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PARTICLE REPRESENTATION FOR THE SOLUTION OF THE
FILTERING PROBLEM. APPLICATION TO THE ERROR
EXPANSION OF FILTERING DISCRETIZATIONS

DAN CRISAN, THOMAS G. KURTZ, AND SALVADOR ORTIZ-LATORRE*

Dedicated to the memory of Professor Hiroshi Kunita

ABSTRACT. We introduce a weighted particle representation for the solution
of the filtering problem based on a suitably chosen variation of the classi-
cal de Finetti theorem. This representation has important theoretical and
numerical applications. In this paper, we explore some of its theoretical con-
sequences. The first is to deduce the equations satisfied by the solution of
the filtering problem in three different frameworks: the signal independent
Brownian measurement noise model, the spatial observations with additive
white noise model and the cluster detection model in spatial point processes.
Secondly we use the representation to show that a suitably chosen filtering
discretisation converges to the filtering solution. Thirdly we study the leading
error coefficient for the discretisation. We show that it satisfies a stochastic
partial differential equation by exploiting the weighted particle representation
for both the approximation and the limiting filtering solution.

1. Introduction

Many phenomena of interest are not completely observable, so it is natural to
look for ways of estimating what is not observable about a phenomenon in terms of
what is. A natural approach to this problem is to create a mathematical model for
the phenomenon that relates what is observable to what is not. Then the model
can be used to constrain or estimate the possibilities for the unobserved quantities
in terms of the observed quantities. If the mathematical model is stochastic,
then a natural way of formulating the solution of this problem is to compute
the conditional distribution of what is not known given what is known. If the
unknown and known quantities are evolving in time, the problem of computing
these conditional distributions as functions of time is referred to as stochastic
filtering.

Stochastic filtering has a illustrious history that can be traced back to the work
of Kolmogorov, Krein and Wiener from the 1940’s'. Over the last fifty years,
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Professor Kunita has made fundamental contributions to the study of the sto-
chastic filtering problem. A representative selection of his work on the subject is
incorporated in [10, 22, 16, 17, 18, 19, 20, 21], and covers : the stochastic partial
differential equations connected with stochastic filtering for the classical model
considered here in Section 2.1, the stochastic filtering problem for models in which
the signal is a general semi-martingale, the ergodic properties of nonlinear filter-
ing processes, the associated stability and approximation problems in nonlinear
filtering theory, the nonlinear filtering Cauchy problem, the asymptotic behavior
of the nonlinear filtering errors of Markov processes, the analysis of the innovation
process, the long time behavior of the solution of the filtering equations, etc.

The work [10] deserves special consideration. It contains a self-contained, fully
rigorous derivation of filtering equations. It is based on an approach that requires
the innovation process first considered by Kailath only a year earlier. It also uses
the existence of a reference probability measure obtained from the original one by
means of a transformation due to Girsanov that was, at the time, barely a decade
old. Tt used a (by now classical) representation of square integrable martingales
(appearing in Kunita’s earlier work with Watanabe) to remove the assumption of
independence between the measurement noise and the signal. The treatment in
[10] of the filtering problem was much cleaner than existing contemporary works
and allowed, among other things, for the treatment of controlled system processes.

The current work offers an alternative to Kunita’s treatment of the filtering
equations. In common with [10], we still make use of the reference probability
measure (as described below). However, the main tool for the derivation of filter-
ing equations is a certain weighted particle representation for the solution of the
filtering problem. Let us describe next the intuition behind this representation:

The simplest version of the filtering problem is one in which the model consists
of two random variables, say X and Y, where Y is known to the observer and X is
not. Although X is not known, we know the probability distribution of X and, in
fact, the joint law of (X,Y"). Assume the random variables are defined on a sample
space (92, F, P), with X taking values in a space U/ and Y taking values in a space
O, which we will always take to be complete, separable metric spaces. In all the
examples we consider, these will be function spaces. Typically, we characterize the
conditional distribution in terms of the conditional expectations EX [f(X)|Y] for
a sufficiently large class of functions f.

Central to our analysis is the notion of a reference probability measure. If
P << @ with dP = LdQ, Bayes formula says

E? [f(X)L|Y]

If X =hU,Y), L=L(UY),and U and Y are independent under @, then

, A, Y )L Y e (du)
) = e Vo ()

where py is the distribution of U. If we can find such a @, that will be our
reference probability measure.
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These comments suggest a method for simplifying the calculation of conditional
distributions: Find a reference probability measure under which what we don’t
know is independent of what we do know. Then, as in [11], let Uy, Us, ... be iid
with distribution uy, and we have

, . S (MU, Y)L(UL, Y)
E” [f(X)|Y] = lim_ SN L) ~

Note that (U1,Y), (Us,Y),. .. is an exchangeable sequence with tail o-algebra 7 =
o(Y) (see Corollary 7.25 of [13]), and de Finetti’s theorem gives

N
Jim > FHU Y )L Y) =B LU, V)L, Y)IT)

=E?[f(U1,Y)L(UL,Y)]Y]
_ / Fh(w, Y)L(w, YV (de) — as. Q.

In the context of stochastic processes and the Kallianpur-Striebel formula ([14]),
this limit suggests a natural approach to the derivation and representation of fil-
tering equations. We introduce a weighted particle representation for the solution
of the filtering problem based on a suitably chosen variation of the classical de
Finetti theorem. This representation has important theoretical and numerical
applications. In this paper, we explore some of its theoretical consequences.

The first is to deduce the equations satisfied by the solution of the filtering prob-
lem in three different frameworks: the signal independent Brownian measurement
noise model, the spatial observations with additive white noise model, and the
cluster detection model in spatial point processes. We cover this topic in Section
2.

Second, we use the representation to show that a suitably chosen filtering dis-
cretization converges to the filtering solution. We cover this topic in Section 3.
This discretization is one of three procedures required to develop any numerical
method approximating the solution of the filtering problem. See, for example,
Chapters 8, 9 and 10 in [1] for concrete examples of numerical schemes for solving
the filtering problem.

Third, we study the leading error coefficient for the discretization introduced
in Section 3. In Section 4, we show that it satisfies a stochastic partial differential
equation by exploiting the weighted particle representation for both the approx-
imation and the limiting filtering solution. Based on these representations, an
extension of the classical Richardson extrapolation result can also be obtained.
This is the subject of a subsequent work.

Particle representations are flexible tools that can be used for many other sto-
chastic dynamical systems. In this paper, particle representations are used to
characterize the solution of the filtering problem by deducing the corresponding
filtering equation, and it is also used to show the convergence of a certain dis-
cretization of the filtering solution. However, particle representations have many
other applications. In [25], they are used to prove uniqueness for a class of stochas-
tic partial differential equations that includes filtering equations. In [4], particle
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representations are used to study the solution of a nonlinear stochastic partial
differential equation. In particular, the authors show, under mild nondegeneracy
conditions on the coefficients, that the solution charges every open set and, under
slightly stronger conditions, that the solution is absolutely continuous with respect
to Lebesgue measure with strictly positive density. Such results would be very hard
to obtain (under the same general assumptions) by other methods such as PDE
methods (Sobolev embedding theorems) or Malliavin calculus. Separately, in [5],
a similar particle representation is used to study a class of semilinear stochastic
partial differential equations with Dirichlet boundary conditions that includes the
stochastic Allen-Cahn equation and the ®% equation of Euclidean quantum field
theory. Particle representations arise naturally in the study of McKean-Vlasov
type models, for example, [24, 15, 4] where the representations are used to prove
limit theorems.

