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Abstract

We develop algorithms for computing expectations with respect to the laws of models associated to stochastic differential
equations driven by pure Lévy processes. We consider filtering such processes as well as pricing of path dependent options.
We propose a multilevel particle filter to address the computational issues involved in solving these continuum problems.
We show via numerical simulations and theoretical results that under suitable assumptions regarding the discretization of the
underlying driving Lévy proccess, the cost to obtain MSE O(e?) scales like O (e ~2) for our method, as compared with the

standard particle filter O(e~3).
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1 Introduction

Lévy processes have become very useful recently in sev-
eral scientific disciplines. A non-exhaustive list includes
physics, in the study of turbulence and quantum field theory;
economics, for continuous time-series models; insurance
mathematics, for computation of insurance and risk, and
mathematical finance, for pricing path dependent options.
Earlier application of Lévy processes in modeling financial
instruments dates back in Madan and Seneta (1990) where a
variance gamma process is used to model market returns.

A typical computational problem in mathematical finance
is the computation of the quantity E [ f (Y;)], where Y; is the
time ¢ solution of a stochastic differential equation driven
by a Lévy process and f € B,(R?), a bounded Borel
measurable function on R?. For instance f can be a pay-
off function. Typically one uses the Black—Scholes model,
in which the underlying price process is lognormal. How-
ever, often the asset price exhibits big jumps over the time
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horizon. The inconsistency of the assumptions of the Black—
Scholes model for market data has lead to the development
of more realistic models for these data in the literature. Gen-
eral Lévy processes offer a promising alternative to describe
the observed reality of financial market data, as compared to
models that are based on standard Brownian motions.

In the application of standard and multilevel particle fil-
ter methods to SDEs driven by general Lévy processes, in
addition to pricing path dependent options, we will consider
filtering of partially-observed Lévy process with discrete-
time observations. In the latter context, we will assume that
the partially-observed data are regularly spaced observations
Z1s - .., 20, Where 7z € R is a realization of Z; and the
density of Z; given Yx; = yi. is known, where t is the time
scale. Real S&P 500 stock price data will be used to illustrate
our proposed methods as well as the standard particle filter.
We will show how both of these problems can be formulated
as general Feynman—Kac type problems (Moral 2004), with
time-dependent potential functions modifying the Lévy path
measure.

The multilevel Monte Carlo (MLMC) methodology was
introduced in Heinrich (2001) and first applied to the
simulation of SDE driven by Brownian motion in Giles
(2008). Recently, Dereich and Heidenreich (2011) pro-
vided a detailed analysis of the application of MLMC to
a Lévy-driven SDE. This first work was extended in Dere-
ich (2011) to a method with a Gaussian correction term
which can substantially improve the rate for pure jump
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processes (Asmussen and Rosiriski 2001). The authors in
Ferreiro-Castilla et al. (2014) use the MLMC method for
general Lévy processes based on Wiener—Hopf decomposi-
tion. We extend the methodology described in Dereich and
Heidenreich (2011) to a particle filtering framework. This
is challenging due to the following reasons. First, one must
choose a suitable weighting function to prevent the weights
in the particle filter being zero (or infinite). Next, one must
control the jump part of the underlying Lévy process such
that the path of the filter does not blow up as the time
parameter increases. In pricing path dependent options, for
example knock out barrier options, we adopt the same strat-
egy described in Jasra and Moral (2011) and Jasra and Doucet
(2009) for the computation of the expectation of the function-
als of the SDE driven by general Lévy processes.

The rest of the paper is organised as follows. In Sect. 2, we
briefly review the construction of general Lévy processes, the
numerical approximation of Lévy-driven SDEs, the MLMC
method, and finally the construction of a coupled kernel for
Lévy-driven SDEs which will allow MLMC to be used. Sec-
tion 3 introduces both the standard and multilevel particle
filter methods and their application to Lévy-driven SDEs.
Section 4 features numerical examples of pricing barrier
options and filtering of partially observed Lévy processes.
The computational savings of the multilevel particle filter
over the standard particle filter is illustrated in this section.

2 Approximating SDE driven by Lévy
processes

In this section, we briefly describe the construction and
approximation of a general d’-dimensional Lévy process
{X:}ter0,k1, and the solution Y := ({Y;};c[0,x] of a d-
dimensional SDE driven by X. Consider a stochastic dif-
ferential equation given by

dY, = a(Y,-)dX;, yoeR?, )

where a : RY — Rdx‘i/, and the initial value is yo (assumed
known). In particular, in the present work we are interested
in computing the expectation of bounded and measurable
functions f : R? — R, that is E[ f(Y;)].

2.1 Lévy processes

For a general detailed description of the Lévy processes and
analysis of SDEs driven by Lévy processes, we shall refer
the reader to the monographs of Bertoin (1996), Sato (1999),
Applebaum (2004) and Protter (2004). Lévy processes are
stochastic processes with stationary and independent incre-
ments, which begin almost surely from the origin and are
stochastically continuous. Two important fundamental tools
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available to study the richness of the class of Lévy pro-
cesses are the Lévy—Khintchine formula and the Lévy-Ito
decomposition. They respectively characterize the distribu-
tional properties and the structure of sample paths of the Lévy
process. Important examples of Lévy processes include Pois-
son processes, compound Poisson processes and Brownian
motions.

There is a strong interplay between Lévy processes and
infinitely divisible distributions such that, for any 7 > 0 the
distribution of X, is infinitely divisible. Conversely, if F is
an infinitely divisible distribution then there exists a Lévy
process X such that the distribution of X is given by F. This
conclusion is the result of Lévy—Khintchine formula for Lévy
processes we describe below. Let X be a Lévy process with a
triplet (v, £, b),b € Rd/, 0<x=xT¢ Rd/Xd/,where vis
a measure satisfying v({0}) = 0 and fRdr(l A lx[P)v(dx) <
00, such that

E[ei(u,X,>] 2/ ei(u,x)n(dx) — eti//(u)
R?

with 7 the probability law of X;, where

(u, Xu) /
+
2 R4\ {0}
x (e =1 = ifu, 1)1 gai<y ) vidx), we R
()

V(u) =iu, b) —

The measure v is called the Lévy measure of X. The triplet of
Lévy characteristics (v, X, b) is simply called Lévy triplet.
Note that in general, the Lévy measure v can be finite or infi-
nite. If v(R?') < oo, then almost all paths of the Lévy process
have a finite number of jumps on every compact interval and
it can be represented as a compensated compound Poisson
process. On the other hand, if v(Rd/) = 00, then the process
has an infinite number of jumps on every compact interval
almost surely. Even in this case the third term in the inte-
grand ensures that the integral is finite, and hence so is the
characteristic exponent.

