,,

lim E [w%(6,[-7,T])] =0, (47)
and

lim E sup] M. /5 P°X — ILX|?| = 0. (48)

n—oo tel0,T

The second Lemma concerns the convergence of the approximation Z™.
Lemma 5.3. Under the hypotheses of Proposition 3.2

lim F

n—oo

sup | Z" — I, X|?
t€[0,T)

=0.
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With the above results the proof of Proposition 3.2 is straightforward.
Proof of Proposition 3.2 First of all we note that
166 1t/6] s 10/5) X ™) = (8, TR X) [ < 20% 42 [[T5 1) X7 = TLX | (49)

Then, by adding and subtracting Ils.|4/5) P°X in the second term on the right hand side of the above
expression, it yields

105,107y X = T X |* < 2 |1y X = T as PO X[* 42 [ Mgy PPX — TLX] . (50)

Then, taking into account (48), and that

sup |[ILX" —ILP°X||= sup | X"(kd) — X (ko)
te[0,T] k:kée[—7,T)
=  sup |Z"(k0)— X (ko)< sup |Z"(t) —X(t)|= sup |II,Z" —ILX]|
k:kée[—7,T] te[—7,T] te[0,T]

the result follows by Lemma 5.3.

Proof of Lemma 5.2 Noticing that II;. /s Py = P‘SH(;.U/(;J%, we have
HHJLU/(;J Pz — Hua':H < HH&LU/M Poy— H5'LU/5Jxl| + HH&Lu/éjm — HuxH
= HPéH(s-Lu/(ij — H(;.Lu/(;JxH + HH&Lu/&jx — HuxH
Furthermore, since
P50(v) =Av)0( - |v/d]+)+ (1 —Aw))0(d - [v/d])

with A(v) =v/d — [v/d], and since 0(v) = A(v) O(v) + (1 — A\(v)) 6(v), we deduce that

ITL5. w5 Pz —M,z| <2 sup |z —ILz|=2 sup |z(s)—xz(t),
5,6€[0,T) s,t€[—7,T]
ls—t1<5, ls—tl <8,

which is the first assertion (46) of the Lemma.
Equality (47) follows by the dominated convergence theorem: indeed

we(6;[-7,T)) <2 sup |z(¢)],
te[—7,T]

the integrability condition (9) holds, and finally the modulus of continuity wx (4, [—7, T]) converge to zero
as 0 = 0, converge to zero, as the paths of X are continuous.
The last assertion (48) is an interesting observation which is a straightforward consequence of (46) and
(47).

O

Proof of Lemma 5.3 Noticing that P°Z"(s) = X"(s), for s € [-7,0]U[0, T], then we can rewrite (40)
as

t t
Z"(t):n(o)Jr/ a(d - Ls/éj,ng.ts/ﬂpﬁz”)dw/ b(8 - |s/0) s 55 P°Z")dWs.
0 0
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Therefore, taking into account that Z"(t) = X (¢) = n(¢t) for t € [—7,0],

sup | Z"(s) — X(s)P?

SE[—T,t]

<2 ([ 1a(6+ 10/8) 1 0y PP2) — a1,

2

s 2
+2 sup (/ (6(6 - |u/d) . |uy5) P°Z™) — b(u, 1, X)] qu)
s€0,t] 0

1
< 2t/ a(6 - [u/6] 5. 1uss) P°Z") — a(u, 1, X) [*du
0
s 2
+2 sup (/ [(6(6 - |u/d) . |uy5) P°Z™) — b(u, 1, X)] qu)
s€0,t] 0

By Lemma 3.3, Remark 5.1 and the sublinearity of b,

/O ) [6(3 - (/8] M. 45/ P°Z™) — b(u, 11, X)] AW,

is a martingale.
Then taking the expectations we can apply Doob’s inequality, and we get for t € [0,T]

E

sup [, 2" —IX|*| =FE
w€[0,t]

sup 2" (s) X(S)IQ]

SE[—T,t]
t
< 2t/ E [|a(5- [u/d] 7H5.Lu/5JP‘SZ”) — a(u,HuX)P] du
0
t
+8/ E {|b(5- \w/8] M. uys) P°Z™) — b(u, T, X) | ]du
0