We should emphasize that what we are deriving here are particle representations
of the filter rather than particle approzimations.? There is a massive area of re-
search regarding particle approximations of the distributions of evolving dynamical
system, which we shall not discuss here.

2. Derivation of Filtering Equations

In the Introduction, we applied de Finetti’s theorem to derive a representation
of a conditional expectation in terms of what we called a reference probability
measure. In this section, we use this argument to derive stochastic equations
giving the solution of the filtering problem in three different settings. The first of
these is the familiar observation of a diffusion in Gaussian white noise. The second
is similar, but includes a noise process that is common to both the signal and the
observation. In addition, the observation process is infinite dimensional. In the
third example, the signal and observations are given by spatial point processes.

To avoid certain technicalities, we assume that all o-algebras are complete and
all filtrations are complete and right continuous.

2.1. Observation of a diffusion in Gaussian white noise.
2.1.1. The model. The signal is given by an It6 equation in R?x,
t t
X(t) = X(0) +/ o(X(s))dB(s) +/ b(X (s))ds, (2.1)
0 0

for dp-dimensional standard Brownian motion B, continuous dx X dp matrix-
valued o, and continuous R%X-valued b, and the observation by

V() = /0 h(X (s))ds + W (L), (2.2)

where h : R¥ — R? is measurable and W is a R -valued standard Brownian
motion that is independent of B. What is known to the observer is Y and what

2The type of weighted particle representations considered here were mentioned briefly in [24]
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is not known is X, or assuming uniqueness for (2.1), B. We assume that X does
not explode, as would be the case if ¢ and b have at most linear growth, that is

|o(@)] + [b(z)] < Ky + Ky [z (2.3)

For simplicity, we assume E[|X(0)|™] < oo for all m > 0, and note that under
the linear growth assumption, an exercise with It6’s formula shows that for each
m > 2, implies
E[ sup |X(s)|™] < D7*eP2t, vt >0, (2.4)
0<s<t

for appropriate constants D, Do, see Proposition 7.2 in [26].

2.1.2. The reference probability space. We take (2, F, Q) to be a probability space
on which are defined independent Brownian motions B and Y, both independent of
X (0), with the same dimensions as B and Y above. Let the signal X be defined on
(Q, F,Q) as the solution of (2.1), that is, under @, what is known is independent
of what is not known. We note that many presentations of filtering problems
begin with (2, F, P) and obtain @ by change of measure from P. That approach
requires P and @ to be equivalent in the sense that P << @ and Q) << P. In
many settings, constructing the model starting with @ is more straightforward
and does not require Q << P. Let

sy =ew{ [ Ccnave - [ ieecenas)

0
that is,

L(t) = 1+/0 LT (X (5))dY (s),

and assume that h satisfies conditions ensuring that L is a martingale. To ensure
that L is a martingale one can proceed as follows: since L is a positive local
martingale it is a supermartingale and it suffices to show that E® [L;] = 1. Assume
that

/0 |h[?(X(s))ds < 00, Q-a.s. (2.5)

Under @, Y is a Brownian motion independent of X and the law of

/0 BT (X (5))dY (s),

given F{X 1= o (X, : s < t), is that of a Gaussian random variable with mean zero
and variance fot |h|?*(X (s))ds. Therefore, we can write

5 e { [ t hT(X@))dY@)Hfﬂ ey [ t PO

which yields E9 [L;| FX] = 1 and, therefore, E? [L;] = 1. For example, (2.5) is
trivially satisfied if  is bounded. Then defining dP 7, = L(t)dQ)#,, under P, by
Theorem A.8, B and W given by

W(t):Y(t)—/O h(X (s))ds
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are independent standard Brownian motions. Consequently, under P, X and Y
have the joint distributions of (2.1) and (2.2).

2.1.3. Filtering equations. Let {F) } be the (completed) filtration generated by
the observations Y. Then, assuming E?[|p(X (t))L(t)|] < oo, we have the Kallian-
pur-Striebel formula [14]

E® [p(X (1) L(t)|F]
EQ [L(t)|FY]
Let X1, X5, ... be iid copies of X that are independent of Y under @), and let

Lip(t) =1+ /Ot L (s)h( Xy ()T dY (s).

We define the unnormalized conditional distribution p by

ps(0) = E? [p(X () L(s)|FY] = E [p(Xu(s) Li(s)| ]

and the exchangeability of {(X,Y)} ensures

E” [p(X))F] =

lim Zw Xi(s))Li(s) = E®p(X (s)) L(s)|F.]. (2.6)

N—ooco N

With reference to Append1x A1, since {(Xk, Li)} is exchangeable, by de Finetti’s
theorem, the sequence determines a random probability measure, which we will
call the de Finetti measure,

on Cpay «[0,00)[0,00) and a probability measure-valued process

V()= lim —Zé(xk (),Lx(-)) in probability,

N—)oo

in Cprix x[0,00))[0,00). Of course, the unnormalized conditional distribution is

pe(C) = / ale(z)V(de x da,t).
ReX x[0,00)

Lemma 2.1. Assume |h| is bounded. Then as with (2.4), for each m > 2, there
exists D3 such that
EQ[ sup L(s)™] < eP!. (2.7)
0<s<t

We assume (2.4) and (2.7) for all m > 0. Then, for p € C?(R9X) satisfying
[p(@)] < C1 + Cola|™,

P(X () = /Vw u@wma+AAﬂmmw,
where for a(z) = o(x)oT

}jmJ )0:0;0(x) +b(z) - Vi(a),
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P(X(8)L(1) =90(X(0))+/0 L(S)dw(X(S))d8+/O p(X(5))dL(s)

— p(X(0)) + / L(s)Vp(X (5)) o(X (5))dB(s)
+ [ L) ApxX s + [ ol X)L ()Y (s).
0 0
Then for {(X}, Lx)} given above,
P(X(8) Li(t) = p(X,(0)) + / Li(s)Ve(Xi()To(Xe(s))dBr(s)  (28)
" / Li(s)Ap(Xy(s))ds

+ / (X () L (5)h( X () 7Y (s),
0

where { By} is the sequence of independent standard Brownian motions associated
to the sequence of signals {X}. We claim that we can average both sides as in
(2.6) and obtain the following:

Theorem 2.2. For the model in Section 2.1, the unnormalized conditional distri-
bution p satisfies

pr(0) = pol) + / pa(Ap)ds + / palph)dY (s), (2.9)

the Zakai equation, and by Ité’s formula, we have the Kushner-Stratonovich equa-
tion.

" ps() b
+/0 ps(l)sd[p~(1)]s_/0 ps(l)Qd[p.(go),p‘(l)]s

¢ ¢
= mop + / s Apds + / (msph — mepmsh)dY (s)
0 0

t ¢
—|—/ 027rs<pﬂ's|h|2ds—/ o’msphmshds
0 0

¢ ¢
= mop + / s Apds + / (msph — meomsh)(dY (s) — wshds).
0 0

Proof. The term on the left and the first term on the right of (2.8) average as in
(2.6). The average over 1 < k < N of the second term on the right is a continuous,
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mean zero martingale with quadratic variation

N t
=y / Lio(3)2Vo(Xi ()T o (X0 (5)) o (Xu(5) T Vo Xi(s))ds,
k=1

which, under the growth and moment conditions above, converges to zero implying
the average converges to zero by Doob’s inequality. The averages of the integrands
in the last two terms converge to the integrands in the last two terms of (2.9) by
Lemma A.6, so the next to the last terms converges by elementary calculus and
the last term converges by the stochastic integral convergence result, Theorem 2.2
in [23]. |

In the terminology of [25], the infinite sequence {(Xk, Lx)} gives a particle
representation of the Zakai equation. The point here is not just that {(Xg, Lx)}
gives a derivation of the Zakai equation. The representation can, for example, be
used to prove uniqueness (see [25]) and derive approximations (see Section 4).