2.2 Simulation of Lévy processes

The law of increments of many Lévy processes is not known
explicitly. This makes it more difficult to simulate a path of
a general Lévy process than for instance standard Brownian
motion. For a few Lévy processes where the distribution of
the process is known explicitly, Cont and Tankov (2004) and
Schoutens (2003) provided methods for exact simulation of
such processes, which are applicable in financial modelling.
For our purposes, the simulation of an approximated path of
a general Lévy process will be based on the Lévy—Itd decom-
position and we briefly describe the construction below. An
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alternative construction is based on Wiener—Hopf decompo-
sition. This is used in Ferreiro-Castilla et al. (2014).

The Lévy-Itd decomposition reveals much about the
structure of the paths of a Lévy process. We can split the
Lévy exponent, or the characteristic exponent of X, in (2),
into three parts

v=v' vy
where
Yl =iu,b), wz(u)=—<u’22u>,

1//3(u)=/, (ei(“'x>—l—i(u,x)]l”x|<1}> v(dx), ueR?
R\ (0}

The first term corresponds to a deterministic drift process
with parameter b, the second term to a Wiener process with
covariance ¥, and the last part corresponds to a Lévy process
which is a square integrable martingale. This term may either
be a compensated compound Poisson process or the limit of
such processes, and it is the hardest to handle when it arises
from such a limit.

Thus, any Lévy process can be decomposed into three
independent Lévy processes thanks to the Lévy—It6 decom-
position theorem. In particular, let {L;};c[0,x] denote a
process such that the characteristic exponent of L; is £3 (1),
and let {W;};¢|0, k] denote a Wiener process independent of
the process {L;};e[0,x]. A Lévy process {X;};¢[0,k] can be
constructed as follows

X, =vEW,+ L, +bt, 3)

where v/ denotes the symmetric square-root of ¥. The

Lévy-Itd decomposition guarantees that every square inte-
grable Lévy process has a representation as (3). We will
assume that one cannot sample from the law of X, hence of
Y;, and rather we must numerically approximate the process
with finite resolution. Such numerical methods have been
studied extensively, for example in Jacod et al. (2005) and
Rubenthaler (2003).

Let |- | denote the standard Euclidean /2 norm, for vectors,
and induced operator norm for matrices. It will be assumed
that the Lévy process X (2), and the Lévy-driven process Y
in (1), satisfy the following conditions.

Assumption 2.1 There exists a C > 0 such that

@ la(y) —a(y)| = Cly = 'l and [a(y)| < C for all
yeRY;
(i) 0 < fpa IxIPv(dx) < C?;

Item (i) provides continuity of the forward map, while (ii)
controls the variance of the jumps. These assumptions are

the same as in the paper (Dereich and Heidenreich 2011),
with the exception of the second part of (i), which was not
required there.

2.3 Numerical approximation of a Lévy process and
Lévy-driven SDE

Recall (1) and (3). Consider the evolution of discretized
Lévy process and the Lévy-driven SDE over the time interval
[0, K].

In order to describe the Euler discretization of the two
processes for a given accuracy parameter /;, we need some
definitions. The meaning of the subscript / will become clear
in the next section. Let §; > 0 denote a jump threshold
parameter in the sense that jumps which are smaller than
8; will be ignored. Let B;, = {x € RY : |x] < &;}. Define
A= v(Bgl) < 00, that is the Lévy measure outside of the
ball of radius §;. We assume that the Lévy component of the
process is nontrivial so that v(B1) = oo, which assures that
A1 > Ofor §; sufficiently small. Note that A; will increase as §;
decreases and, assuming 8o, = 0, then Ao, = oco. Therefore,
the following procedure is logical. First 4; will be chosen
and then the parameter §; will be chosen such that the step-
size of the time-stepping method is #; = 1/A;. The jump
time increments larger than §; are exponentially distributed
with parameter A; so that the number of jumps larger than
8; before time ¢ is a Poisson process N'(r) with intensity ;.
The jump times will be denoted by TJI The jump heights

ALlf _are distributed according to
J

1
p!(dx) = —]le (x)v(dx).

Define

F = / xv(dx). 4)
4

The expected total length of all jumps before time ¢ is Fét,
and the compensated compound Poisson process L% defined
by

N

8 I gl
L=y ALy = Fyt
j=1

is an L2 martingale which converges in L? to the Lévy
process L as §; — 0 (Applebaum 2004; Dereich and Hei-
denreich 2011).

The Euler discretization of the Lévy process and the Lévy
driven SDE is given by Algorithm 1. Appropriate refinement
of the original jump times {Tl} to new jump times {T’} is
necessary to control the dlscretlzatlon error arising from the
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Brownian motion component, the original drift process, and
the drift component of the compound Poisson process. Note
that the AL’T ; is non-zero only when T; corresponds with fnli
for some m, ]als a consequence of the construction presented
above.

Algorithm 1 : Discretization of Lévy process

Initialization: Let YN’é =0and j =1;
(A) Generate jump times:
T{ =min{l, T/, + &), & ~ Exp() ;
IfTJl =1,k = j; Goto (B);
Otherwise j = j + 1; Go to start of (A).
(B) Generate jump helghts
For j € {1,. k[*l}Z’\’/l.,
[ L _ -
ALT; =2z and ALTi] =0;
Setj=1,T!=0.
(C) Refinement of original jump times:
7! :min{TJLI +hl,min{7~",f > Tl ke {1,...,12,}” :

If T; = 7~"kl for some k € {1,...,
otherwise ALy =0 ;

J
IfT]? =1,k = j; Goto (D);
Otherwise j = j + 1; Go to start of (C).

ki}, then ALy = ALji;
J J

(D) Recursion of the process:
Form € {0, ...,k — 1},X6 = Xx0;

I 1
X\ =x!, V= (W
7! [T 1!

1 1
| - WTIIW)+ALT, - F)@l  —1h).
m+

&)

The numerical approximation of the Lévy process
described in Algorithm 1 gives rise to an approximation
of the Lévy-driven SDE as follows. Given Y;,, for m =

0

0,....k—1

!, —Y’1+a( ,>(AX) : (©6)

m+1 m+l

1 _ vl
where (AX)Trfw = XT,
the recursion in (6) g1ves rlse to a transition kernel, denoted

by 0! (u, dy), between observation times 7 € {0, 1, ..., K}.

