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Abstract

The aim of this paper is to introduce a new numerical algorithm for
solving the continuous time non-linear filtering problem. In particular,
we present a particle filter that combines the Kusuoka-Lyons-Victoir cu-
bature method on Wiener space (KLV) [13], [18] to approximate the law
of the signal with a minimal variance ”thining” method, called the tree
based branching algorithm (TBBA) to keep the size of the cubature tree
constant in time. The novelty of our approach resides in the adaptation of
the TBBA algorithm to simultaneously control the computational effort
and incorporate the observation data into the system. We provide the rate
of convergence of the approximating particle filter in terms of the com-
putational effort (number of particles) and the discretization grid mesh.
Finally, we test the performance of the new algorithm on a benchmark
problem (the Benes filter).

Keywords: Cubature on Wiener space; particle filters; TBBA

1 Introduction

The main goal of stochastic filtering is to estimate the state of a dynamical sys-
tem based on partial observation. We model the dynamical system by a stochas-
tic process X = {X;}1>0, called the signal. We do not observe the signal directly.
Instead, we make use of the information provided by observing another process
Y = {Y,}+>0, called the observation process. The information process is at each
instant of time a functional of the signal until that time and some measurement
noise , that is, ¥; = I ({Xs}s<¢, W), where {W;}4>0 is another stochastic pro-
cess modelling the noise. In mathematical terms the problem reduces to compute
the following conditional expectation, E[p (X;)| V] = [¢ (z)m (dz),p € H,
where H is a suitable space of test functions and Y, £ o{Y5, s € [0, t]} is the fil-
tration generated by the observation process. In other words, we are interested
in computing the conditional distribution of the signal X; given )}, which can
be viewed as a probability measure valued process m = {m };+>0. With notable
exceptions (such as the Kalman-Bucy filter and the Benes filter), 7 is an infinite-
dimensional process. One can not find an analytical computable expression for
m and has to rely on numerical approximations for inference purposes. In the
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numerical experiments below we will make use of the explicit solution for the
Benes filter to test the accuracy of our algorithm.

A number of different numerical methods for solving the filtering problem,
ranging from the solution of partial differential equation to Wiener chaos expan-
sions, see for example Chapter 8 in [1]. One of the most successful approaches,
which is widely used in practice, is the class of the particle approximations. In
this approach, the conditional distribution 7; is approximated by the empirical
distribution of a system of random weighted particles. The classical particle
filter, first introduced by Gordon et al. [10] use a correction mechanism that
eliminates, at particular times, the particles with small weights and multiply
the ones with bigger weights, maintaining the total number of particles in the
system constant. However, this procedure adds some randomness to the sys-
tem, diminishing the accuracy of the approximation. Hence, it is desirable to
use a technique that minimizes this undesired effect. In [6], Crisan and Lyons
introduced the tree based branching algorithm (TBBA). This algorithm satis-
fies a minimal variance property which allow to perform, in a sense optimally,
the correction in the particle system. Another aspect of these branching parti-
cle filters is the choice of the resampling times. Most of the theoretical results
assume fixed deterministic times of resampling and this is the approach that
we will follow. Nevertheless, in practice these times are randomly selected in
terms of some overall characteristics of the particle systems, see [9] and [8] for
a theoretical study of this problem.

In the standard particle filter, the component particles follow the law of the
signal. Usually, we model the signal by means of a stochastic differential equa-
tion (SDE) driven by a Brownian motion. A classical result, tells us that m; ()
can be expressed as the expected value of a functional of the signal parametrised
by the given observation path. Naturally, an efficient approximation of the law
of the signal would give a good approximation of 7;(¢). In recent years, Kusuoka
[13],[14] and Lyons and Victoir [18] among others, have introduced high order
schemes for solving SDEs, known as cubature on Wiener space or KLV meth-
ods. Surprisingly, these methods are essentially deterministic. They involve the
construction of a discrete (deterministic) measure with support given by leaves
of an n-ary tree, with the nodes being obtained by solving ordinary differential
equations (ODEs). Unfortunately, this tree-like structure makes the number of
ODEs to be solved increase exponentially. In order to counter this feature, the
KLV cubature methods can be combined with a partial sampling procedure,
particularly useful when the dimension of the SDE to solve is high or the final
time is large. The use of cubature methods for solving the stochastic filtering
problem has been suggested in [5] and [17], and the area of application of these
methods is expanding continuously, see for instance [7], where they are used to
solve backward SDEs.

In this paper we present a new numerical algorithm to solve the nonlinear
stochastic filtering problem. This algorithm is based on a combination of the
Kusuoka-Lyons-Victoir (KLV) method and the tree based branching algorithm
(TBBA). The KLV method is used to compute a high order approximation of the
law of the signal X, whilst the TBBA is used to partially prune the KLV tree in a
coherent manner. In our approach the weights of the TBBA are computed taken
into account both, the cubature weights (the weights of the discrete measure)
and the likelihood weights. In this way, we can simultaneously control the
computational effort at each time step and mitigate the sample degeneracy.



The paper is organised as follows. In the next section we introduce some ba-
sic notation on multi-indices and vector fields necessary to present the cubature
on Wiener space. In Section 3, we introduce the basic results on cubature, in
particular we give the main bound on the local and global error of the method.
Section 4 is devoted to the detailed description of the filtering problem. In addi-
tion, we also introduce the Crisan-Ghazali approach to apply cubature methods
on filtering. In Section 5, we recall the TBBA algorithm, recall the basic prop-
erties of the random variables generated by the method and describe in detail
the construction of the associated trees. In Section 6 we introduce the new
algorithm and prove the convergence of the particle approximation. A variation
of the algorithm where the likelihood weights are not taking into account when
pruning the KLV-tree is also introduced. Finally, in Section 7 we test the new
algorithm on the Benes filter.

2 Basic notation and preliminaries

Here we introduce some basic notation on vector fields and multi-indices used
to present the Stratonovich Taylor expansion and the main results on cubature.

2.1 Multi-indices

Let p € N, and let A be the set of all multi-indices with values in {0, ..., p}, that

is, A £{z}u {0, ...,p}*. For any (non-empty) multi-index o = (a1, ..., 1) €
k=1

A, define its length by |a| = k and its degree by ||| = k + card{j : a;; = 0}.
We also define the subsets of A, A(j)={a € A : [la| < j} and A;(j)2{a €
A\{D,(0)} : ||oof| < 7} We will write —a = (g, ..., ax) and a— = (aq, ..., ap_1).
Given two multi-indices @ = (a1, ...,ax) and § = (B, ..., 5;) we define their
concatenation as a8 = (aq, ..., ak, 1, ..., f1). For any a = (o, ..., 1) € A, we
also define afi], the truncated index of length i = 1, ..., k, by a[i] = (o, ..., ;).

2.2 Vector fields

Let C° (Rd; ]Rd) denote the space of R%valued infinitely differentiable bounded
functions defined on R? whose derivatives of any order are bounded. Recall that
V € C° (R4 RY) can be viewed as a vector field (or a first order differential
operator) on R%, ie., V(f) = Z?Zl Vj%f, where V7 is the jth coordinate
function of V' and f € Cy° (Rd;R) . Given V,W € Cp° (Rd;Rd) , the compo-
sition operator is defined by V o W(f) = Z?:l Vja%j (Z?:l Wi%f) , for
[ € Cg° (R%R) .We also define the Lie bracket of vector fields by [V, W] (f) =
VoW(f)—WoV(f).

Given a family of vector fields V = {Vy,V1,...,V,} € C¢° (Rd;]Rd) ,p € N,
we define the vector field concatenation V., € A, as follows: Vig) = 0,V};) =
Vi, Viasi) = [Va, Vil, i = 0, ..., p. Note that V,, will stand for the usual composition
of vector fields, that is, V, =V,, 0---0V,,.