2.2. Spatial observations with additive white noise.

2.2.1. The model. The basic outline of the argument above works in many dif-
ferent situations. We again take the signal to be a diffusion in R?x, but now we
assume that the stochastic inputs include both a dp-dimensional standard Brow-
nian motion B and a space-time Gaussian white noise W. In particular,

X(t) :X(O)—i—/O U(X(s))dB(s)-i-/O b(X(s))ds—&—/S a(X(s),u)W(du x ds),

oX[O,t]
(2.10)
where E[W(C,t)] = 0 and

E[W (C, )W (D, s)] = uo(C N D)t A s,

t,s > 0 and C,D € B(Sy), the Borel sets for some complete, separable metric
space, Sg.

We assume that the observations are given by Y (C,t), ¢ > 0 and C' € B(Sp),
where

Y(C,t):/o /Ch(X(s),u)uo(du)ds—i—W(C,t). (2.11)

Consequently, o is a dx X dg-dimensional matrix-valued function, b and « are
R -valued, and h is R-valued. For simplicity, assume o, b, a, and h are bounded
and continuous and that ug is a finite measure.

Then the generator for X is

Aplw) = 5 3 (@0)0d50(x) + Y bilx)ouple), ¢ € CF (RY),
where

a(z) = o(x)o(z)” + /SO oz, u)a(z, w) T po(du).

We can write

X(t)=X(0)+ /0 o(X(s))dB(s) +/S a(X(s),u)Y(du x ds) (2.12)

0%[0,t]
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t
+ [00x@) - [ a(X(). wh(X(s) upsldw)ds
0 So
so Y is what we know and B is what we don’t know.

2.2.2. The reference probability space. Consequently, we assume B and Y are
defined on a measurable space (€2, F), and there is a probability distribution @) on
F such that under Q, Y is Gaussian white noise on Sy x [0, 00) with E[Y(C, t)] = 0,
t>0,C € B(Sy) and

E[Y(C,t)Y (D, s)] = uo(CN D)t A s,

and B is a standard dp dimensional Brownian motion independent of Y. Both
are independent of X (0).
Then take dPr, = L(t)dQ,r, where

L) =1 +/S R )Y x ),

and under P, (X,Y) has the joint distribution of the original model.
2.2.3. Filtering equations. Under @), X is a diffusion with generator
1
A%p(x) = 3 Z aij()0;0;p(x) + Z ci(z)0;p(x),
where
cila) =bi(w) — [ aleu)he wpo(du),
So
and under P, X is a diffusion with the original generator
1
Ap(z) = 5 > aij(@)0:0;0(x) + Y bi(x)dp(x),

that is, X is the signal of the original model.
Then

S(X()L (1)
— o(X(0) + / L(s)V(X(5)To (X (3))dB(s)

T / L(s)(Vep(X(s)) - a(X (5), )Y (du x ds)
So x[0,t]

+/ L(S)AQQO(X(S))dS-i-/ L(s)p(X (8))h(X(s),u))Y (du x ds)
0 S

0x[0,t]
! T
+ [ Lvee e [ (X)), upo( s

To obtain the particle representation, we let By be independent, standard Brow-
nian motions, independent of Y on (92, F, Q). Let

Xi(t) = Xi(0) +/0 0(Xk(s))dBg(s) —l—/s a(Xg(s),u)Y (du x ds)

0%[0,]
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—|—/0 (b(Xk(s)) — /SO a(Xk(s)7u)h(Xk(s)7u)uO(du> ds
Li(t)y=1 —+—/S o Li(s)h(Xk(s),u)Y (du x ds).

Then, as before,

N
pe(p) = EP[p(X (1) L(t)| 7] = lim Z

N~>oo
k=1
Since

O(Xk(t)) L (t)
:@(Xk(o))Jr/o Li(s)Ve(Xi(5) " 0(Xk(s))dBx(s)

—|—/ Li(s)(Vp(Xk(s)) - a(Xg(s),u)Y (du x ds)
So%x1[0,t]

+ / Li(s) A(Xi(5))ds + (X () (X (5), )Y (du x ds),

under appropriate moment conditions and applying convergence results of [24] to
the Y integral instead of [23], averaging gives

Theorem 2.3.

pe() = pol) + / pa(Ap)ds

—|—/ ps(Vo - a(-,u) + oh(-,u)Y (du x ds),
SoX[O t]

determines the unnormalized conditional distribution and the corresponding Kush-
ner—Stratonovich equation is

+/S o] (ws(vw.a(.,u)w}z(.,u))—wswsh(-,u))Y(du><ds)
+/OtA (Wswﬂsh('vu)_TFS(VQO'O‘('vu)+wh(ﬁu))>7"sh('7u)uo(du)ds
—7To<,0+/0t msApds

/ (ws(w -, u) + ph(-,u)) — Tepmsh(-, u))?(du x ds)
Sox[0,t]

Y (C,t) =Y(C,t) / / msh(-,u) o (du)ds.

where
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2.3. Cluster detection in spatial point processes.

2.3.1. The model. The following example is a simplified version of the models
considered in [29, 28]. Natural settings in which this problem might arise include
internet packets that form a malicious attack on a computer system, financial
transactions that form a collusive trading scheme, and, the example considered in
[29], earthquakes that form a single seismic event.

Let E be a measurable space and C(E) be the collection of counting measures
on E and C(E x [0,00)) the collection of counting measures on E x [0,00). The
observations form a marked point process O with marks in E, that is for ¢ > 0,
O(-,t) € C(E), that include the cluster C (the signal) and the noise N

O(A,t) = N(A,t) + C(A,t), AcB(E),t> 0.

For simplicity, we will assume the O(E, t) is finite for all ¢.

For &; and & independent Poisson random measures on E x [0, 00) X [0, 00) with
mean measure v X { X £, ¢ denoting Lebesgue measure, v a nonnegative function
on E,and A\ : ExC(E x [0,00)) — [0,00), N and C can be written as solutions of

N(A,t) = / 1[0,’7(u)] (U)fl (du X dv X dS) (213)
Ax[0,00)%x][0,t]

can- | 10w ) (V)€a(du x du x ds),
Ax[0,00)%x][0,t]
where 7 is given by

(A x [0,7]) = / 1a(u)lp(s)C(du x ds), A€ B(E),r € [0,t],
Ax|[0,t]

that is, n; is the collection of points in the cluster up to time ¢. The noise, N,
is a space-time Poisson process. We assume there exists \g such that A(u,n) <
Ao(u) for all n and that [, y(u)r(du) < oo and [, Ao(u)v(du) < oo. Assuming
N(E,0) = C(E,0) = 0, these assumptions assure that N(E,t) is Poisson dis-
tributed with mean ¢ [,,v(u)v(du) and that C(E,-) is dominated by a Poisson
process. Consequently, existence and uniqueness follow by construction from one
jump to the next.

Of course, if F is a finite set, this model is essentially a filtering model for
counting processes as studied by Bremaud [2].