This kernel is the conditional distribution of Yl given 1n1t1a1
k/

condition Y! 7! = u. Observe that the initial condition for X

XIT, is given by (5). In particular

is 1rre1evant for simulation of Y, since only the increments
(AX ) are required, which are simulated independently

Tyt
by adding a realization ofN((b — Fé)(TnZ1_|r1 — T,f,), (Tnl1+1

T))T) to AL’T,
m+1

Remark 2.1 The numerical approximation of the Lévy pro-
cess and hence Lévy-driven SDE (1) in Algorithm 1 is the
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single-level version of a more general coupled discretization
(Dereich and Heidenreich 2011) which will be described
shortly in Sect. 2.5. This procedure will be used to obtain
samples for the plain particle filter algorithm.

2.4 Multilevel Monte Carlo method

Suppose one aims to approximate the expectation of func-
tions of the solution of the Lévy-driven SDE in (1) at time
1, that is E[ f(Y7)], where f : R4 — R is a bounded and
measurable function. Typically, one is interested in the expec-
tation w.r.t. the law of the exact solution of SDE (1), but this
is not always possible in practice. Suppose that the law asso-
ciated with (1) with no discretization is 1. Since we cannot
sample from 71, we use a biased version nlL associated with
a given level of discretization of SDE (1) at time 1. Given
L > 1, define JTlL(f) = ]E[f(YlL)], the expectation with
respect to the law associated with the Euler discretization
(5) at level L. The standard Monte Carlo (MC) approxima-

.\ N
tion at time 1 consists in obtaining i.i.d. samples (Y 11‘ o ) 1
=

from the law nlL and approximating JTIL (f) by its empirical
average

CN = Z FrE).

i=1

The mean square error of the estimator is

e (M) = [(nf'Nm - m(f)>2] :

SIIICC the MC estimator 711 Ne (f) is an unbiased estimator
for 7 L(f), this can further be decomposed into

2
e (M) = NS VIFOEN+ G () = m ()2 ()

variance bias

The first term in the right hand side of the decomposition is
the variance of MC simulation and the second term is the bias
arising from discretization. If we want (7) to be O(€?), then
itis clearly necessary to choose Ny, o €2, and then the total
costis Np x Cost(YlL’(l)) o €271 where it is assumed that
Cost(YlL’(i)) o €1 is the cost to ensure the bias is O(¢).
Now, in the multilevel Monte Carlo (MLMC) settings, one
can observe that the expectation of the finest approximation
nl ' (f) can be written as a telescopic sum starting from a
coarser approximation O(£), and the intermediate ones:

L
() =2+ Y (i —=7'n). ®)

=1
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Now it is our hope that the variance of the increments decays
with [, which is reasonable in the present scenario where they
are finite resolution approximations of a limiting process.
The idea of the MLMC method is to approximate the mul-
tilevel (ML) identity (8) by independently computing each
of the expectations in the telescopic sum by a standard MC

method. This is possible by obtaining i.i.d. pairs of sam-
N,

LG vI-1,0\"
ples <Y1 Yoy )

i=

| for each [, from a suitably coupled

joint measure 7’{{ with the appropriate marginals 71{ and nf_ l
for example generated from a coupled simulation the Euler
discretization of SDE (1) at successive refinements. The con-
struction of such a coupled kernel is detailed in Sect. 2.5.
Suppose it is possible to obtain such coupled samples at time
1.Thenfor!/ =0, ..., L, one hasindependent MC estimates.
Let

NO:L( ) — L % (Yl,(i))
T () = No z 1Y,

L N;
1 1.3 1-1,3i)
2 o (o = po ), ©
=1 i=1
where No.; = {Nl}leo. Analogously to the single level

Monte Carlo method, the mean square error for the multi-
level estimator (9) can be expanded to obtain

e (x ()’

L
=Y NI = FOTIDIHEE) = mi()?
=0 N— ———

bias

variance

(10)

with the convention that f (Y 1_1) = 0. It is observed that
the bias term remains the same; that is we have not intro-
duced any additional bias. However, by an optimal choice
of Ny.r, one can possibly reduce the computational cost for
any pre-selected tolerance of the variance of the estimator,
or conversely reduce the variance of the estimator for a given
computational effort.

In particular, for a given user specified error tolerance €
measured in the root mean square error, the highest level L
and the replication numbers Ny.;, are derived as follows. We
make the following assumptions about the bias, variance and
computational cost based on the observation that there is an
exponential decay of bias and variance as L increases.

Suppose that there exist some constants «, 8 and an accu-
racy parameter /; associated with the discretization of SDE
(1) at level [ such that

(B [E[f (YD) — f(rI=NH11 = 0,

V) Ellf(vh — fr=h121 = oad),
(Cp) cost (Yll, Yll_1> o' hl_l,

where «, B are related to the particular choice of the dis-
cretization method and cost is the computational effort
to obtain one sample (Y l'y l_l). For example, Euler—
Maruyama discretization method for the solution of SDEs
driven by Brownian motion, under Assumption 2.1 on the
coefficient of the SDE, and for Lipschitz f, gives orders
o = B =1 (see Kloeden and Platen 1992, Theorem 10.2.2).
The accuracy parameter 4 typically takes the form h; = S, !
for some integer Sop € N. Such estimates can be obtained
for Lévy driven SDE and this point will be revisited in detail
below. For the time being we take this as an assumption.

The key observation from the mean-square error of the
multilevel estimator (9)—(10) is that the bias is given by the
finest level, while the variance is decomposed into a sum of
variances of the /th increments. Thus the total variance is of
the form V = Y} ViN," and by condition (V;) above,
the variance of the /th increment is of the form V; N 17]' The
total computational cost takes the form C = Zf:o C;N;. In
order to minimize the effort to obtain a given mean square
error (MSE), one must balance the terms in (10). Based on
the condition (B;) above, a bias error proportional to € will
require the highest level

—log(e)
d —

log(So)a (n

In order to obtain optimal allocation of resources Ny, one
needs to solve a constrained optimization problem: minimize
the total cost C = Z1L=o C| N, for a given fixed total variance
V = ZIL:O VINI_1 or vice versa. Based on the conditions
(V;) and (Cy) above, one obtains via the Lagrange multiplier
method the optimal allocation N; VII/ZCI_I/2 x hl(ﬂ+l)/2.

Now targetting an error of size O(e), one sets N;
e_2hl(ﬂ+1)/2K(e), where K (¢) is chosen to control the total
error for increasing L. Thus, for the multilevel estimator we
obtained:

L L
variance : V = Z VlNl_l =e?K(e)! Zh;f?*l)/Z
1=0 1=0
L
cost: C = Z C/N; = € 2K (¢)°.
=0

One then sets K (¢) = Zf:o hl(’3 ~D/%in order to have vari-
ance of O(e2). We can identify three distinct cases

(1) If B = 1, which corresponds to the Euler-Maruyama

scheme, then K(¢) = L. One can clearly see from
the expression in (11) that L = O(|log(€)|). Then the
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total cost is O(e 2 log(e)z) compared with single level
O(e73).