2.3 Stratonovich Taylor expansion

Consider the probability space (2, F, P) = (Co([0,T],RP), B(Cy([0, T],R?P)), P),
where Cy([0, T], RP) is the space of RP-valued continuous functions starting at 0,
B(Co([0,T],RP)) its Borel o-algebra and P the Wiener Measure. Also consider
the coordinate mapping process B} (w) = w? (t),t € [0,T],w € , which under
P is a Brownian motion starting at 0. For w € 2, we make the convention
WO (t) =t and BY (w) = t.

Let X;, be the unique solution of the following d-dimensional stochastic
differential equation

p
dX1 0 = Vo(Xpa)dt + Y Vj (Xiz)0dBl, X, =z, (2.1)

j=1
where V = {Vp, Vi, ..., V,} € Cp° (R%;RY) ;2 € R?. This equation is written in

Stratonovich form and has an It6 equivalent form given by

p
dX1 0 = Vo(Xpa)dt + Y Vi (Xi2)dB], Xo.=u,

j=1
where Vj £ Vi — %Zﬁ’:l ZZZI ijgTVJZ,i =1,...,d. Given a multi-index o € A,
we define the Stratonovich iterated integrals as follows
f(s) if o] =1
Jo (For 23 Jo Ja (Fg . du if k>1, ap =0

Jo Jae (Flou0dB if k>1, ar #0

Given f, a sufficiently smooth function, and X; ., the solution of (2.1), we
can expand f(X;,) in terms of iterated Stratonovich integrals. The precise
statement is as follows.

Lemma 2.1 (Stratonovich-Taylor expansion) Let f € Cp° (Rd;R) ,m €
N. Then,

fFXia)= > Vaf (@) Ja()g, + B (t,z, f).

acA(m)

The remainder process Ry, (t,x, f) satisfies

m+2 ,
sup \VEs[(Ron (Lo, )P1<C S 62 sup |[Vaflle,
z€Rd jome a€A\AG-1D)

where C = C' (m) is a positive constant that only depends on m.

3 Cubature method on Wiener space

Cubature formulas are classical methods of numerical approximation of integrals
over finite dimensional spaces with respect to positive measures. Let p be a
positive measure on R? with finite moments up to order m € N. A cubature



approximation p™ for p of degree m is a finite sequence of points 1, ..., x, in
the support of y and positive weights A1, ..., A, such that

i) 2 [ plohutd) = 3 Al) £ 57 (),

where p is any element of the space of polynomials in d variables and of degree
less than or equal to m. If f is a regular enough function, u™(f) will be a good
approximation of u(f) as long as the approximation of f by polynomials is
good. In order to make precise the previous statement, one relies on the Taylor
expansion.

The cubature method on Wiener space is an infinite dimensional extension
of cubature methods on R%. In this framework, the role of polynomials is played
by iterated Stratonovich integrals and the role of Taylor expansions is played
by Stratonovich-Taylor expansions.

3.1 One step cubature measure

Let X, be the unique solution of equation (2.1). We choose a version of X; ,
that coincides on Cj 4, ([0, T],RP), the subspace of Cy([0, 7], RP) of functions of
bounded variation, with the pathwise solution.

Definition 3.1 A measure Q7" assigning positive weights A1, ..., A¢, to paths
Wiy ey Wey € Copo([0,1],RPTL) is a cubature measure of degree m € N for the
Wiener measure, if for all a = (aq,...,ar) € A(m),

Cd
Ep[Ja (1)0,1] = Eqp [Ja (1)0.,1] = Z Aj /0 ociwé“ (t1)---o dwj% (tk) -
j=1

<t <<t <1

The constant cq = cq(m, p) only depends on the degree and the dimension of the
Brownian motion.

Lyons and Victoir [18] proved that one can always find a cubature measure
supported on at most card(A (m)) continuous paths of bounded variation. They
also gave an explicit expression of degree-five cubature measure. In [11], the
authors have constructed cubature formulas of higher degrees and for various
dimensions of the driving Brownian motion.

Remark 3.2 Assume Q" = Z;dzl Ajd; is a cubature measure on [0,1]. Then,

foranyT >0, as Jo(1)or £ T“O‘”/QJQ(I)OJ, we have that QI £ Z‘;d:l )\j(?(T’w)j
is a cubature measure for the Wiener measure restricted to in Co([0,T], RP),
where

i A Tw: T ) | = .
<T7w>j (S) = { Tl/cgijgs(é/%ﬂ) ,ZL; :LL _ a)’“.’p S € [O7TL] = 17~'~7Cd-

Definition 3.3 We define the cubature approzimation of Prf(z) £ Ep[f(X1.4)]
by Prf(z) = Eqp[f (X7.2)]-



Remark 3.4 Letu(t, z) be the solution at time t of%“;(t, x) = Lu(t, z),u(0,z) =
f(x), where the operator L is defined by Lf = Vof+3 >0 V2f. Then, u(T,z) =
Ep(f(X1,2)]. Hence, Prf(x) is an approzimation of the semigroup Prf(x),
which has infinitesimal generator L. In other words, the cubature on Wiener
space can be used to produce a high order approximation method for solving
second order parabolic differential equations.

The main tool to bound the approximation error relies on the Stratonovich-
Taylor expansion and is stated in the following lemma, which is easy to prove.

Lemma 3.5 Let f € Cp° (Rd;R) ,m € N. Then,

f(Xrg) = Z Vo f () Ja (l)o,T + R (T2, f).

acA(m)

The remainder process Ry, (T,x, f) satisfies

m—+2
sup Bgp[| R (T2, )] <C Y T2 sup  |[Vafll,
zER4 j=m+1 O‘GA(j)\A(jfl)

where C' = C(p,m, Q1) is a positive constant that only depends on p,m and Q.

Using the previous lemma, Lemma 2.1 and a triangular inequality argument
and one obtains a bound for the error of the one step cubature approximation.

Proposition 3.6 Let Q7 be a degree m cubature measure then

m+2

sup |Prf (z) —Eop(f (Xro)]| <C Y T2 swp  |[Vafll,
zeRd j=m+1 a€A(GH\AG-1)

where C = C(p,m, Q1) is a positive constant that only depends on p,m and Q.

3.2 Iterated cubature measure

In general, the bound obtained in the previous proposition do not allow to
directly get a good approximation of Prf (z) when T is large. To overcome this
difficulty one iterates the cubature measure along a partition TI""72{0 = t; <
t; < -+ <t, =T} of [0,7]. We will denote by TI?"T £ {0 =ty < t; < -+ <
t;},j =1,..n, the subpartitions of II""T and s; £¢; —t;_1,7 = 1,...,n.

Definition 3.7 Let the measure Q" = Zjdzl Ajdw, define a cubature formula

on [0,1] and II"™T be a partition of [0, T]. The global cubature measure Q.  is
defined by

QELWT = Z )‘il T >\in5<slvw>1‘1®"'®<Sk'1w>i7t,

(il,...,in)
where w o @ denotes the concatenation of the paths w and @.
It is also useful to view the cubature formulas on Wiener space as Markov

operators acting on discrete measures on R?. This interpretation justifies the
following definition introduced by Litterer and Lyons [17].



Definition 3.8 Given a positive measure p = Zi:l widz, on R% and a cubature
measure Q7" = Z;‘il Ao, , we define the K LV, operation with respect to u over
a time step s by

1 cd
KLV (p,8) £ ) > imididx, . (s0),):
=1 j—1

where X ., ((s,w);) is the solution at time s of the following ODE

AX 0, ((5.w);) = D ViXuz, ((s,w),)d (s,w)} (u), 0<u<s
k=0

XO,Ii(<va>j) = Ti.
One can also iterate the K LV}, operation along a partition II"™7.