2.3.2. The reference probability space. On (Q, F,Q), let N and C be independent
Poisson random measures with mean measures vo(du x ds) = y(u)v(du)ds and
v1(du x ds) = Ao(u)v(du)ds respectively. At each point (u,t) in O = N + C, let
O(u,t) = 1, if (u,t) € C and O(u,t) = 0 otherwise. Then Q{0(u,t) = 1|0} =
#ﬁ%, and hence, under @), what is known, O, is independent of what is not

known, {6(u,t) : (u,t) € O}. Note also that the 6(u,t) are independent of each
other, and 7 and 6 are related by

(A x[0,7]) = Z O(u,s), AeB(E),rel0,t. (2.14)
(u,s)EO(AX[0,r])
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However, under @, O is not independent of the signal C. This is in contrast to
the models in sections 2.1 and 2.2 Under @,

C(A ) = C(A,t) — /Ot/A)\O(u)z/(du)ds, A€ B(E),t>0, (2.15)

is a martingale random measure. In particular, for each A € B(E), (2.15) is a
{F:}-martingale for 7z = 0(C(A,s),N(A,s) : s <t, A € B(E)).
Let L satisfy

= M* S— U S) — uviau)as
O = v [ R DE)Cdx )~ douv(dn)ds

Mwneo) 5—)0(u u X ds
1+/EX[0¢]( o) 1)L(s—)0(u, t)O(du x ds)

*/ (Au,ns—) — Ao(w))L(s)v(du)ds.
Ex[0,t]

At each point (u,s) € C
A, ms—)
L(S)_ Ao(u) L(S )7

so L is a nonnegative local martingale, and setting 7, = inf{t : L(¢t) > n}, L,(t) =
L(t A 7,) is a martingale. Recall that for the original cluster detection model, O
is dominated by a Poisson process with mean measure dt x (y(u) + Ao(u))v(du),
and hence O has finitely many jumps per unit time. Consequently, under P,
sup,<p L(t) < oo for all T, and P{lim,_,o 7, = oo} = 1. Hence, by Lemma 3.3
of [12], pp.166, P r, << Qr, with % = L(t) on F;. Under P, for all A, by the
results in Section A.2 below,

C(A1) — /A | A )ydnds (2.16)

is a local martingale, N is independent of C, and is a Poisson random measure
with mean measure vy, that is, under P, (N, C) has the distribution of the solution
of (2.13).

2.3.3. Filtering equations. Let 0% (u, s) be independent realizations of 6 (u, s) and
n¥ its associated counting process given by (2.14). Observing that

e(nf)Li(1)

— o)+ [

Ex[0,t]

_ / (1) (M, 1) = A(w) Li(s)v(du)ds
Ex[0,t]

u, ¥
(w(nf_ + 5<u7s>)A(A’(Z3‘) - <p(n§_)> Li(s—)Cr(du x ds)

= o(np)

u,nk
+\/];3‘ 0.4 <§0(77§— + 5(11«,5)))\()\’(23_) _ @(775_)> Lk(s—)Gk(u, S)O(du % ds)

- / (1) (M, 1) = A(w) Li(s)w(du)ds,
Ex[0,t]
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and after averaging over k, we deduce

Theorem 2.4. The unnormalized conditional distributions satisfies

pi() = pole) — /E | P (0 ) = X)) s

)‘(uv )

+ /Ex[o,t] ps— (¢ ( + 5(u,8)) Tu) — (), )mO(du X ds)
and
TP = TP

7TS,( ( +5(u 9)) )\( ) Ts— /\(u,')ﬂs,go w s
o Fa A, )+ 7(0) ot

[ el - T A, ) viduds
Ex[0,t]

Remark 2.5. ITn most settings, the difficulty of computing the distribution of 20 (F:*)
possible states would be prohibitive. The compromise in [29] is to structure the
model in such a way that it is possible to compute m;p = EF [p(ns)|Fs] for a
“small” collection of ¢.

Suppose one observes u; at time 7; and y; = (u;, 7;). Let
0(yi)() = 1(,, is a point in the cluster}
and

Oo(yi)(-) = 1{y7; is the latest point in the cluster}-
One needs to be able to evaluate

7Tt)\(u? )
which is accomplished under a Markov scenario.
Consider
O(E.t)
A, mt) Z A, ¥i)0o(yi) + €(u),
i=1

Then the goal is to obtain a closed system for

mbo(yi),  mb(yi),  mb(yi)0o(y;)-
See Section 1.3 of [28].

3. Convergence of First Order Discretizations

The solution of the stochastic filtering problem depends on both the signal and
on the observation process. However the manner in which it depends on both
ingredients is different. Let us take, as an example, the framework described in
Section 2.1. By Kallianpur-Striebel’s formula, we have that

E? [p(X () L(t)| 7]
m(p) = EF [‘P(X(t)”]:ty] = EQ [L(t”]:ﬂ )
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where @ is the reference measure. Under @, X and Y are independent and

L(t) = exp {/Ot BT (X (s))dY (s) — ;/Ot Ih[? (X(s))ds} . (3.1)

Because of the conditioning with respect to the observation o-algebra, the obser-
vation path can be assumed to be fixed to a particular realisation (the one that is
actually observed). Although this fact is not immediately clear from the expression
appearing in (3.1), a simple integration by parts of the stochastic integral in (3.1)
can justify the observation path dependence of L, see e.g. [3, 8] for further details.
The signal process enters into the solution of the filtering problem through its law.
The pathwise behavior of the signal plays no role; it is just its law that is needed to
compute (). Any numerical resolution of the solution of the filtering problem
involves a discretization of the observation path as well as the approximation of
the law of the signal. The error in the numerical approximations of 7:(¢) will then
depend on the observation path discretization error as well as the error due to the
approximation of the signal. In the following, we will analyze the error due to
the observation path discretization by exploiting the particle representation of the
various quantities involved. In this section we show, under very general conditions,
that the discretization error tends to 0 as the time discretization mesh converges
to 0, and in the next section we compute the order of convergence as well as the
leading error coefficient.

Typically, the observation data is recorded at discrete times, and only these
data are made available and used. For example, if the set of data {Yx,k > 0} is
available, we can use the approximation "’

o) - Bl )17 ]
T TR 0F]

(3.2)

where for t = k/n,
L"(k/n)

k—1
, , , 1 ,
= exp (Z (hT (X(i/n)) (Y ((i +1)/n) =Y (i/n)) = 2nh|2((X(Z/n)))>
i=0
(3.3)
More generally, we can embed the above approximation into the usual continuous

time version. Let 7, (s) = j% for s € [j%, (G+1) ), and let L™(¢) be given by

1
L"(t) = exp (/0 RT (X (1, (5)))dY (s) — %/0 |h|?(X (75, (s)))ds> (3.4)

and then re-write (3.2) as
3
P} (1)
where p? is the Picard approximation with time step 1/n for the unnormalized
conditional distribution p

Pi () 2 B9 [p(X (1) L™ (1) 7]

' ()
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Proposition 3.1. For all p € Cp (]Rdx), we have that
Jim pf () = pe(p), and  lim 7 (@) = m ()

in probability. Moreover, lim,,_, o, p" = p and lim,,_, o 7" = 7 in probability, where
the convergence is in the space of continuous measure-valued paths.

Proof. As announced, we use the particle representation for the respective measure
valued processes p™, p, " and w. Let Xi,Xa,... be ii.d. copies of X that
are independent of Y under @, and let L} be the exponentials corresponding to
X1, Xo,... defined as above, i.e.,

1) = e ([ 07X (DY () - 5 [ PG ())as)

0

Lit) = exp ( / W (X ($) Y (5) ~ & / t |h|2<Xk<s>>ds) .