(i) If B > 1, which correspond to the Milstein scheme,
then K(¢) = 1, and hence the optimal computational
costis (e 2).

(iii) If B < 1, which is the worst case scenario, then it is
sufficient to choose K (¢) = K (¢) = h(Lﬂ_l)/z. In this
scenario, one can easily deduce that the total cost is
O(e~ W/t where k = 2 — B/, using the fact that
hp ocel/e,

One of the defining features of the multilevel method is
that the realizations (Yll, Yll _1) for a given increment must
be sufficiently coupled in order to obtain decaying variances
(V). It is clear how to accomplish this in the context of
stochastic differential equations driven by Brownian motion
introduced in Giles (2008) [see also Jasraetal. (2017)], where
coarse icrements are obtained by summing the fine incre-
ments, but it is non-trivial how to proceed in the context of
SDEs purely driven by general Lévy processes. A technique
based on Poisson thinning has been suggested by Giles and
Xia (2012) for pure-jump diffusion and by Ferreiro-Castilla
et al. (2014) for general Lévy processes. In the next section,
we explain an alternative construction of a coupled kernel
based on the Lévy-Ito decomposition, in the same spirit as
in Dereich and Heidenreich (2011).

2.5 Coupled sampling for Levy-driven SDEs

The ML methodology described in Sect. 2.4 works by
obtaining samples from some coupled-kernel associated with
discretization of (1). We now describe how one can con-
struct such a kernel associated with the discretization of
the Lévy-driven SDE. Let (y,y) € R*. For [l > 1,
let Q”l’l((y, y"), -) be a coupling of the kernels 0y,
and Q'~1(y’, ). For ¢ € By(R?*?) we use the notation for
(., y) e R*:

0" @),y
= /dew(yl,y’_l)Q”‘l((y,y’),d(yl,yl‘l)).

Coupling means that for ¢ € B, (R?)

0" e ® Dy, y) = 09,
0" 1)y, y) = 0 @) ()

where ® denotes the tensor product of functions, e.g. ¢ ®
1 denotes ¢(y') in the integrand associated to ohl-1
(. y).dR! Y 7).

The coupled kernel 0"'=1 can be constructed using the
following strategy. Using the same definitions as in Sect. 2.3,
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let §; and &;—1 be user specified jump-thresholds for the fine
and coarse approximation, respectively. Define

Fé:/ xv(dx) and Fg—1=/

351 3517 1

xv(dx). (12)

The objective is to generate a coupled pair (Y 1[ Ly 11 -1

) given
O, ¥61), by, hy—y with by < hy_y. The parameter 8¢ (h¢)
will be chosen such that hg_1 = v(B(iZ ), and these determine
the value of F(f in (12), for £ € {l,1 — 1}. We now describe
the construction of the coupled kernel Ql /=1 and thus obtain
the coupled pair in Algorithm 2, which is the same as the one
presented in Dereich and Heidenreich (2011).

Algorithm 2 : Coupled kernel Ql =1 for Lévy-driven SDE

(1) Generate fine process: Use parts (A) to (C) of Algorithm 1

to generate fine process yielding (ALIT’?,, R ALIT’],J) and
1 i
N N
(Tl e Ty )
(2) Generate coarse jump times and heights: for j; € {1, ..., kf} s

Azt > s,
it 1l =1,0-1 11

then ALi‘JI;H = ALT’II/Z and T;" " =T, jio1 = ji-1+ 1

—1

(3) Refine jump times: Set j;—; = j; = 1 and Té’lil = Tf)’l =0,
() 7" = min {Tl,l—ll Ay min {sz,z—1 S 7l e

Ji-1 Ji-1— Ji-1—1

{1,...,12;_1}}}.

T =1, setk] | = jii;else ji = ji-1 + 1 and Go to

@@).
N . = 1K K
(i) 73 = min {T =TT e T oL }
If le'l[ = 1, set k,[ = j;, and redefine Ti“ = Tf'[ fori =
1,..., kf;
Else j; = j; + 1 and Go to (ii).

(4) Recursion of the process: sample W, ii,... Wy (noting

1 P

1
1i-1,k- N
T ho T Rl
Letm; € {0, ... .kl —1},m_1 €{0,... .k, =1}, v)' =¥,

LI=1 _ yI-1,
and Y, =Y,

1,1 _ 11 1,0 1,1 ) 1,0
o= u+a(YT],l)(«EAWTl_1 +arth - FO)ATmlH),
my+1 my my my+1 my+1
(13)
1,1—1 1,1—1 1,1—1
YTI,I—I = YT”" +a(YT1.171) (14)
my_y+1 mp—1 m_y
x (VEAW o +ALY w0 - FhaTy L),
Th my_1+1
my_1+1 my_1+1
where AW. e =W._e —W._eand ATI’E+l = Tl’ﬂ_l — T,Lf for
Tm£+l Tm,ﬂrl T”’l e me
Le{l,l—1}.
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3 Multilevel particle filter for Lévy-driven
SDEs

In this section, the multilevel particle filter will be discussed
for sampling from certain types of measures which have a
density with respect to a Lévy process. We will begin by
briefly reviewing the general framework and standard particle
filter, and then we will extend these ideas into the multilevel
particle filtering framework.

3.1 Filtering and normalizing constant estimation
for Lévy-driven SDEs

Recall the Lévy-driven SDE (1). We will use the following
notation here: y1., = [y1, y2, ..., yu]. [t will be assumed that
the general probability measure of interest is of the form

i@y o [ TTGi00 0% (i1 i |, (1)

i=1

for n > 1 and for some given yg. Here Q*°(y;_1,dy) is
the transition kernel of the process (1), i.e. the probability
measure of solution Y; at time point 1 given initial con-
dition Yo = y;—1. It is assumed that observations Z; are
regularly observed at times 1, 2, .... The conditional den-
sity of an observation Z;, given y;, is known and denoted
g(zi|yi). Assume the observations are fixed. Since this will
always only be considered as a function of y;, follow-
ing standard practice, we introduce the shorthand notation
Gi(yi) = g(zilyi), where the subscript i encapsulates the
dependence on z;. Note that the formulation discussed here,
that is for 775°, also allows one to consider general Feynman—
Kac models (of the form (15)), rather than just the filters that
are focussed upon in this section. The following assump-
tions will be made on the likelihood functions {G;}, which
are sufficient for the mathematical results in this paper.