Definition 3.9 Let Q7" = Y 7% X\id., be a cubature measure of degree m and
let IV T={0 =ty < t; < --- < t, = T} be a partition of [0,T]. The KLV,,
operation along I, is defined recursively by

KLV, (YT 2) & KLV, (KLV,,(I?7", 2),8j41) . j = 1,...,n— 1,
and KLV, (H17x) =KLV, (0,,$1).

The following remark makes the connection between the two point of views.

Remark 3.10 Let B denote the set of multi-indices {@} U |J {1, ...,cq}*. For
k=1

any B = (61,...,0k) € B define A\g = Ag, -+ - A, and points ;v; € R? by setting
xg = Xsl7w(<51,w>51),ﬁ € {(1),....(ca)}, and x5 = X5k7wﬁ—<<sk’w>ﬁk)7 B e
B,|B8| > 1. Then, the global cubature measure along II""T can be written as the

following discrete measure on paths Qff, + = ZBEB 18]=n )\35<31’w>ﬁ @@ (snw)y
? 1 7 n

while the KLV, operation along II™T can be written as the following discrete
measure on R?, K LV,,(I""7T z) = ZﬁEBJﬁI:n g0z, . Moreover, EQQ”,T If (Xi2)]

= KLV, (I1"7, 2) (f) .

Remark 3.11 The iterative procedure to generate Qff. r can be viewed as an
cq-ary tree, which we will call the cubature tree. Hence, the support of the mea-
sure Q.. (and of KLV, (IT"T x)) grows exponentially with the number of

subintervals of the partition. In particular, we have to solve C%Zizl ODEs to
obtain the points in the support of KLV,,(II"T x). When n is large the com-
putational cost associated to solving these ODEs can not be ignored and some
mechanism to control the size of the support of Q.. r is needed. The basic ap-
proach is to allow the size of the tree to grow only up to a constant decided by
the use and then to keep it constant by culling the branches with small weights.
The procedure can be random. For example, Ninomiya [20] proposed to use
the TBBA algorithm of Crisan and Lyons. Litterer and Lyons [17] have re-
cently introduced a deterministic recombination procedure that essentially allows
to change the original cubature measure with a measure with smaller support,
without increasing the error.




4 Cubature applied to filtering

In this section we introduce the setup for the filtering problem. We also present
the approach by Crisan and Ghazali [5] to the application of cubature on Wiener
space to filtering.

4.1 Stochastic filtering setup

Let (92, F, P) be the probability space defined on Section 2, assumed to ac-
commodate a k-dimensional Wiener process W independent of B. Let F =
{Fi}o<t<r be a filtration satisfying the usual conditions of completeness and
right continuity. In this probability space we consider a partially observed sys-
tem (X,Y) = {(X,Y2) }o<i<r. The unobserved process X = {X, }o<i<T, called
the signal, is the solution of the d-dimensional Stratonovich SDE (2.1), that is,

P
dXp 2 =Vo(Xia)dt + Y Vi (Xia) 0dB!, Xo o =2,0<t < T,
j=1
where z € RY, V; € Cp°(RY,R?) and B = (B/)}_, = {(Bg')?:l}ogtg is a p-
dimensional F-Brownian motion. To simplify the notation, we will suppress the
dependence of X , on x and write X;. The observed component Y = {Y; }o<i<7,
called the observation process, is given by the following k-dimensional process

t
y;:/ h(Xs)ds +dW,,0 <t <T,
0

where h : R? — R* is a bounded measurable function and W = (W7 );?:1 =

{(W{)r_1}o<e<r is a k-dimensional F-Brownian motion independent of B. Let
{Vi}o<i< be the usual augmentation of the filtration generated by the pro-
cess Y, that is, Yy = 0({Ys}s<t) VN, 0 < ¢t < T where N are the P-null
sets of (Q, F, P). The stochastic filtering problem consists of determining the
conditional distribution 7 of the signal X at time T given the information
accumulated from observing Y in the time interval [0, T; that is, for ¢ bounded
Borel measurable, it consists of computing () = Ep[e(X7)|Vr]. The process

k t k t

~ ) . 1 .

Zi 2 exp <—Z/ K (X)) dW! — 52/ h’(XS)st) , 0<t<T,
i=1 0 =10

is an F-martingale. For a fixed 0 < t < T, we can define a new probability
measure P! on F; via ‘%b:t £ Z,. By the martingale properties of Z;, the
family of probability measures {P'}o<¢<7 is consistent and this property allows

us to define a new probability P which is equivalent to P on U Fi. By means
0<t<o0

of Girsanov’s theorem, Y becomes, under If", a Brownian motion independent
of the signal X. Note also that the law of X is invariant under this change of
probability measure. In order to construct numerical algorithms to approximate
7 one relies, crucially, in the Kallianpur-Striebel formula, see [12],




where p;, called the unnormalised conditional distribution, is given by

k T k T
o(Xz) exp <Z | weai-33 | hi(X»th)‘yT].

Thanks to the Kallianpur-Striebel formula the problem is reduced to find an
approximation of the above functional.

pr (@) £ Ep

Remark 4.1 pr(p) is the expected value of a functional of the signal X, which
is parametrized by the observation process Y. This representation shows the fact
that the signal X enters the problem only through the evolution of its law, whilst
its path properties are not relevant. On the other hand, the observed path of Y
determines the functional to be integrated and the distribution of Y only plays a
secondary role. In practice, we will only know the values of Y along the points
in a partition of [0,T] and we may not know the law of X. Hence, we will
need to approximate the Y -dependent functional of X as well as the law of X.
Therefore, the filtering problem can be viewed as a particular case within the
theory of weak approzximations of SDEs.

It follows from the previous remark that the design of an approximating
scheme for pr(y¢) should contain the following three components:

1. The discretization the Y-dependent functional of X.
2. The approximation of the law of the signal X.

3. The control of the computational effort.

An important ingredient to establish a weak approximation result is the
space of test functions for which the result holds. As pointed out before, this
space of test functions depends on Y. Moreover, its elements have to integrate
not only with respect to the law of X but also with respect to the law of
the approximating processes under consideration. The suitable candidate when
using cubature formulas is the following (see Crisan and Ghazali [5]). In the

following ||-[|, denotes the L(PP) norm.

Definition 4.2 Let Cyx[0,T] be the space of continuous functions y : [0,T] —
R* and C';/’OO (R?) the set of measurable functions f : RY x Cge[0,T] — R
satisfying the following properties:

1. For any y € Cge[0,T] the function x — f(xz,y) belongs to C3°(RY).

2. For any multi-index o € D = UL {1,...,d}fU{@}, anyx € RY and p > 1,
the partial derivative Do, f (x,Y") in the first variable satisfies || Do f(2,Y)
< 0.