Then, the particle representations give

o () = lim —Zw X (1) I (1)

N—oco N

and

pe () —ngnoo*ZW X (£)) Ly (t),
where ¢ is a continuous function with at most polynomial growth, and convergence
is assured by the exchangeability of {(L}, Xx)} and {(L}, Xx)}-

We apply Lemma A.1 with Z" = ((X1, L}),(X2,L%),...). Note that, in this
example, N,, = co. Thanks to Remark A.2 it suffices to check the convergence of
Z"™ to Z in C’(Rdx X 0,00)) [0,00) in probability. For fixed k, one has that

E® [ sup |LP(s) — Lk(s)|2] oo 0.
0<s<t

for all £ > 0. This follows from the inequality |e¥ — ¢| < (+e%) +e ) |z — y| combined
with similar estimates as those in Lemmas 3.6 and 3.9 in [6] Therefore, (X, L})
converges in probability to (X}, L) when n tends to infinity. Lemma A.1 b) yields

that
N N
lim V" = lim lim E )= lim E =
n— oo n—o00 N—oo [N . Xk Ly N—>oo . (Xk,Lk)

in CP(RdX %[0,00)) [0, 00).
The moment estimates on Xy, L}, and Lj, ensure that for each ¢ € Cp (Rdx )
and m > 0 and each T > 0,

sup E[:‘EIT) (X () (L ()™ +1)]

= supE[sup/ Y(x)(a™ 4+ 1)V, (dz x da,t) < oo
RIX x[0,00)

n t<T
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Then keeping in mind that
pr(p) = / ap(z)V™(dz x da,t)
ReX x[0,00)

and
pio) = | ap(@)V (dx % da, 1),
RIX x[0,00)

the result follows by applying Lemma A.5. In particular, for all ¢ € Cp (Rdx ),
we have that

lim pf () = p ()
n— o0
in probability, with the convergence of the measure valued processes

lim p" = p, and lim 7" =T,
n—oo n—oo

being an immediate consequence of the above and of the Kallianpur-Striebel for-
mula. (]

A similar result can be obtained for the second framework (Spatial observations
with additive white noise). The above convergence result does not give an estimate
of the order of convergence. This is not possible under the general assumptions of
stated in section 2.1.2 on the functions h, b and o. However, we can do this under
more restrictive assumptions. This is the goal of the next section.

4. Leading Error Coefficient for the Picard Discretization

In this section, we are using the same framework as in sections 2.1 and 3, as
well as the same notation introduced therein. In addition, to prove the relative
compactness result of Theorem 4.4 below, we will require that o, b, h € Cf (Rdx )
Heuristically, the main goal of this section is to show that

1 1
p?:pt_Ut+O(>a t6[07oo)7
n n

where U is a process characterized as a solution of a certain stochastic evolution
equation.? The exact statement of the result is contained in Theorem 4.4 below.
The main technical tool to do this is, again, the particle representations of the var-
ious processes involved. To be more precise, let C,’g be the space of k-differentiable
functions with at most polynomial growth. Then, for ¢ € C% consider the quan-
tities

EE™ (9) £ nip (Xi (1)) (L (1) — L (1),
N
U (o) 2 S B (o),
k=1

and note that, combining the results in the previous sections, we get
Jim U () = BR [0 (X (1) n (L (1) - 2" (1)| Y]

3A similar expansion holds for 7 using a straightforward application of the Kallianpur-
Striebel’s formula.
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=n(pe () = P} () £ U (9).-
The goal is to find an evolution equation for the limit of U™ when n tends to
infinity. This is attained in Theorem 4.4. Let us introduce first two preliminary
results. The first is related to a martingale process that will converge to a Brownian
motion as n tends to infinity. The second is the evolution equation for the process
ur.
Consider the sequence of processes R™ = {R}'},~,n € N, defined by

_zf/< 57 ( ))—é)dY(s). (4.1)

Lemma 4.1. Under Q, (Y, R™) converges in distribution to (Y, R), where R is a
dy -dimensional standard Brownian motion independent of Y and the By.

Proof. The process (Y, R™) is a 2dy-dimensional martingale as R™ is a stochastic
integral with respect to the Brownian motion Y. Moreover, observe that

[Yiv Yj]t = [Rn7iv Rn)j}t = [Yia ij]t = 07 { 7& jv
2

[R™], =12 /01t <n (s — 7 () — ;) ds=t+0(n7"), (4.2)
v (RY)], = 2V3 Ot (n (s — 7 (5)) — ;) ds =0 (nY).

The result follows by the martingale central limit theorem, for example, Theorem
1.4, Chapter 7 in [9]. O

Let {Sy},>; be a sequence of real-valued random processes. In what follows
we will use the notation S, = O (n™P) for some p > 0 to indicate that

1/2
EC [ sup |S, (3)2} < O(t), t >0,

0<s<t
for some positive constant C' (t) .

Proposition 4.2. For each ¢ € C% and n € N, the process U™ satisfies, the
following approximate evolution equation:

Ul () = /0 t Ul (Ap)ds + /0 t U (ph") dY (s) + % /0 t p? (pART) dY (s) (4.3)
+ # /t P (pART) dR™ (s)
0 ERCCRVEE
s Z [ e (6 (Omen)) ¥ )+ T ),

where T™(p) is a process satisfying T™(p) = O (nil/z) for all p € C3%, and

Orsoin (1) = 3 (O (#) + 0%, @)
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with
Ocp.; (2) = 0" () Vo (2) VA (2) 0 ().
We give the proof of Proposition 4.2 in Section 4.1 below.

Lemma 4.3. For each ¢ € C} and t > 0, we have that
Q " ()2
supE* | sup |UT (0)[7| < C(t ),
neN 0<s<t

for some positive constant C (t,p).

Proof. Theorem 2.3 in [6], with m = 1, states that, for any ¢ € C%, there exists a
constant C' (not depending on n but possibly on t, ¢, b, o, and h) such that

sup sup E [[U ()] < oo,
n 0<s<t

This estimate clearly yields that, for any ¢ > 0 and ¢ € C% (we need the
additional smoothness to ensure that Ap € C3)

G i sup ( sup B9 [[U2 (A¢)"] + swp B9 U <soh>|2}) < oo,

n 0<s<t 0<s<t

By Proposition 4.2, we can write

U () = / U (Ag)ds + / U™ (ohT) dY (s) + St ().

where in S; (¢) we put all the terms in equation (4.3) not containing U". We
deduce that
2

/ U (Ag) dr
0

EQ [ sup (U7 <so>|2] < 3E9

sup
0<s<t 0<s<t
s 2
+ 3E@ l sup / Ul (oh™) dY (r)
0<s<t |Jo

+3EC [ sup |8, (so)lz}

0<s<t
L3I + Iy + 13).

and, therefore, it suffices to bound I7', I3 and I§ to justify the claim. Using
Cauchy-Schwarz’ inequality and Fubini’s theorem we obtain

s t

I <E9 { sup s/ U (Agp)[? dr} < t/ E? [|U[f (Aga)ﬂ dr < t*Cy,
0<s<t Jo 0

All the remaining terms are stochastic integrals with respect to continuous mar-

tingales and can be controlled by means of Doob’s maximal inequality. O

We are now in a position to state and prove the main result of this section.
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Theorem 4.4. Let {U"},>1 be the sequence of measure-valued processes given by
U =n(pe—pi), te[0,00).
Then for each ¢ € C%, the sequence {U” U™ (Ap) , U™ (gphl) =1, ,dy}

is relatively compact in Cpatay [0,00), and every limit point satisfies

0o = [ veaaas s [ us(ntyar o)+ [ fea)ar )
f/ps (pART) dR (s) + WZ/ Ps tr wh))dRz()

4 ;g /Ot Ps (tr (607%}”)) dy' (s),

where R is a Brownian motion independent of Y and all By.