Assumption 3.1 There are ¢ > 1 and C > 0, such that for
alln > 0,and v, v’ € RY, G, satisfies

D ¢ <G, <
(i) |Gp(v) — G, (V)| < Clv =]

In practice, as discussed earlier on QO is typically analyt-
ically intractable, in the sense that we cannot sample from it
exactly, and we do not know how to evaluate a non-negative
and un-biased estimate of it, or even an un-normalized ver-
sion of it. As a result, we will focus upon targets associated
to a discretization, i.e. of the type

i (@yian) oc [ [T G000 Q' Oimr,dvn |, (16)

i=1

for! < oo, where Q! is defined by k; iterates of the recursion
in (6). Note that we will use ﬁfl as the notation for measure
and density, with the use clear from the context, where [ =
0,1,....

The objective is to compute the expectation of functionals
with respect to this measure, particularly at the last coordi-
nate. For any bounded and measurable function f : RY — R,
n > 1, we will use the notation

AL = / FOmAL@yia). (17)
Rdn

Often of interest is the computation of the unnormalized
measure. That is, for any bounded and measurable function
f :R? — R define, forn > 1

2l — - (v Ol (v ,
G- [ ron[[Iei000 0] a9

In the context of the model under study, ;:,ﬁ (1) is the marginal
likelihood.

Henceforth Yll:n will be used to denote a draw from 7.
The vanilla case described earlier can be viewed as the special
example in which G; = 1 for all i. Following standard prac-
tice, realizations of random variables will be denoted with
small letters. The randomness of the samples will be recalled
again for MSE calculations, over potential realizations.

3.2 Particle filtering

We will now describe the particle filter, which is capable of
consistently estimating terms of the form (17) and (18), for
any fixed /. Consistent means it is asymptotically exact in the
limit of infinite particles. The particle filter has been studied
and used extensively (see for example Moral 2004; Doucet
et al. 2001) in many practical applications of interest.

For a given level [, Algorithm 3 gives the standard particle
filter. The weights are defined as for k > 1

1.G)
RGEENAG! G (yk )

= 19)
k =l N L) L.(j) (
Zjl:1 wi "} G ()’k / )

with the convention that w(l)’ @ — . Note that the abbreviation

ESS stands for effective sample size, which measures the
variability of weights at time k of the algorithm. In the anal-
ysis to follow H = 1 in Algorithm 3 (or rather it’s extension
in the next section), but this is not the case in our numerical
implementations.

Moral (2004) (along with many other authors) have shown
that for upper-bounded and non-negative, G;, and suitable
assumptions on the dynamics (for example Assumption 2.1
is sufficient), for f : R? — R bounded and measurable
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(these conditions can be relaxed), at step 3 of Algorithm 3,
the estimate

N
>k (3)
i=1

will converge almost surely to (17). In addition, if H = 1 in
Algorithm 3,

[l_[ ZG o l(/) ] ZG ( l(/)) (yi,(j))

i=1 j 1 ]_l

will converge almost surely to (18).

Algorithm 3 : Particle filter

0. Setk =1;fori =1,..., N;, draw Yll’(i) ~ Q’(yo, 4)
1. Compute weights {w, (’)}N’

2. Compute ESS = (Z (w[ (’)) ) l
If ESS/N; < H (for some threshold H), resample the particles
{Yl’(i)}Nl and set all weights to wl - = 1/N;. Denote the
resampled particles {Yl (’)}N:’l.
Else set {7, OyM = (v} Oy,

3. Setk=k+1; 1fk—n+1€top,

.+ N, draw Y L0 Q[(A,lc (11), s

compute wclghts {wk (’)} 1 by using (19). Go to 2.

using (19)

fori =1.

3.3 Multilevel particle filter

We now describe the multilevel particle filter of Jasra et al.
(2017) for the context considered here. The basic idea is to
run L + 1 independent algorithms, the first a particle filter as
in the previous section and the remaining, coupled particle
filters. The particle filter will sequentially (in time) approxi-
mate ﬁ,? and the coupled filters will sequentially approximate
the couples (f;,?, ﬁ,l), el (ﬁ,f_l, ﬁ,f). Each (coupled) parti-
cle filter will be run with N; particles.

The most important step in the MLPF is the coupled
resampling step, which maximizes the probability of resam-
pled indices being the same at the coarse and fine levels.
Denote the coarse and fine particles at level / > 1 and step

k> 1as (Y,ﬁ’(")(z), Y,ﬁ‘l"”(z)),fori =1,...
(19) is replaced by the following, for k > 1

N;. Equation

G )
Y w066 0y
Gk<yk‘1'(”<z>>
Y w YOG )

w0 = w0 (20)

wy POy = w YO0 (1)

with the convention that wé’(i)(l ) = wé_l’(i)(l )= 1.
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Algorithm 4 Coupled Resampling Procedure
Fort =1,.
With probablhty Z M minfwy O @), wy MO @),
(1) Sample J with probablhty proportional to
mm{wk (l>(l) l L (’)(l)} for i = 1,...,N;, where the
weights are computed according to (20).

i) Set (700, 7 O0) = (V. vV w).

Else, with probability 1 — Z . mm{wk Dy, w l L0y,
(i) Sample J; with probability proportional to w,l("(’) o -
mm{wl D1y, w l LDy fori = 1, Ny,

(ii) Sample Ji—1 L Jl with probability proportlonal to wk -L (’)(l)
P OWy fori = 1,..., Ny,
’(f”(z) and ¥~ 1Oy

mm{wk (1)(1)

(iii) Set ¥ (1) = v, MU0,

We set H = 1 (as in Algorithm 3), but it need not be the
case. Recall that the case / = Ois just a particle filter. For each
1 <[ < L the following procedure is run independently.

Algorithm 5 Multilevel Particle filter

0. Set &k = 1; for i 1,...,N;, draw
(r PO 0)~m (00,00, )

1. Compute weights {(w’ (')(l) 1—1,(:‘)(1))}1{\/:/1 using (20)

2. Compute ESS = min {(ZM (wl (1)(1))2>71,

(2 e Oap2)

If ESS/N; < H, resample the
{( PO, W(l))} according
and set all weights to wl <’)(l) l L <l)(l) 1/N;.

(0050w -

o0, v Ow)| "

3. Setk_k+1 1fk_n+1stop,
for i 1...,N, draw

(v, Y"””(l)) M’((&i(’fa) L0, )
1 1(l)(l))} , by using (20). Go

particles

to Algorithm 4,

Else set

compute weights {(w; LO@y, w
to 2.