I

3. For any multi-index o € D and p > 1, we have |||Dof(2,Y)||lp.c =
SUPzeRrd ||Daf(x7Y)Hp < 0.

Definition 4.3 For any function f € Cg/’oo (Rd) ,j € Nyp > 1 we define the
norms |||Daf (2, Y)llp.; = Xaep) 1Paf (@ Y)llpoc, where D(j) = {a € D
el < 4}




4.2 Picard’s filter

In this section we introduce the discretization of the Y-dependent functional of
X to be integrated. This discretization was first introduced by Picard [22] and
we shall call it Picard’s filter, see also [3] and [23]. Assume that we have an
uniform partition II™7 £ {t; = %}i:o ,,,,, n of the interval [0,7] and that we
know {Y%, }i=o,....n, the values of the observation process ¥ on ™7, For any
¢ € Cp°, we can define

ore: (RN — R

(20 eees20) @(zn)eprﬁOhr(%)), (4.1)

where h, : RY — R, 7 = 0, ..., n, are the following functions

LA R
he (2) &) {h' (z) AY] — 5, (")}
i=1

hn(z) £ 0, and AY; 2 (YtirJrl — Y/ ),r =0,..,n — 1. Next, define plf (¢) £

Ez[©™% (Xty,2s -, Xt,,2) |Vr]|. Note that ¢ and h,,r = 0,...,n belong to C;/’M(Rd)
and as ©™¥ is a product of these functions it also belongs to 013/ "°(R%). The
following result was proved by Picard [22] :

Theorem 4.4 Let ¢ be a bounded and Lipschitz continuous function.Then,
there exists a constant C = C (T, ||¢||,) independent of n such that

C

lor (v) = o7 (©)ll5 < o

See [4] for an updated account on the discretization of the continuous time
filtering problem.

Remark 4.5 The previous theorem shows that, for uniform partitions, pl is
a first-order approximation of pr. As the algorithms we are going to develop
will be based on the Picard discretization, the error of these algorithms when
approzimating pr will not be better than C/n.

4.3 The cubature approximation

The second step is to approximate the law of the signal X. In this paper we
will use the cubature on Wiener space to do this. We define the cubature
approximation to pfrof Picard’s filter by

ﬁ?‘(@) £ EQQW,)T [(._.)n,(F (Xto,wa ey th,w) |yT]

In order to analyse the error when approximating p%(¢) by pi(p) it is con-
venient to introduce an alternative representations for Picard’s filter and its
approximation. We define operators {R;{}?_; and {Ri}I, for p € C;° (R?),
r€R?and t € (0,T] by

Rip(z) = Eglp(Xeo) exp(hi(Xea))IV), - Rio(x) £ Egplp(Xeq) exp(hi(Xeq)) V],

10



A

To simplify the notation we also define Ri7p(x) 2 Ri--- Rlp(z) and R p(z) £
Ri---R]p(x) for 1 <i < j < n. Then, we have that

Pt (@) = exp(ho(2)) Ry -+ R (x) = exp(ho(2)) RE"¢ (z)

and
pr (¢) = exp(ho(2)) Ry - R (z) = exp(ho(w))RI%’”so ().

The main result concerning the cubature approximation of Picard’s filter is
the following theorem proved by Crisan and Ghazali in [5]. The result basically
says that pf. is an approximation of order (m—1)/2 of p’}, where m is the degree
of the cubature measure.

Theorem 4.6 There is a positive constant C = C (T, m,p) such that for all
¢ € Oy (RER) ,p > 1, we have || (9) = p (9)], < Cn= D2 | o
where

m—+2

A
= + Z max
1l oo m+2 = llllo = ik €{15mn0d}

A
daj, - Ox;,

o0

A sketch of the proof of Theorem 4.6 is as follows. From a variation of
Lemmas 2.1 and 3.5 applied to functions f € CbY’OO(Rd) one obtains that

m—+2
sup, By [f(Xew)] = Eslf(Xe)]| <C Y 21 flllp.s-
Te i=m-+1

This error bound is used to prove that
1R R o) = RY LR (@)oo < Cn™ D2 gy
The previous bound is combined with a telescopic expansion of
eXp(ho(fv))R%’"so (z) — eXp(ho(x))ng’”s& (z)
to prove that
1] eXP(ho(z))R%nw (z) — exp(ho(w))R%% (@) llpoo < Cn~ ™ D2 o)l s
from which the result follows easily.

Corollary 4.7 There is a positive constant C' = C(T,m, |||l 42) such that

for all p € C7" (R4 R) , we have Ep[|7 (p) — nr () ] < €.

Proof. Using the triangle inequality and the estimates in Theorems 4.4 and
4.6 we have that [|pr () — p7 (0), < % The result follows from using the

Cauchy-Schwarz inequality to the following inequality

72 (9) = mr ()] < L'j'(';; P - pr()| + = 150) ~ pr(e),

and the fact that ||,0T(1)_1Hp is finite for any p > 1. m

We will also need the following lemmas regarding the cubature approxima-
tion of Picard’s filter.
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Lemma 4.8 Assuming the notation in Remark 3.10, we have that

pre) =D Aswolz)  wn-1(Tapm—1))¢ (¥5),
BeB,|Bl=n

where w, (v g[,) £ exp (hr (x/_;[r])) ,r=0,...,n—1, are called the filtering weights
and by convention Tgj = T.

Proof. Note that, Ri'p (z) = Y5 _; Mg, (Xt ((t,w)g )) and
Rig(x Z A (X ((1,0) ) wi(hs( X o () )))s 6= 0, — 1.
Bi=1
Set § = T/n. We have that
R (z Z A8, (X2 ((0,w) 4 Z g, p(x(s,)(x)),
Bn=1 Brn=1

where we have used the notation (g, () 2 X <6,w>ﬁn. Applying Rgfl to
Ry (z) we get

Ry (R (x)) = Ry D Mgz, ()

Bn=1
Ca
= > M MK, @ (0:0) g ) wn1 (B 1 (Xs.2((0,w) 5. )
Bn—1,fn=1
= Z )\ﬂnfl)\ﬂngp(m(ﬂnflaﬁn)(x))wn_l(hn_l(x(ﬁnfl) (x)))?
/Hn—lvﬁnzl

where we have used the notation

‘r(ﬁn—lﬁn)(x) 2 X(S,fc(gn)(m)«(saw)ﬁn) = X25713(<57w>5n_1 ® (4, w>5n)'
Iterating this procedure it is clear that we get the result. m

Remark 4.9 From the previous lemma it follows that the computation of the
cubature approximation of Picard’s filter requires knowledge of all intermediate
nodes in the cubature tree, contrasting to the typical use of cubature methods
where the knowledge of the leafs is sufficient to compute the approximation.
Obviously, this is due to the particular form of the functional to be integrated
that depends explicitly on the values of X; along the points of the partition and
not just on the terminal value.

Lemma 4.10 For any p > 1, we have that H,ﬁ%(l)_lup < 00.

Proof. Lemma 4.8 and Jensen inequality yield that

)P < Y g (wolzp) - wn1(Tpm—1))
BEB,|Bl=n

12



By the definition of the exponential weights we can write

(wo(zgp0)) - wn—1(2[a-1))

:eXP{—PZh Tgr] }
n—lr ko T ) 2
{523 o) 2+ 2 0 o)1

r=0 i=1

As Y is a k-dimensional standard Brownian motion under P we have that

n—1 k

E[(wo(2si0)) - - - wn—1(2ppn—1])) —eXP{ZZ +p)T (h" (zp)) }

< oxp { AP ||h||io} -

2
Hence,
1P ()P =Elpp(1) 771 < D AsEs[(wolwspo)) - - wnr(@ppa-1)) 7]
BEB,|B|=n
(p* + p)kT 2
< exp{2 mE b ST <o
BEB,|B|=n
=1
| |

5 The control of the computational effort

The tree based branching algorithm is a method that assigns a number of parti-
cles to different sites, according to a probability distribution with finite support
on the sites. The computational effort is controlled as it is proportional to the
number of particles. This is equivalent to generate rational valued random dis-
tributions which are unbiased estimators of the original probability distribution.
The interesting feature of the method is that the assignment is done satisfying a
certain minimum variance property. The results presented here can be extended
to probability distributions with infinite support.