Proof. Fix ¢ € C%. This assumption along with the assumptions on o, b, and h,
assure that Ap € C% and hence that the estimate in Lemma 4.3 applies. Using
this estimate on the integrands in the first two integrals on the right of (4.3), we see
that these integrals are relatively compact in Cg[0,00). The remaining terms on
the right converge by the convergence of p™. Consequently, {U"(gp)} is relatively
compact in Cg[0, 00). Moreover, if we take ¢ € C%, Ap € C%, so the integrands
in the first two terms are relatively compact, and (4.4) is satisfied for any limit
point. O

Remark 4.5. Note that we do not know if equation 4.4 has a unique solution and,
therefore, we cannot claim that the sequence {U™},>1 is convergent.

4.1. Proof of Proposition 4.2. We can combine (2.8) and
o (X (5) LT () = ¢ (X (0)) + / L} (5) V"o (X (s)) dBy (s)
+ / L} (s) A (X () ds + / L} (s) oh™ (X (5)) dY (s)
0 0

—/0 L} (5) @ (X (5)) {h (X (5)) = b (X (7 ()} dY (5).
(4.5)

to write a more convenient expression for Ef ™ (), that is,
Ef™ (9) = ng (X () (Li (1) — L (1))
= [ n ) = I (9} VT (50 () dB ()
4 [ niLa (o) - LR 6} Ap (X0 (5) ds
0

" / n{Li (s) — I} ()} ohT (X () dY ()
0
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dy t
#30 [ nLi (90 (X0 (5)) A ().
i=170
where the processes M} " are defined by

MR () 2 / (hs (X ()) = hs (Xi (7 ()))) Y (5)

Moreover, using It0’s formula , we can write

nM;" (t) :/Ot"l S Vhio (X (u)) dBr (u) + S Ahi (X (u)) du

Tn(8) 7n(s)

dY' (s)

_ /0 t / j(s) nVhT o (X, (u)) dBy (u) dY (s)
N /O t /T :(S) nAh; (X, (u)) dudY’ (s)
_ /O t / :(S) WV o (X (u)) dBy (u) dY' (s)
[ AR (X (D) 7 ()Y (9
N / t / j(s) n {Ah; (X (1) — Ah; (X (7o (5)))} dudY (s)

t s : i
= / / thlTa (Xk (u)) dBy (u) dy’ (S) + K}:” (t) + Igﬂ (t) s
0 J1n(s)
where

Ky () £ /0 Ahi (X, (7 () 1 (5 — 7 (5)) dY " (5)

o[ f S( AR (X (1) = A (X (o () (5).

Since,
B dR™ (s)

(n (s = 7 (5))) dY" (5) 23

1 .

—dY™
+5dY"(s),
we can write

K (1) = 2—\1/3 /0 Ahy (X () AR (5) + 5 /0 Ahi (X, (5)) dY" (s).

and

nM"" (t) = /O /T S(S) nVhlo (X, (u)) dBy, (u)dY" (s)

1 t n,%
+2—\/§/0 Ah; (X () dR™" (s)
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+3 / Ah; (X ()Y () + I (s)

Finally, we can also write
EE () = / n{Li (s) — L} ()} Vo (X (s)) dBy (s)
+ / n{Li (s) — I} ()} Ap (X (5)) ds

+ / n{Li (s) — L} ()} ohT (X () Y (s)
dY t s )
S / L} () (X (5)) / nVhTo (X (u)) dBy (u) dY (s)

i—1 70 n(8)

dy .
* ; : /0 L} (s) @A (X, () dY" (s)

dy gt § y
+;2\/§/0 L} (s) pAh; (Xg (s)) dR™" (s)

7

dy t 4
£ [ B e 62 Y 4

i=1
The result follows by averaging over 1 < k < N in the previous equation and
taking limits when N tends to infinity, combined with Lemmas A.6, 4.6 and 4.7:

e For the term on the left hand side of the previous equation we have

N—oc0

. 1 k,n T N,n _Jn
NlinmeEt (p) = Tim UNM" (p) = Ul (p).

e For the term A; we can write

Jm > | 6) = 1 (9} VT (X0 (5)) B ()

=41 "0 {L () — L7 ()} V"o (X (s))dB ()] 7 }
=E% {EQ [/Otn{L(s) —L"(5)}Volo (X (s)dB (s)| FY \/]-'3/] ftY} =0.

e For the term A,, using Proposition 3.15 in [1], we can write

Jim 5 3 [ L () = L (9} A (X0 () ds

k=1

_ RQ tn s)— L" (s S S
_E [/ {L(s) = L" ()} Ap (X (s))d

ftY]
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t
_ / nER [{L(s) — L™ (s)} Ap (X ()| F¥] ds
0

t
z/ Uy (Ap) ds.
0

e The terms Az, A5 and Ag are treated similarly as the term As. Note that
the processes R™" are F -adapted.

e For the term A4 we apply Lemma 4.7.

e For the term A; we apply Lemma 4.6.

The process I'Y (p) = Z?;/l (@;“ (p) + W (cp)), where @' (p) and U}’ () are
the processes in the statement of Lemmas 4.6 and 4.7.
4.2. Auxiliary lemmas.

Lemma 4.6. Foralli =1,...,dy and ¢ Borel measurable with at most polynomial
growth, let

' (t):/o /S(s)n{Ahi (X1 (1) — Ahi (X (1 (5)))} dudY (s) .

Then,

1 N t i .
fim -3 [ L )0 (X0 () A (5) = 8 ().
k=170

N—oco N
where ®"" () = O (n=1/2).
Proof. Applying Lemma A.6 we have that

where
arm'(s) = </s( ) n{Ah; (X (u)) — Ah; (X (1o (S)))}du> dy" (s).

In what follows we will use the more compact notation
A (u) & Ahi (X (w)) = Ahi (X (15,(5))) s T (s) Su<s.

Note that, using Proposition 3.15 in [1], we can write

E? [/Ot L (s) @ (X (s)) dI™" (s) _7-'tY:|
/O 1 (s) (X (s)) ( /T :(S) nd;, (u) du> dy" (s)

:/O EQ | [ (s)p (X (s)) (/S( )nA; (u) du)‘]—'sy

=E°

]—}Y]

dY' (s)
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207 (p)

Moreover, using Burkholder-Davis-Gundy inequality, Jensen’s inequality for con-
ditional expectation, the law of total expectation, Fubini’s theorem and Cauchy-
Schwarz inequality we obtain

21

<E“ /0 E@ [Ln(s)gp(){(s)) (/( )nA;(u)duNst]

EQ EQ [ [ rr e epan )

ftY]

sup
0<t<T

2
ds

I T

< E° /0 " (Tn()nN )
T

:/ E® ||L™ ( nA® ( )
0 T,L s)

< | B[l () e (x (1F] B2 ‘( / :(S) nA, (u) du>

Using Jensen’s innequality and It6’s formula we get that

O ‘ </ nA° (u) du)
Tn(8)

<(s-ml)'nt [

Tn (8)
<Cn / E®Q
7'71(5)

+ / E€
Tn(s)

=B + By

2
ds

2
ds

41 1/2

ds.

4

E® UA; (u)ﬂ du
4

V (Ah) T o (X (v))dB (v)| | du

Tn(s)
/ A2h; (X (0)) dv
Tn(s)

Due to the hypothesis on o,b and h we have that V (Ahi)T o has at most polyno-
mial growth, which combined with the bound (2.4) yields that

du

EQ LEISJET ]v (Ah)T o (X (5))‘1 = C(T, h,b,0) < oo.