The samples generated by the particle filter for [ = 0
at time k are denoted Y,?’(l)(O), i € {l,..., No} (we are
assuming H = 1).

To estimate the quantities (17) and (18) (with [ = L)
(Jasra et al. 2017, 2018) show that in the case of discretized
diffusion processes

i (Z,l Guk P ) FOEP )
YN GaoE P W)
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Y M G PPy
N YN G @) £ @ 0))
>N G @ 0))

iy Gn<y,il’("><l>>f(yf,"“(1)))

and

L n—1

. 1 :
ML.L ¢y _ 2 AT
o= (5 J§_1:G,<yl ]

=1 i=1

N;
ZG On O f o ()

[1'[ ZG(’ )

N;

ZG oo P ay)
T n |

[1—[ Z 0. (1)(0))]

No
Z GO 0) £ (0) (22)

converge almost surely to ﬁﬁ( f) and EnL (f) respectively, as
min{N;} — oo. Furthermore, both can significantly improve
over the particle filter, for L and { Nl}lL:] appropriately cho-
sen to depend upon a target mean square error (MSE). By
improve, we mean that the work is less than the particle fil-
ter to achieve a given MSE with respect to the continuous
time limit, under appropriate assumptions on the diffusion.
We show how the Ny, ..., Nz can be chosen in Sect. 3.3.1.
Note that for positive f the estimator above f,ivu“’[‘ (f) can
take negative values with positive probability.

We remark that the coupled resampling method can be
improved as in Sen et al. (2018). We also remark that the
approaches of Houssineau et al. (2018) and Jacob et al. (2016)
could potentially be used here. However, none of these arti-
cles has sufficient supporting theory to verify a reduction in
cost of the ML procedure.

3.3.1 Theoretical result

We conclude this section with a technical theorem. We con-
sider only ﬁnML L( f), but this can be extended to {,?/[L L( ),
similarly to Jasra et al. (2018) . The proofs are given in
“Appendix”.

Define Bj,(R9) as the bounded, measurable and real-
valued functions on R? and Lip(R?) as the globally Lips-

chitz real-valued functions on R?. Define the space A =

Table 1 The three cases of

. CASE C(e)
MLPF, and associated cost C(¢).
B is as Lemma A3 B8>2 O@E?)
B=2 O(e™*log(e)?)

B <2 O(s2HB-2/(B)y

Bp(RY) N Lip(RY) with the norm [¢|| = sup,cga lp(x)| +

SUP,.y cRe \(ﬂ()‘c)g_w(y)l

The following assumptions will be required.

Assumption 3.2 There exists C, 81 > 0, such that for all
h; > 0, there exists a §;(h;) > 0 such that §;(h;) < Chfl
and h; = 1/V(B§l(h1))'

Denote by Ql’l_l ((y, "), -) the coupling of the Markov
transitions Q' (y, -)and Q"1 (y", ), (y, ¥') € R* asin Algo-
rithm 2.

Assumption 3.3 E[COST(Q"~1)] O ™h,

E[COST(Q“_I)] is the expected cost to simulate one sam-
ple from the kernel >/~

where

Below [ denotes expectation w.r.t. the law of the particle
system.

Theorem 1 Assume (2.1, 3.1,3.2, 3.3). Then for any n >
0, f € A, there exists a C > 0 such that for ¢ > 0 given
and L > 0, {Nz}[L=0 depending only upon ¢, the following
estimate holds

E[(ﬁﬁ“L'L(f) e <f>) } < Cs?,

for the cost C(g) := E[COST (g)] given in the second column
of Table 1.

Proof The proof is essentially identical to Jasra et al. (2017,
Theorem 4.3). The only difference is to establish analogous
results to Jasra et al. (2017, Appendix D); this is done in the
appendix of this article. O

4 Numerical examples

In this section, we compare our proposed multilevel particle
filter method with the vanilla particle filter method. A tar-
get accuracy parameter € will be specified and the cost to
achieve an error below this target accuracy will be estimated.
The performance of the two algorithms will be compared
in two applications of SDEs driven by general Lévy process:
filtering of a partially observed Lévy process (S&P 500 stock
price data) and pricing of a path dependent option. In each
of these two applications, we let X = {X;};¢[0,x] denote
a symmetric stable Lévy process, i.e. X is a (v, X, b)-Lévy
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process, and the Lebesgue density of the Lévy measure is
given by

v(dx) = clx| 1P T e ) (X)dx + clx| T TP T g1 (x)dx,
x € R\ {0}, (23)

with ¢ > 0, x* > 1 (the truncation threshold) and index
¢ € (0,2). The parameters ¢ and x* are both 1 for all the
examples considered. Notice Assumption 2.1(ii) is satisfied.
The Lévy-driven SDE considered here has the form

dY; = a(Y,-)dX;, Yo= yo, (24)
with yg assumed known. In the examples illustrated below,
wetakea(Y;) =Yy, yo = 1,and ¢ = 0.5. The first condition
of Assumption 2.1(i) is satisfied for this choice of a, but the

second condition is not, without modifying a outside of a
compact set.

Remark 1 (Symmetric stable Lévy process of index ¢ €
0,2))

In approximating the Lévy-driven SDE (24), Theorem 2 of
Dereich and Heidenreich (2011) provided asymptotic error
bounds for the strong approximation by the Euler scheme.
If the driving Lévy process X; has no Brownian component,
that is ¥ = 0, then the L2—err0r, denoted U}i, is bounded by

oy < C(@* @) + b — Fol*hp) ,
and for ¥ > 0,
opy < C@> (&) + hllog(h)]) .

for a fixed constant C < oo (that is the Lipschitz constant),

where 02(8)) := st, |x|2v(dx). Recall that 8;(h;) is chosen

such that h; = 1/v(B§']). Observe that for §; > x™ one

has v(Bgl) = 0 and h; = 0o. As mentioned earlier, we are

concerned with asymptotically small values of /; and §; here,

and so we let §; < x*, without any loss of generality. Then
one obtains the analytical expression

2c

fwn=2_¢

sith)>¢ <877, (25)

for some constant C > 0.
One can also analytically compute

28" —x*7%)

v(Bj) = 3

Now one can solve v(Bg'l) = h;, and obtain
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2chy 1/¢
Sj=——m+— . 26
l (¢+xk¢m) (26)

Then, one finds that
5 =0,

hence verifying Assumption 3.2 for this example. Using
(25)—(26) and the error bounds for X = 0, one can straight-
forwardly obtain strong error rates for the approximation of
an SDE driven by a stable Lévy process in terms of the single
accuracy parameter 4;. This is given by

2
op < Chy "% b — Fi2n}) .
Thus, if b — Fé # 0, the strong error rate 8 of Lemma A3

associated with a particular discretization level Ay, is given
by

ﬂ=mm<2;¢J). @7)

Otherwise it is just given by (2 — ¢)/¢.