Let X = {z;}*_, be a given set and T' = {,}X_; a probability distribution
with support X'. The problem is to generate a family of random variables I =
{4 }¥_,, defined on some probability space (Q*, F*, P*), with values in {0, ..., N'}
and such that

k

> v =N, (5.2)
i=1
Varli] = min Varld], i=1,...k 5.3
ar[¥i slmin ard], i (5.3)

13



where P(7;),i = 1,...,k, denote the set of all random variables with values in
{0,..., N} and satisfying (5.1). Let [z] denote the integer part of z € R and
{z} = x — [z] denote the fractional part of z € R. It is immediate that any
family I' of random variable with marginal distributions given by

v 2 { [Ni] with probability 1—{N~;} i1k

[Nv;]+ 1 with probability {N~;} ’

satisfies the minimal variance property (5.3) and the unbiasedness condition
(5.1). It can be helpful to use a ”particle” picture to describe the random
variables in the set . Essentially, one can think that I' is the empirical measure
associated to a set of IV particles that are allocated to the sites X. Hence, 4;
represents the number of particles allocated to site x;. This number is random
and its mean is given by N~; (which is not necessarily integer) However, its
generation is not straightforward as condition (5.2) makes the random variables
corresponding to different sites x; to be correlated. The TBBA precisely allows
to construct a family of random variables satisfying (5.1),(5.3) and the additional
condition (5.2). The name of the algorithm comes from the fact that it can be
described using a binary tree structure. The description is as follows.

1. We start with a k-ary tree. This tree has a root node initially storing N
particles and k leaves that represent the sites where the particles have to
be allocated.

2. We embed the k-ary tree into a binary tree satisfying the following rules.

(a) The set of all leaves of the tree is X.
(b) Each node z of the tree has a positive weight ~.,.

(¢) If two different nodes share the same parent their weights add up to
the weight of the parent.

(d) The weights of all leaves which are descendants of a particular node
add up to the weight of that node.

3. We move the N particles down along the tree until they get to the leaves
using the following TBBA rules:

(a) We start by allocating all N particles to the root node (the corre-
sponding weight of the root is Zf:l vi=1).
(b) We then proceed recursively as follows: let z be a node with 4,
particles and weight .. If z has two child nodes z; and z;, then
Yz = V2, + V2, and we will split the 4, particles associated to z into
4., particles associated to z; and 4., particles associated to z2, i.e.,
2 = Az, + Yz, according to the following two possible cases.
e Case 1t [N7.] = [N.,] + [N7,)
— Yz = [NVa ]+ (32 = [Nz tim,
— Y £ [Nz, + (52 = [N7:])(1 — ), where

a [ 0 with prob {Nvz,}/{Nv.}
YT 1 with prob {Nv.i}/{N7.}

14



o Case 2: [Nv:] = [Ny ] + [Ny, +11
- Y £ [NV, ] + 14 (%2 = ([Nv:] + 1)) um,
— Yz, £ [NV, ] + 14 (2 = ([Nv2] + 1))(1 — ), where

w B { 0 with prob (1 —{N~.,})/(1 —{N~.})
m 1 with prob (1 —{N~v.1})/(1 —{N~.})

Note that for each intermediate node in the tree we need to generate a
random variable u,,. These random variables are independent of each other.
The best way to understand how the algorithm works is to see some examples.

Example 5.1 Assume that we have X = {x1,z2, x5, 24} and T’ = {~v1,v2,73, 74}
We start with the following 4-ary tree.

(20,1)

TN

(z1,m) (r2,%2) (23,%) (24,7)

In order to construct the embedded binary tree we start by adding N particles
to the root node. Then we assign the site x1 and the probability v, to the left
child node of the root. On the right child node we assign the auziliary site
T4 = {3}y with weight vo.4 = 2?22 ~;. Now we apply the TBBA rules and
get 1 particles for the site x1 and 2.4 particles for the site xo.4. Next we take
the site xo.4 as it were the root node and repeat the procedure. That is, on the left
child node of the node x2.4 we assign the site xo with probability vo and on the
right child node we assign the auziliary node x3.4 £ {mi}fzg with weight 3.4 £
Z?:s ;. We apply the TBBA rules to the nodes xo.4, 3 and xs.4 and obtain 4,
particles for xo and 3.4 particles for xs.4. Iterating this procedure until the set
of leaves coincides with X (in this case one more time) we end up with a set of
random variables T' = {4: Y}, satisfying the desired properties. The embedded
binary tree is the following:

15



(z1,71) (2.4, 72:4)
Y1 Y2:4
(r2,72) (r3.4,73:4)
Y2 Va4
(z3,73) (z4,74)
3 Y4

Note, that the way to embed the 4-ary tree into a binary one is by no means
unique, as we well may have chosen another way of grouping the sites. This
degree of freedom can be exploited in practice.

Example 5.2 Assume that we have the following ternary tree of depth 2

(z0,1)

(x1,71) (x2,72) (3,73)

(z1,7171)  (F12,m172) (P13, 7)) (@20,9271)  (%22,%272)  (%23,%273)  (Tansyavi)  (Za2vav2) (233, vavs)

where the TY £ {v;}3_, is a probability distribution on X' & {z;}3_, and,
obviously, T? = {v;v;}3 ,_, is a probability distribution on X* = {xy}3,_,.
If we were just interested in sampling from T'2, we could repeat the procedure
of the previous example with T = I'? and X = X2. However, we usually also
need to sample from T''. Moreover, it is more efficient to first apply the TBBA
algorithm to T and then apply the TBBA algorithm again to each of the sites in
X1 (taking into account that now the weight of root node is not 1). This method
is more efficient because for the sites in X' that are assigned zero particles we do
not need to apply the TBBA again, we just set zero particles to its descendants.
The generated tree is as follows.

16



(w0, 1)
N

(xr1,71) (r2:3,72:3)
M Fa:3
(11, 7171) (1,2:3, Y1y2:3)
i1 F,2:3 )
(w2, 72) (ws,73)

=, 5

(w12, 7172) (€13, 7178) = S

12 Y13
(21, 7271) (2,2:3. Y272:3) (31, va71) (2,2:3, Y3¥2:3)
F21 F2,2:3 31 F3,2:3
(x22,7272) (w23, 7273) (w32, vs72) (33, 7373)
22 Fa3 a2 Y33

Assume we have an n-times iterated k-ary tree such that at the first level
of the tree we have a probability distribution I'' = {7i}f:1. Moreover, assume
that the probability distributions in the next levels are generated by iterating
the distribution in the first level, that is I = {X;, - - X, }F_; ;. The previous
example shows, that the TBBA will provide an approximation of the probability
distribution not just at the final level, but also at all intermediate levels. Let z
be a node in the iterated k-ary tree with 4, particles assigned and v, weight.
The algorithm that allocates the 4, particles in z to its k direct descendants
according to the probability law {v;}¥_; is as follows:

17



Algorithm  TBBA(N, 4., 7., {vi}},)

K1:= N7, kK2 =%,
fori=1tok—-1
draw u; ~ Unif[0,1]
if {Nv.7v:} +{k1 — Nv.v:} <1 then
if u; <1— ({N7v.v}/{k1}) then

¥i i = [Nv=v]
else

Yi = [Nyvi] + (k2 — [K1])
end if

else
if u; <1—(1-={Nv.v})/(1—{k1}) then

Yi = [Ny + 1
else
Yi = [Nvayi] + (52 — [K1])
end if
end if
k1= k1 — Nz
Ko 1= Ko —%;
end for
Y 1= Ko
return {§;}F_,

Using this notation, the approximation to the probability measure I" with
support X is given by TBBA(N, N, 1, {7;}£_,). The algorithm generates a (ran-
dom) measure with a support that is an at most N sites of the original k as it
is the empirical distribution of N particles. Some of the properties satisfied by
the random variables {4;}¥_, generated by TBBA(N, N, 1,{;}F_,) are stated
in the following proposition:

Proposition 5.3 The random variables {4;}¥_; = TBBA(N, N, 1, {v;}}_,) have
the following properties.