Therefore, using Burkholder-Davis-Gundy innequality we obtain

/Tn(s)

dv du

V (4h)" o (X (v))

s 2
B, < Cn / EQ ’
Tn(s)
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<Cn[j( )(u—Tn (s))/ru EQ [‘V(Ahi)Ta(X (u))ﬂ dvdu

n(s)

< C(T,h,b,a)n/ (u— 7 (s))* du

Tn(s)

< C(T,h,b,o)n">
For the term Bs one can use similar reasonings as for By to obtain that

By < C(T,h,b,0)n™*,

(/Tj(s) nA® (u) du)

On the other hand, using Hoélder’s innequality, the bounds for L™ in Lemma 3.9
in [6], that ¢ has at most polynomial growth and (2.4) we get that

and, hence,
41/2

E? <Cn7t

sup supE® [|L" (s)p (X (s))|4} < 0.
s€[0,T] neN

Combining the previous estimates we can conclude that ®"* (¢) = O (n_l/ 2.
O

Lemma 4.7. For alli=1,...,dy and ¢ € C}, we have that

1

Jm / L7 () (X (5)) / L T (X () B ()4 9

1 dy t . _ ni
3 /0 o2 o) (1 (Ooon, ) ) dR™ (5)

+3 dE /O oo (6 (O, ) ) AY (5) + 97 (),

where W' () = O (n=1/2).

Proof. We can write

w [ e S( B0 (X (1) dBe () 0¥ 3

0
= n/@ {Li; (s) ¢ (X (5)) = Li; (7n (5)) @ (Xi (T (5)))}

X /S VhTo (X (u))dBy (u)dY" (s)
Tn ()

S

+n / L} (7 (5)) 9 (X (7 (5))) / VhY o (Xy (u) dBy (u) dY (s)
0 ()

= Cra+ Cro.
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Using similar reasonings as for the term A; in the proof of Proposition 4.2), one
has that

Jm Z Gz =0,
Using integration by parts we obtain
L (s) ¢ (X (5)) = LE (70 () 0 (X (70 (5)))

_ / S( i w) ohT (X, (m (5))) dY ()

+ /S LY (u) Ap (Xg (u)) du + /S L7 (u) Vol o (X}, (u) dBy (u)
Tn(s) Tn(s)

n

£ Dk71(s) + Dk,g (S) + Dk’3 (S) 5

and using It6’s formula

s( )Vh;rfa (X (u)) dBy (u)

= VhT n (8))) (Bk (s ) — B (10 (5)))

T
- /Fn(s /Tn (s) A (Vhl 0) (Xk (U)) dUdBk (u)

£ Ek71(8) + Ek72 (S) + Ek73 (S) .

Hence, the term C, 1 can be written as the sum of nine terms

Ok,l— /Dkl )Ek,m(s)dY" (s).
l,m=1

The terms containing as a factor Dy s (s), Ex 2 (s), and Ej 3 (s), after averaging
over 1 < k < N and taking limit when N tends to infinity, yield processes which
are at least of order O (n_l/ 2). With similar reasonings as in Lemma 4.6 we can
identify these processes as:

. t [ s
vyt (@)én/ E? /an (u) Ap (X (u)) du
0 Tn(S

X VhTo (X (0 (5))) (B (5) — B (ra ()))| FY] dY' ().

w2 2a [ 59 [ S()L" (u) A (X (u)) du

x/s ’ V (VhTo)" o (X (v)) dB (v) dB (u)
() ()

FidY' (s),
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/ S( 70 A (X (1)

X / /u A(VETo)" (X (v)) dvdB (u)| FY | dY' (s),

w)| FY | dY' (s),

/u V (VAZo)" o (X (v))dB (v) dB (u)| FY | dY (s),

/ L7 () ohT (X (r (5))) Y (u)

° “ T \T Y i
y / ) / A(VIT0) (X (v)) dvdB (u)| FY | dY' (s),

Tn
t

v () £ n | EC
0

’ ' AVhTUTXU dvdB (u
X/mm/ms) (VAT o) (X (v)) dvdB (u)

[ v (x o) as

F&dY'(s),

There are two terms left:

F (o) 2 n / ( / S(S) L} (u) o (Xi () BT (X (o (5))) Y <u>>

x Vi o (X (7o (5))) (B (s) — B (7 (5))) dY" (s),

and

Fl () & n / ( / S(S) L} (u) Vo (X () dBy <u>>

0
x Vi o (X (70 (5))) (Br (s) = B (7 (5)) dY" (5).

For the term Fl?f (t, ), using integration by parts with L} (u) ¢ (Xj (u)), we
can write

Fii (ty) = n/o Ly (1a (5)) oh™ (X (7 (5))) (Y (5) = Y (70 (5)))

x VhEo (Xi (1, (5))) (Bi (s) — B (1n (5))) dY" (s)
+ TP () + WP () + W ()
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We get, using similar reasonings as for the term Cj 2, that

N—oo N

lim *Z / L} (7a (5)) ohT (Xpe (7a (5))) (Y (5) =Y (7 (5))) = 0,
and the following terms

N
S () £ lim NZ‘P?’ % (p)

N—oc0

/ EQ /W /W) r)Velo (X () dB (r) T (X (7. (5)))

x dY (u) VAo (X (14 (5))) (B (s) = B (a (5)))| Fa ] dY" (5)

N

.1 kym,i,9
lim N kz_:l U, ()

N —o00

=n t Q ’ “ LY ’l”T
/OE /Tn()/m(sL (r) A (X (r) drh™ (X (7 (5))) dY (u)

x VhEo (X (4 () (B(s) = B (ra ()| FY ] dY* (s)

(1>

n,:,9
\& (¥)

\Il;l,’b,lo (QD) A lim — Z \I}k,n,l,lo (SO)

fn/ EQ / S)/Tn(s X () BT (X (72 (s))) dY (r)

)
x BT (X (n () dY (u)
x Vhio (X (1a(s)) (B (s) = B (7a ()| Fa ] dY" (),

which are at least of order O (n=1/2).
For the term F}'; (¢, ), using integration by parts with L7 (u) Vo' o (X (u)),
we can write

Fz (o) =n / L (7 (5)) Vo0 (X (7 ()) (Br (5) = Bi (7 (5)))
X V] o (X (7 (5))) (Bi (5) = B (7n (5))) dY” (s)
WP () + WP () + U (). (4.6)

Denote the first term on the right hand side of the previous equation by ﬁ,? 21 (t, ),
and consider the following matrices

O p.ni () £ 07 (2) Voo (2) VA (2) 0 (2),

and

Oipn; (#) = 5 (O, (2) + Og 4y, (2)) -

N | =
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Then, F}'; (t,) can be further expanded using again integration by parts
18 1) = [ 22 (9) V67 (X (5 6) (B ()~ B 7 5))
X VAT (X (7 () (Bi () = Bi (7 (5)) Y (5).
= [ 5 ) (B 5) ~ B ()"
X O, (X (7 (5))) (B () = Bi (7 (5))) Y (5)
—n [ L (u (5) / :(S) (Be (w) — By (7 (5))"
% (Osupts + O 1 1.) (X (7 (5))) dBy (u) Y (s)
2 [ 1)
8 (O + Of ) (1 () (= 7 () Y9
=2 [ 13 ()

x / s( (B () = By (s ()" O o, (Xi (7 (5))) dBy () dY" (s)
0 [ (6t (O, (Xi (7 () (5= 7 () AV (5)
On the one hand, using similar reasonings as for the term Cj, 2, we have
1 .
0 :Nlﬂnoozv,;%/o L (7n (s))
x / S( | (B () = By (7 (5))" Oopun, (X (7n () dBy (u) dY (s) .

On the other hand, recalling the expression for n (s — 7, (s)) dY" (s), we get

n / t L (1 (8)) tr (66,%,11. (X (T (s)))) (5 — 70 (5)) dY' (5)
0

1
%
|2 (6t (G, (X (1 () Y ).