In the examples considered below, the original Lévy pro-
cess has no drift and Brownian motion components, that is
¥ = b = 0. Due to the linear drift correction Fé in the com-
pensated compound Poisson process, the random jump times
are refined such that the time differences between successive
jumps are bounded by the accuracy parameter 4; associated
with the Euler discretization approximation methods in (5)
and (13)—(14). However, since Fé = 0 here, due to sym-
metry, this does not affect the rate, as described in Remark
1.

We start with verification of the weak and strong error
convergence rates, o and S for the forward model. To this
end the quantities |E[Y] — Y]~ ']| and E[|Y! — ¥|~'|?] are
computed over increasing levels . Figure 1 shows these com-
puted values plotted against /; on base-2 logarithmic scales.
A fit of a linear model gives rate « = 1.3797, and similar
simulation experiment gives 8 = 2.7377. This is consistent
with the rate 8 = 3 and ¢ = 8/2 from Remark 1 (27).

We begin our comparison of the MLPF and PF algorithms
starting with the filtering of a partially observed Lévy-driven
SDE and then consider the knock out barrier call option pric-
ing problem.

4.1 Partially observed data

In this section we consider filtering a partially observed Lévy
process. Recall that the Lévy-driven SDE takes the form (24).
In addition, partial observations {zi, ..., z,} are available
with Z; obtained at time k and Zi|(Yx = yx) has a den-
sity function G (yx) (with observation is omitted from the
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Bias Algorithm ML —— PF
weak error rate o Partially observed data
107" o
2710 _
107+
~ 5
o S
5 ~ 107
T 2 g
‘g 107
o
- 107°
10 10° 10 10° 10° 107
log,, (cost)
T T T T
2" 2° 2° 2* Fig.2 Mean square error against computational cost for filtering with
hy partially observed data
—e— Variance
strong error rate . . .
9 P behaviour of computational cost as a function of MSE for
2+ both standard cost and ML cost.
e 4.2 Barrier option
=
T . Here we consider computing the value of a discretely mon-
A 27 itored knock out barrier option (see e.g. Glasserman (2004)
“Z} and the references therein). Let Yy € [a, b] for some 0 <
E 276+ a < b < 4ooknown and let Q% (y;_1, dy) be the transition
kernel of the process as in (24). Then the value of the barrier
920 option (up-to a known constant) is

2110 28 26 o
hy

Fig.1 Empirical weak and strong error rates estimates

notation and appearing only as subscript k). The observation
density is Gaussian with mean y; and variance 1. We aim to
estimate E[ f(Yx)|z1:x] for some test function f(y). In this
application, we consider the real daily S&P 500 log return
data (from August 3, 2011 to July 24, 2015, normalized to
unity variance). We shall take the test function f(y) = e”
for the example considered below, which we note does not
satisfy the assumptions of Theorem 1, and hence challenges
the theory. In fact the results are roughly equivalent to the
case f(y) = e”ljy<10), Where I4 is the indicator function
on the set A, which was also considered and does satisfy the
required assumptions.

The error-versus-cost plots on base 10 logarithmic scales
for PF and MLPF are shown in Fig. 2. The fitted linear
model of log MSE against log Cost has a slope of —0.667
and — 0.859 for PF and MLPF respectively. These results
again verify numerically the expected theoretical asymptotic

/ max(yn — 5.0 [ [l (0 0% i1, dy»).

i=1

for S > 0 given. As seen in Jasra and Moral (2011) the
calculation of the barrier option is non-trivial, in the sense that
even importance sampling may not work well. We consider
the (time) discretized version

n
max{y, — 8, 0} | [ Tias1 (5 Q' (i1, dyi) -

R)‘l l=1

Define a sequence of probabilities, k € {1, ..., n},

k
Ae(@dyr) o« G () [ [Tian1 00 Q' -1 dyi)

i=1
ﬁ( Gi(yi)

) Tia,o1(31) Q' (i-1. d;) (28)
Gi-1 (yt 1)

for some non-negative collection of functions G (), k €
{1,...,n} to be specified. Recall that gc,ll denotes the un-
normalized density associated to 7}',. Then the value of the
time discretized barrier option is exactly
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786
Algorithm MLPF —— PF
Option pricing
107" ]
1072 -
S
@
“;_ 107 ]
D
o
107 7
107°
T T T T T T
102 10° 10* 10° 10° 107

log,, (cost)

Fig.3 Mean square error against computational cost for the knock out
barrier option example

Eé(éin) = | maxivn = .0) [[1 5100 €' Gi—1. dyi)

(29)

where f(y,) = max{y, — S, 0}. Thus, we can apply the

..........

our normalizing constant estimator (22) to estimate (29). If
G, = |f], then we have an optimal importance distribu-
tion, in the sense that we are estimating the integral of the
constant function 1 and the variance is minimal (Rubinstein
and Kroese 2016). However, noting the form of the effec-
tive potential above (28), this can result in infinite weights
(with adaptive resampling as done here), and so some reg-
ularization is necessary. We bypass this issue by choosing
Gk(yk) = |yx — S|, where k; is an annealing parameter
with ko = 0 and x, = 1. We make no claim that this is the
best option, but it guides us to something reminiscent of the
optimal thing, and with well-behaved weights, in practice.
We tried also | max{y; — S, €}|"*, with ¢ = 0.001, and the
results are almost identical.

For this example we choose S = 1.25,a = 0,b =
5,0 = l,n = 100. The N; are chosen as in the previ-
ous example. The error-versus-cost plots for PF and MLPF
are shown in Fig. 3. Note that the bullets in the graph cor-
respond to different choices of L (for both PF and MLPF,
2 < L < 8). The fitted linear model of log MSE against log
cost has a slope of —0.6667 and — 0.859 for PF and MLPF
respectively. These numerical results are consistent with the
expected theoretical asymptotic behaviour of MSEcCost ™!
for the multilevel method. The single level particle filter
achieves the asymptotic behaviour of the standard Monte
Carlo method with MSEocCost=2/3.
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Appendix: Theoretical results

Our proof consists of following the proof of Jasra et al.
(2017). To that end all the proofs of Jasra et al. (2017, Appen-
dices A—C) are the same for the approach in this article (note
that one needs Lemma A2 of this article along the way).
One must verify the analogous results of Jasra et al. (2017,
Appendix D), which is what is done in this appendix.