1.YF 4i=N.
2. For anyi=1,...,k, we have Ep«[¥;] = N~;.

3. Foranyi =1, ..., k,y; has minimal variance, specifically Ep-[(¥;—N~;)?] =
{Nv}HA = {Nv}).

4. For any 1 < i < j < Kk, the random variables vv; and vy; are negatively
correlated. That is, Ep«[(% — Nvi)(5; — Nv;)] <0.

Proof. See for example Proposition 9.3. in [1]. =
Note that, for any bounded function ¢ : X — R, we have

k . k 2
Ep | (Z o)y = 2 «»mm) ]
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k 2 Kk
||so||(,oE (Z N%>] 4§||s;¢|2wZEP*[(%—N%)2]

i=1

|so||m oll% ellz
| Z{N 1= < [l 3, el
1=1

3.

where we have used properties 3. and 4. in Proposition 5.3. This entails that
4i/N is an unbiased approximation, in L2?(P*), to ;.

6 Convergence results for the KLV particle filter

In this section we present the main results of the paper. Let Q" = "¢, \;d,,
be a cubature measure of degree m € N. Assume that II"™"" is the uniform
partition of the interval [0, 7] with n + 1 points, i.e., T = {t; = 7T}" o and
that we know the values of the observation process Y in II""7. Let B be the
total set of multi-indices with values in {1, ...,cq}, where ¢4 is the number of
paths in the support of Qf*. For j = 1,..n, define B/ = {8 € B : |b| = j}.
Let X9 = {xg : B € B'},j = 1,..,n be the support of KLV,,(II"'T z), the
discrete measure obtained by the j-iteration of the KLV operation or cubature
measure along the partition II"»”. According to Remark 3.10, we can see the
global cubature measure along the partition II™T as discrete measure on R?
with points indexed by B". By Lemma 4.8 we have the following expression for
P, the cubature approximation of Picard’s filter,

Pr= > Aswolepo) + Wa1(2in-1))0s,. (6.1)
peBn

In the following two sections we are going to introduce two different approxi-
mation procedures for (6.1). Both procedures will be based on the TBBA. The
first approximation, denoted by ﬁ;’NWﬂ] only use the cubature weights to al-
locate the particles along the cubature tree while the second one will combine
both the cubature and the filtering weights. Hence, the second approximation
denoted by ﬁ;’N incorporates a correction mechanism similar to the one in the
classical particle filters where law of the signal is approximated using the Euler
scheme. We will assume that the probability space (Q,F, I@’) is rich enough to
carry the auxiliary random variables needed to apply the TBBA. As Y is also
defined on (2, F,P), in what follows Ez[-|Yr] will denote the expectation with
respect to the TBBA random variables.

6.1 Computational control of the KLV particle filter based
on the cubature weights only

We define a collection {f‘j};‘:l of random variables according to the follow-
ing recursion. Let T £ {y5}5em = {A\;}%; be the cubature weights. De-
fine Iy £ {38} pesr = TBBA(N,N,1,T'"). For any j € {2,...,n}, define f‘j =
Usess TBBA(N, 35, Ag—, "), where, for 3 € B/, \g— £ g, ---Ag,_,. Note
that TBBA(N, 0, As— ,I'1) returns all the random variables equal to zero. More-
over, T'; has the same distribution of TBBA(N, N, 1,T7), where [V £ {As}peni-
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In particular, if 43,9 € Iy, o # 3, then 4p and 7, satisfy
Es[75Yr] = NAg,
Ez[(35 — NAg)® [Vr] = {NAs}(1 — {NAg}) < Ng,
Es[(%5 — NAg) (Yo — NAa)|Vr] <0
and e 50 Y5 = N. We define p & L5 Aswo(r) - wa—1 (@apn—1]) -

Theorem 6.1 There exists a positive random variable C = C (m,T,¢,Y) such
that

Es((07 (0) = o™ (9))*1Vr] <
for all p € C;’Hz (Rd) . Moreover, C (m,T,,Y) is integrable with respect to P.
Proof. We have that
Es (77 (0) = p™ (#))*1Vr)

1

= 7 Bl| D (s = NAg)wo(@) - war (zpn-1)e (25) | V]
BEB”
< 3 3 EslGs — NP lud(e) -y (apaon)? (@)
peBn
= 3 2 NI~ (M) (@) -+ w_y (wa))? (25)
BeB™

el
<N > Aswi(@) - wl_y (@apn-1))
GeBn

lollz n 2
- TIEQ%W,H,T[(G) T (Xigzr oo Xt w)) | V7]

where we have used the TBBA properties of I'™. Then,

BeBn

The integrability of C (m,T,,Y) is deduced using similar arguments as in
Lemma 4.10. =

Definition 6.2 We define ﬁ;’N by

> Fpwo(@) -+ wp—1(Tppn—1])0a,

~n,N pl
-n,N a Pr BeB™
T = = - (6.2)
’ ﬁTTL“’N (1) % ’yawg(x) T wnfl(xa[n—l])
acBm

Corollary 6.3 There exists a positive random variable K = I~((m7T,<p,Y)
such that

n K
Es(|177 (9) = 77" (0) V1) < 773

for all p € Cg”” (Rd) . Moreover, K (m,T,,Y) is integrable with respect to P.
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Proof. We have that

_n ~n, ﬁ—n’N (50) —n ~1, 1 T, an
72 (0) — 7™ ()| < %(w( ) — o ()] + ﬁ%(l)(pTN(@)—pT(w))
< Qg'('; 710 = DI+ s 7 () = 7R ()]

By Theorem 6.1, we get

Ez (|72 (¢) — 77" () [| V1]
1

1 ~ ~
< sy (1Pl € 00 T2 4 C . T, 1))
T

Hence,

8 1
K(m,T,,Y) = —

) (16l COm T 1Y) 2 4 C (m, T, ¥) ).
T

Finally, that E]@,Hf( (m, T, ¢,Y)|] < oo follows, using Cauchy-Schwarz inequal-

ity, from the integrability of C' (m,T,,Y) and Lemma 4.10. m

6.2 Computational control of the KLV particle filter based
on the cubature and filtering weights

We define a collection {f‘j};‘:l of random variables according to the following
recursion. Let B' = B! and {y3}3cp be defined by

Aswo(Zgp0]) Agwo(z)

A

>3 pr— > pr— ——————————— > pr— A > .

{76}56131 { )y /\awo(%[o])}ﬁegl 5 /\awo(x)}ﬁesl {B}ﬂeBl
aceB?! aeB!

Next, define I'; 2 TBBA(N, N, 1, {7/3}5631),31 £ {B € B' : 43 > 0}. For any
jef2,..,n} let Bl 2 {BeB:f—eB!}and

Y- Ag; wi—1(Tpj—1])

> Ya—Aa;wj—1(Tafj-1)
aeBi

{’Vﬂ}ﬁeéﬂ' £ { )}ﬁegj.

Finally, define I'; £ TBBA(N, N, 1, {v5} sep:). B/ £ {8 € B/ : 45 > 0}.