0

/ot Lt () tr (O o (X (70 (5)))) dR™ (5)

DO =

+

and

i 23 2 [ 18 5 910 (B, (6 () 7 )
im Nk:12\/§ ; w (o (8))tr (Og p.h; (X (Th (s S

N—o00

= oo [ (G a0,
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N—o0

-3 (s (@) v

With similar reasonings as in Lemma 4.6, we can identify the processes in (4.6)
after the averaging and limiting procedure. That is

lim % ; % /0 L} (1 (8)) tr (50,%;“ (Xk (1o (s)))) dy’ (s)

i, 11 ki 1L
Ut (p) £ lim —E gt

N—oco N

_n/ EQ / . /( V (Ve o) o (X () dB () dB (u)

X VhTU( (7o (8))) (B (8) = B (7 (5))| F] dY" (5)

j,12 ki 12
TP (o) & lim E VARG

N—oco N

_n/ EQ /m )/Tn(g) A (Vo) o (X (r)) dB (r) dB (u)

X Vh-TO( (70 (5))) (B (s) = B (7 (5))| FJ'] dY" (s)

\I/;z,z,l?) ( é lim Z ‘I’k n,, 13

N—oco N

—n/ EQ /m)/m(s r) VT (X (1) T (X (7 (s)) dY (r)

X dB (u) VA o (X (1 (5))) (B (s) = B (1a (5)))| F] dY" (s)
which are at least of order O (n=1/2). Finally, ¥} () = Z;il W ().

Appendix A. Appendix

A.1. Limits for particle representations. As we will see, particle representa-
tions are useful in deriving approximations and computing limits. In the following
lemma from [15], N,, may be finite or infinite. If N,, = oo, then by N%L kanl 2k,
we mean limp, o0 D pey Zk-
Lemma A.1. Let Z" = (Z7,...,Z} ) be exchangeable families of Dg[0,00)-
valued random Uarzables such that N, = 00 and Z" = Z in Dg[0,00)*°. Define
o Y 15Zn € P(Dgl[0,00))
= limy, oo = m; Zk— 5Zk
()=N Pyl 15Z"(t € P(E)

V(t) = limm o0 5; Zk:l 0Z,(t)

[I]
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a) Forty,....t; ¢ {t :E[E{x: x(t) #z(t—)}] > 0}
En, V' t1),...,V*#)) = (5, V(t1),...,V(t)).
b) If Z" = Z in Dg=[0,00), then V" = V in Dp(g)[0,00). If Z" — Z in
probability in Dge|0,00), then V" — V in Dpg[0,00) in probability.

Remark A.2. If the Z}! are in Cg[0, 00), then every D can be replaced by C. In
particular, in this case, Dg[0,00)* = Cg~|[0, 00).

Remark A.3. If 2" converges in Dp (g [0, 00) to z 6 DP(E) [O oo) then for any
bounded continuous f:FE —> R z™ given by 2" (t) = [, f 5 "(t,du) converges

to x given by z(t) = [, f(u)z(t,du) in Dgl0, oo) We need smular results for
unbounded f.

Lemma A.4. Let E be locally compact and Co(FE) be the space of continuous
functions vanishing at infinity. Let {un,} C P(E) and pn, = pu. Suppose ¢ €
C(E), ¢ > 0, and sup, [, edu, < oo. Then if f € C(E) and % e Cy(E),
Proof. Let E*° denote the one point compactification and dv,, = ¢d,,. Then since
sup,, vn(E*°) < 00, {vy,} is relatively compact in M ;(E), the finite measures on
E*°, and every limit point is of the form ¢pu + pdo,. Consequently, if é e Co(E),

lim fdun = lim idun:/ fdpu.

Lemma A.5. Let E be locally compact. Suppose z" converges in Dp(g)[0,00) to
2 € Dp(g)[0,00) and for each T = 1,2,---, there exists o7 € C(E), o7 > 0, such
that

sup sup/ er(u)z"(t, du) < co

n t<T

If f e C(E) and for each T o € Co(E), then yn(t) = [ f(u)z"(t, du) converges
to y given by y(t) = [, f( t (t,du) in Dg[0,00).

Proof. Suppose t, — t. By Lemma A.4, if 2"(t,) — 2(t), then y,(t,) — y(t)
and if 2" (t,) — 2(t—), yn(tn) — y(t—). Since {2"} converges in Dp(g)[0,00), by
Lemma 3.6.5 of [9], y, — y in Dg[0, 00). O

Lemma A.6. Let {{x} C Cr[0,T] be exchangeable with
E[ sup [ (8)]] < oo, (A1)
0<t<T

and let Te = NNo(En(8),En+1(8), ... 1 8 < t). Then setting ((t) = E[&1 ()| T,

1 N
Z Er(t) —
k:l

lim sup
N—oog<t<T
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Proof. Let UP(t) = & ([t]) and

. j ) —1
vl = (5 - a0,

Then .

&(t) = ULt
j=0

and
1 & 0 1M
C(t) = Jim do&t)y=> Jim STUi(t) forallt as. (A.2)
k=1 j=0 k=1

Note that the convergence on the right involves countably many applications of de
Finetti’s theorem for real exchangeable sequences {{fk(Q%)} 11,5 =0,1,.. } The
interchange of the limit and the sum follows from (A.1l). Since we are assuming
all o-algebras are completed,

i i
Te=Vi< N U(fN(g),ﬁNH(*), )

Y]
Let 6 > 0 and let wg(6) be the modulus of continuity of &, that is,
wk(6) = sup €k (t) — &k (s)]-

0<s,t<T,|s—t|<d

Since the modulus of continuity of an average is less than or equal to the average
of moduli of continuity, it follows that

we(0) < Elwi(9)|Te]  a.s. (A.3)

Since it is sufficient to consider a sequence of § converging to zero, there exists an
event of probability one on which (A.2) and (A.3) hold and hence ¢ is continuous.
O

A.2. Martingales and change of measure. This section follows [27], Section
ITL.8. Let {F:} be a filtration and assume that P|r, << Q|z,, for all ¢ > 0, and
that L(t) is the corresponding Radon-Nikodym derivative. Then L is an {F;}-
martingale on (Q, F, Q).

Lemma A.7. Z is a P-local martingale if and only if LZ is a Q-local martingale.

Proof. Note that for a bounded stopping time 7, Z(7) is P-integrable if and only
if L(7)Z(7) is Q-integrable. Let ¢ be any stopping time such that Z(o A -) is
a P-martingale. We want to show that L(c A -)Z (o A -) is a Q-martingale The
integrability requirement follows from the previous observation taking 7 = o A t.
For the martingale property, by Bayes formula, E[Z (o A(t+h))—Z (o At)|F:] =0
if and only if E?[L(a A (t+h))(Z(o A(t+h))— Z(o At))|Fi] = 0 which is equivalent
to

EC [L(o A (t+h))Z(o A (t+h)|F:] = B9 [L(o A (t + h))Z(o A t)|F]
= Lo At)Z(o At).
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Theorem A.8. If M is a Q-local martingale, then

Z(t) = M(t) /0 L(ls)d[LM]s (A.4)

is a P-local martingale. (Note that the integrand is ﬁ, not ﬁ)

Proof. Note that LM — [L, M] is a @Q-local martingale. We need to show that
LZ is a Q-local martingale. But letting V' denote the second term on the right of
(A.4), we have

L()Z(t) = Lt)M () — [L, M], - / V(s—)dL(s),

and both terms on the right are @Q-local martingales. O
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