¢
< max(27, 8)/ KE ds
0

st[lop] (M5 y5 PP Z"™ — L X||? + 67
ue|0,s

Sl[lopl (IMTs. ) PP 27 = T pye) PO XN + [T pye) PO X — LX) + 6% | ds
ue|0,s

gC’(T)/OtE

t
§C(T)/ F ds,
0

sup |[II,Z" — HuXH2 + 4w (6 [-7,T]) + 52
u€l0,s]

where we have used (46). Then Gronwall’s inequality gives the upper bound

E

sup L, Z" — HuX||2] < C\(T) (E [wk (6; [-7, T])] + 6%) (51)

and the proof is accomplished, since § = &, and (according to (47)) E [w% (6; [—7,T])] go to zero as n
goes to infinity.
O

We conclude this section with the proof of Proposition 4.2.

Proof of Proposition 4.2 First of all we note that the inequalities in the proof of Proposition 3.2
together with (46) imply

(6 [£/6) Mg 105 X™) — (1, TLX) |5 < 4 (52 + sup T, 2" — T X || + Wi (6 [, TD) :
te|0,
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Then by (51) we get
B[]0+ 1¢/8) s 10ss) X™) = (6125 < Co(T) (6 + B [} (35, T])])
The thesis follows by observing that
wx (65 [=7, T]) < wy(8; [, 0]) + wx (6; [0, T]) (52)

and taking into account the result of Lemma A.4 of Slominski (2001) [33], which is recalled in the sequel
for the ease of the reader.
O

Lemma 5.4 (Lemma A.4 of Stominski [33]). Let H, G be two adapted processes with values in
RY @ R and R? respectively, such that |Hy||gagra, |G| < L < oo, for some constant L > 0, and let

= fot H,dW, + fg Gsds, t € RT. Then for every p € N

B (k0,7 =0 ((1%)") (53)

Remark 5.5. We observe that the thesis holds for any real p > 0, as can be seen following the lines in
the proof by Stominski.

6 Conclusion

As we have already recalled in the Introduction, Chang in [7] gives a computable approximation for the
optimal filter associated with the partially observable delay system (1) and (2), with b(¢,6) = 1. The
state process is approximated by the linear interpolation of X™(¢J) as in (12) and the approximation for
the observation process is the linear interpolation of Y™ (¢§) defined by (13), while our approximation of
the observation process is a continuous time diffusion. However the two approximation processes coincide
at times £9.

The author proves weak convergence of the filters under the assumption that there exists a strictly
positive constant k such that

Elexp{k|nl*}] < oo,

and for any partition —7 < 79 < -+ < 7, = 0 the (n + 1) — dimensional random vector (1(7;);0 <1 < n)
has a density w.r.t. the Lebesgue measure in R™*!. There are other minor differences between our as-
sumptions and the one by Chang, about the diffusion coefficients, which allow to consider coefficient of
the form (4) but not of the form (3).

The problem of strong approximation for stochastic delay differential equations has been the subject
of research for many authors in the last past years. There is a quite substantial work in this field and
in the following we mention only some of them. Kiichler and Platen (2000) [16] have proposed a Taylor
approximation scheme, besides the Euler scheme, and have proved the strong convergence of their scheme
(see also Baker and Buckwar (2000) [1] and Buckwar (2000) [5]). Hu, Mohammed and Yan (2004) [13],
have studied strong convergence of Milstein schemes for stochastic delay differential equations with tame
coefficient functions g, and g as in (4), with v; = Jds,, for s; € [—7,0]. Though these schemes have
better performances than Fuler schemes the authors do not deal with convergence of the expectation of
the uniform norm on [—7,T], which we need in order to get our first result. In [24] Mao and Sabanis
(2003) have investigated the uniform norm for the continuous Euler scheme instead of the piecewise linear
Euler scheme, in the framework of a variable delay, namely when in equation (5) the term X (¢ — 7) is
replaced by X (§(t)), where §(t) is a Lipschitz function with —7 < §(¢) < ¢, and when g, and g, are locally
Lipschitz functions. Moreover Mao and Sabanis get, under suitable assumptions, a rate of convergence
of order less or equal to /1/n.
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