Note that, by construction, Zﬂeéﬂ' 48 = N and the TBBA weights are
recursively defined and random. Set G; = J({fr }f;:l),j =1, ...,n. Conditionally
to Yr V Gj_1, the family of random variables fj satisfies the minimal variance

properties of the TBBA generated random variables. In particular 45 € f‘j
satisfies Ez[§5|Vr V Gj—1] = N~vg, and

Es[(35 — Nvs)* [0V Gj-1] = {Nvs}(1 — {N7s}) < N,

where A
A=A wima(Tg-1)
ol

B Z ﬁ/aanjwjfl(xa[j—l]) ’
a€BI
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We define

oy & (Hm) > s (25) bay,

=1 BeBn

where o7 £ 4 > e Apwo(z) and o £ X Z_l p—Agwi—1(zg—1)),l = 2,...,n
BeB

Theorem 6.4 There exists a positive random variable c=C (m,T,p,Y) such
that

Bl (o) — 7" (9)?1r] < 5,

forall p € an+2 (]Rd). Moreover, C (m,T,p,Y) is integrable with respect to P.
Proof. Define

V(o) 2 Y Ngwo(zsp) - wim1(zpy-n)e (@s), J=1,..m,
peBi

7
(o) 2 (H) S g (es)s J=Lin
=1 BeBI

and note that WZ(p) = g (p) and W(p) = g™ (p). We shall proceed by
induction.

e Case j = 1. By the TBBA properties of {j3}scp, we get
Es (W5 () — U7 ()% V7]

= E;[o} Z(M—wwm) V7]

peB! a1
<ot Y Esl(Nys — 48)%¢% (xp) V1]
peBt
=07 Y {Nys}(1 — {Nvs})¢” (ws)
peBt

(Spes Aawo z5(0) )
< D 189 (xp)
peB!
W ()
i N .
Note that, Uk (¢?) < [¢]|% (¥4 (1)). Moreover,

k
(Wh (1))7 = wo(e)? = exp(32 20 (@) (V] ~ i) — o (1 (@)2)).
j=1
Hence
B (W) (1))’ expzzw 3 = ¥E) — o (W)}
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k . T .
= H slexp{2h/ (z (Ytjl Y7) - E(hj (x))*}]

H
A
3N

-
=
Q
l\')

~

A\

)

]
=8

=

S~
=

e Case j = n. We can write
()

= Z /\,@wo(.’L‘g[o]) s wn—l(mﬂ[nfl])@ (l‘ﬁ)
peBn™

= wo (z10)) Ryp = w (wop0) Ry (o1 R p) = W5 (w1 R 0)

and W2(p) = ([[}2, 01) > pein ¥89(25). Consider the auxiliary random
measure

o () £ Eg[ V()| V1 V Gu]

n—1
= l) Z V8-, Wn—1(Tpm-11)¢(s)

peBn
= U5 (wno1 Y A (Tp1n-1jea)) = U5 (wn1 BE )

aEBl
Then,
Es[(UF () — U7(9))*Vr]
= Es[(U7() — o ()2 Vr] + Ep[(af () — W7(9))?| V]
2 A+ A,
because

by the definition of o (¢). Note that
Ay = Ep[(U5 7 (wn-1 R p) — U5 (wae1 Ry 0))? |V

and by the induction hypothesis we get

Es[(05 " () — U5 (¢))*1Vr] < v fiT ()

Hence,

U (W)U (wa-1RE ), 90)%)
N

A <
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_ el o5 (1) O (w1 R, 1)°)
- N
I 2 O € O )

N )

because Rai/nl = 1. For the term As, we can write

—%[(HU?)
=1

e
Bl Y (P U0=1) 550 (s | D0V Guo]le]

p On
BeB
S E@[(H U?) > Esl(Nys = 48)*1Vr V Gua]@® (w5)),
=1 563_77,

where we have used the G,,_1 measurability of {Jl}le and that the random

variables I',, conditionally to Gn—1 are negatively correlated. Using now
the TBBA properties of I';, we have that

4 < E@[<H a%) S (N9} (1— {Nya))e? () V]

BEB”

(H@)U N > v’ (@) |Vr]

BEB”

n—1
Pll o 2
H H ——=2Eg[ ( 0'12> Z Yp-Apnwn—1(Tgm—1)) | V1]

=1 ﬂeBn

Note that

(H Ul) Z Yo—-Ag, w(Tg[n—1]) = n (wn 1RT/n (1)) = \iﬂ%_l(wn—l),

=1 BeB™

because R;’; /n (1) = 1. By taking iteratively conditional expectations with
respect to Yr V G;,j = 1,n — 2, it is easy to see that E@[‘i”}fl(wn,l)] =
\Ilgfl(wn_l). Hence, using again the induction hypothesis we get that

W (1) 95 (wh )

n—1

Es[(W5 (wn-1))*[Vr] < (U5 (wn-1))* + N :

which yields

T — 2 Fn— T —
ay < 12l (T8 wn 1)) HlllS U571 (1) W57 (whoy)
2= N NE
(W) + 957" (1) 5" ()
< el N :
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Combining the bounds for A; and A; we get that

2
Bal(B ()W (o)?1r] < 2l (00 (1) B3 () + (931)))

and, therefore,

C(m,T,0,Y) = lloll % {205 (1) U5 (wh_y) + (P(1))*}

The integrability of C (m,T,p,Y) follows by using similar arguments as
in the proof of Lemma 4.10.

[
Definition 6.5 We define fr;’N by

~n,N
N 2 Pr(p) 1 .
7TTN L AZ;,N =5 E A (23) . (6.3)
pT (1) ﬁeB_n

Theorem 6.4 yields the following result.

Corollary 6.6 There exists a positive random variable K=K (m,T,p) such

that Eg[| 77 (go)—fr;ﬁ’N () [|V7] < K(%/’f’yi, forallp € C"+2 (R?) . Moreover,

K (m,T,¢,Y) is integrable with respect to P.

Proof. The proof is the same as the one for Corollary 6.3, making the obvious
changes and using Theorem 6.4. m

6.3 Main result for the KLV particle filter

The main result of the paper is the following:

Theorem 6.7 There exists a positive constants ¢ = é(m, T, ) and ¢ = é(m, T, )
such that, for all ¢ € Cg"” (Rd) , we have

Bsllnr () — 75" ()] S &5y + 1),
and o y )
Bsllmr (o) — 13 ()] < &5y + 1)

where 75N and 77N are defined in (6.2) and (6.3), respectively.
Proof. Using the triangular inequality we have that
Bsllmr (¢) = 7™ () | < Egllmr () = 75 (D)) + Es (177 () — ™ () [)-
By Corollary 4.7, it follows that
Epllmr (0) — 77 (¢)]] <
and, by Corollary 6.3, we have that

Es (|77 (9) — 7™ () || < Bp[Bs[|75 () — 75 () [| V1]

1 ~ -

which yields the result. The proof for ﬁ;’N is analogous. =
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7 Numerical simulations

In this section we present some numerical experiments to test the performance
of the algorithms we have introduced. The model chosen is a particular case
of the Benes problem. This is a stochastic filtering problem with a nonlinear
dynamics for the signal and a linear dynamics for the observation process. This
problem has an analytical finite dimensional solution, known as the Benes filter.
In particular the conditional distribution of the signal, given the observation
process, is equal to a Gaussian mixture. Although the model do not satisfy
some of the conditions for which our theory holds (the function h and the
derivatives of f are not bounded) we believe that is good benchmark to test the
new algorithms as it allows for sufficient rich (non-linear) behaviour while still
having a closed form expression for its solution.

7.1 The model and its exact solution

The dynamics of the signal is given by the following one-dimensional SDE
t
Xt:mo—&—/ fXs)ds+oVy, 0<t<T, (7.1)
0

where f(z) = potanh(£x), and the observation process is given by the one-
dimensional process Y; = fot h(Xs)ds + Wy, where h(x) = hix 4 ho, V; and W,
are two independent, one-dimensional Brownian motions, xg, i, h; and hy € R
and ¢ > 0. The conditional law of X; given ); in the previous problemhas
an exact expression. It is a weighted mixture of two normal distributions, see
Chapter 6 in [1]. That is, given a realization ¥ = {¥;}o<s<; of the observation
process, we have the following equality in law for X; given ),

T = wy N(AF/(2B,),1/(2By)) +wy N (A7 /(2By),1/(2By)),

where
w2 exp ((A7)?/(4By)) /(exp ((AF)?/(4By)) + exp ((A7)?/(4By)))
Af & j:g + h Uy + % - % coth (hyot),

! sinh(hy0s)
sinh(hyot)

oy
||>

h
2 L oth (hyot), W, 2 / dys,
20 0

and N (,LL,O'Q) denotes a normal distribution with mean p and variance o2.
Recall that in practice we only observe Y at a finite partition II"™"7 = {0 =
tg <t < -+ < tpo < tp—1 = T} of the interval [0,7]. Hence, we have to
approximate the integral in the definition of ¥, using a Riemann-Stieltjes sum.
In particular, we will use Uy, =~ 2_:10 %(Ktkﬂ -Y;,), for all t; € ™1

From the expression for the density of the posterior distribution 7;, one can
compute hx; the density of the signal X;, which we will call the prior. Setting
ho = 0 and taking limits when h; tends to zero one has that

Law(X,) = wf N(Af /(2B:),1/(2B,)) + wy N(AT /(2B,),1/(2B,)),
where

wi £ exp ((AF)?/(4By)) /(exp ((A])?/(4By)) + exp (A7 )%/ (4By)))
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7.2 Numerical experiments

In the numerical experiments we set certain values for the parameters u, o, hy, ho, g
and T, and we compute a realisation of X; and Y; using the Euler scheme and
an equidistant partition II"™7T = {t; = %T}izow’m with m = 10°. We will call
the realisation of X; the seed particle. All the other simulations will be done
assuming that we are given the fixed path Y;, computed from the seed particle
path. Usually we will consider partitions II"™7, with n < m and the values of
Y; in these partitions will be obtained using linear interpolation of the values of
Y, in II™T .

Using the previously simulated discrete path of Y, we can approximate the
integral W; and compute the values of wti, A;t, By u’)ti, Ati and B, for t € I™ T,
obtaining the parameters of the normal mixtures for the prior and the posterior
at each ¢ € II"™7. Hence, we can plot the exact densities of the prior and the
posterior and compute any expectation with respect to them, at each t € II"™ 7T

7.2.1 Visualising the approximation

A first experiment to actually visualize the approximation mechanism is the
following. We use the following set of parameter values

p=22 hi =015 hy=00, o=2220=0.0 T=10.0.

In Figure 1, we plot the density of the prior at time t = 8.3. We also plot
an histogram of the position of the particles as well as its actual positions,
represented by small vertical bars below the horizontal axis. In addition, we
draw a triangle which represents the position of the seed particle. To compute
the law of the signal is equivalent to solve the stochastic filtering problem with
the sensor function A being equal to zero, that is, making all the filtering weights
equal to 1. Hence, the prior and posterior densities coincide in this case. Figure
1 points out the main issue that any particle filter without resampling is going to
face when solving this problem. Note that the law of the signal is a symmetric
bimodal distribution with the distance between the two modes increasing as
time increases. Eventually, the distribution of the signal consists in two non-
overlapping peaks. This means that the seed particle will be in any of these two
peaks with equal probability and will remain there forever. As no observation
data is available, the prior distribution itself offers a bad approximation to the
signal as half of the mass and, hence, half of the particles will always be placed
in the wrong peak, that is, in the one that does not contain the signal.

In Figure 2, we plot the prior and posterior densities at time ¢t = 8.3. We
also plot the histogram of the particle approximation of the posterior density.
We use the first version of the KLV-filter where the TBBA is only applied to the
cubature weights (the data is not taken into account). Here half of the particles
are still situated in the wrong place and are assigned small weights. Hence,
half of the computational effort is wasted in maintaining alive particles that are
contributing zero to the approximation.

In Figure 3, we plot the same elements of Figure 2 but using the second
version of the KLV-filter with resampling. As a result, now all the particles
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Figure 1: Plot of the exact density of the signal X; and the histogram of its
particle approximation, both at ¢t = 8.3.

are placed on the correct peak, the one with the signal, and contribute with a
non-null weights to the approximation.

7.2.2 Convergence of the KLV particle filter

In this section we investigate numerically the convergence of the KLV filter in
terms of the number or time steps in the partition and the number of particles.
We use the following set of parameter values

pw=05, h; =04, he=00, o0=08,290=10 T =10.0.

We will estimate 77 (¢) where p(z) = x, that is, the conditional expectation of
the signal at time T given the observation process up to time 7. We take as the
exact value for mp(y) the value given by the Benes filter E[X;|)V;] = 7r(p) =
(wh AT + wp A7)/ (2By). First, we estimate mr(p) using 77 (¢), where the
number of particles N = 10° and we choose various values for n, the number
of steps in the discretization partition. We compute ﬁ;’N(go) using cubature
formulas of degree 3 and 5. In Figure 4, we plot the logarithm of the absolute
error in the estimation of w7 (y) by ﬁgﬁ’N(go) against the logarithm of the number
of time steps. Both, the cubature formula of degree 5 and degree 3 give a rate
of convergence of one. Hence, it is clear that the discretisation error of Picard’s
filter is a lower bound for the discretisation error of the method, even when
one uses a degree 5 (order 2 for approximating the law of the signal) cubature
formula.

In Fig 5, we plot the absolute error obtained using ﬁ;,i’N(go) with n = 150
fixed and varying the number of particles N.

The number of particles used in the simulation ranges from 2 to 22° ~
1048576. Apparently, with 2! = 32768 particles we already obtain a good
partial sampling of the cubature tree (we get close to the discretization error)
and there is no significant improvement in using a larger number of particles.
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Figure 2: Plot of the exact density of Xy, the exact density of X;|Y; and the
histogram of its particle approximation, both at ¢t = 8.3.
First version of the KLV particle filter.

7.2.3 Comparison with the classical particle filter based on Euler
approximation

In this section we compare the performance of our algorithm against the classical
particle filter implemented using the Euler scheme to approximate the signal
and the TBBA to perform the resampling at each time step. We will denote
by %;’N(cp) the classical particle filter. In what follows, we add a subindex r
indicating the result of the r-th independent launch of both algorithms, r =
1,..., M. Hence, our approximations will be

M M

AN M, L “n,N o, N M, 1 on,N
7 ()= 2_ 77 (#), 7 () = 57 2_ 77 (#)-

r=1 r=1
We set the same number of launches M = 10 and the same number of steps in
the partition for both estimators. However, the number of particles used in our
algorithm will be just N = 100 while we set N = 10000 for the classical particle
filter. We use the following set of parameter values

=005 h =08, hy=00 o=10129=00 T =20.0.

The following graph, Figure 6, plots the absolute error of the estimates obtained
using the classical particle filter (Euler) and the new algorithm with cubature
formulas of degree 3 and 5 against the CPU time used in each computation.

One can see from Figure 6, that the KLV particle filter obtains better errors
with less computational time. In addition, it seems that the KLV particle filter
is more robust to the resampling procedure than the classical particle filter, in
the sense that the additional randomness added by resampling does not increase
the error when using a large number of time steps.
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histogram of its particle approximation, both at ¢t = 8.3.
Second version of the KLV particle filter.
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