The predictor at time n, level /, is denoted as nfl. Denote
the total variation normas || - ||¢y. Forp € Lip(]Rd), lollLip :==
SUp, yeRd W is the Lipschitz constant. For ease (in
abuse) of notation, Q' defined by k; iterates of the recursion in
(6) is used as a Markov kernel below. We set for ¢ € B, (R?),

y e R4
0'(p)(y) = fR , e O (v, y)dy'.

Recall, for / > 1, Q”_l((y, y’), ) is the coupling of the
kernels Q'(y, -) and Q'~1(y’, -) as in Algorithm 2. For ¢ €
B, (R??) we use the notation for (y, y) € R?¢:

0" @)k, y)
= /R L e0h Y THOM (). d G YT

and note that for ¢ € By (R%)

OM @ Dy, y) = 0 @),
M1 @)y, y) = 0@ ()

where ® denotes the tensor product of functions, e.g. ¢ ® 1
denotes (p(yl) in the integrand associated to Ql’l_l((y, v,
diy', y'=h).

Let T;(t) = max{T; € T;T; < t}, and let (AX)} =
X! —XlTj (1), Where X! = X?[j o FO—F)=T;i()+(W,—
WTj () 1 a continuation of the discretized Lévy process (5).
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Define the continuation of the discretized driven process by Note also
l i l l
Y! =Y+ a(Yg, () (AX)]. E [|(AX)§|2(U(T)] < CX(|t - T; ()|
+He =T < CPhy, (33)

Let Y{ ~ Q'(y,-) and independently Yl/l ~ 04y, ). We
denote expectations w.r.t. these random variables as [E.

Lemma A1 Assume (2.1). Then there exists a C > 0 such
that forany L > 1 > 0, and (y, y') € R*

ElY! —v/?<cly—y)?.

Proof Lett € [0, 1]. We have

T
I v ol vl Iy
D A S (T +2(YTI,(I) YT_/_(,))

(atrf, ) = (o) (A%
2

+ (a0t} ) = atrf ) (A%,

Let N = #{T; < 1} be the number of time-steps before
time 1, and denote T = {Tl, R fN, N}, where Tj and T}
are generated by Algorithm 1. The sigma algebra generated
by these random variables is denoted o (T).

Following from the independence of Y}j @ and (AX )ﬁ
conditioned on o (T), we have

E[1Y] - ¥'PloD] < E[1¥], ) = ¥, Plo )]
+2E [(Y[Tj o-Y, (,))T (] ) —attf ) ‘U(T)]

(30)
E [(AX)§ \a(’]l‘)}

+E [)a(y}l_(,)) - a(Y’T’j (0)‘2 ‘G(T):| E [|(AX)£|2‘U(T)} .

The inequality is a result of the last term which uses the
definition of the matrix 2 norm. Note that E[W;]| = E[L;] =
0,so that E[(AX)!|o(T)] = (b— F})(t — T;(t)). In addition,
(4), Jensen’s inequality and the fact that Bg[ C R4, together
imply that

IFé|2§/ 1 Po(dx) s/ xPo(dx) 31)
c Rd

By
We have
E [(Y}J © — Y'Tf,(,))T (u(ngm) - a(Y'T’j(t>)) ’a(T):I E [(AX)“U('J]‘)]
=E [(Y}j(,) i) (atvh ) —ar ) ]a(T)] b= i) =T

|

(32)

< ChE I:‘Y},_(,) v} d(']l‘)i|
The inequality follows from Cauchy-Schwarz, definition of
the matrix 2 norm, Assumption 2.1(i) and (ii) in connection
with (31) and the definition of the construction of {7} in
Algorithm 1, so that [t — T;(t)| < hy.

by Assumption 2.1 (ii), and since h; < 1 by definition.
Returning to (30), and using (33) and (32), and Assumption
2.1 (i) again on the last term, we have

E [|Y} - Y;1|2(a(’ﬂ‘)] <E [|Y}j(,) - Y’T’j_(t)|2’a(’ﬂ‘)]

(1+Chyp), (34)

where the value of the constant is different.
Therefore, in particular

E [|Y7l"j+1 - Y¥/+1 |2‘U(T)] <E |:|Y%j - Y/le|2‘ff(’]r)i|
1+ Chy).

By applying (34) recursively, we have
E [IYl’ - Y{’IZ‘U(T)] <ly—yP*a+chV.

Note that P(N = n) = (Ai—l!)ne_)‘al ,and A% = hl_l by design,
as described in Sect. 2.3. Taking expectation with respect to

o (T) gives

, N+ )yt -
ElY] — v/ < Z We_hl iy —yP
n>0
=Cly—y'P.
The result follows by redefining C. O

Lemma A2 Assume (2.1). Then there exists a C > 0 such that
foranyL >1>0,(y,y) € R* and¢ € B,(RY)NLip(R?)

10" (@) (») — O (@) < CligllLip Iy — ¥'I.
Proof We have

10" (@) (») — Q'@ ()| = [E(p(Y]) — oY)
< [ElpY) — orH1H'?
< llgllLipElY] — v}/

where Jensen has been applied to go to the second line and
that ¢ € Lip(RY) to the third. The proof is concluded via
Lemma Al. O
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Lemma A3 Assume (2.1, 3.2). Then there exists C > 0 such
that forany L > 1 > 1

B
sup sup [Q'(9)(») — Q" @) (»)| < Ch}.
peA yeRd

Proof We have

10" @) ) — 0" (@)
=| f eOHOM (G, ). A6 YY)
RQd

- /H; T CRONTCE S

Using Jensen’s inequality yields

10" ()(») — '@ ()l

v 1/2
< ([, @0h =020 a0t )
R2d

Recall for ¢ € A there exists C > 0 such that |p(y!) —
@(y'~1| < C|y!—y'~!|. By Dereich and Heidenreich (2011,
Theorem 2), there exists C > 0 such that for any y € R?,
[>1

/R =y TIEOM T (. d Gl Y ) = Ch - 35)

The proof is then easily concluded. O

Remark A1 To verify (35) note that &; (h;) is chosen as a func-
tion of h; here for simplicity, and by Assumption 3.2 it can
be bounded by Ch;3 ! for some B;. The bounds in Theorem 2
of Dereich and Heidenreich (2011) can therefore be written
as the sum of two terms C(hfg1 +hf}2), and 8 = min{By, B2}.
See remark 1 for calculation of § in the example considered
in this paper.

Lemma A4 Assume (2.1,3.2). Then there exists C > 0 and
B > 0 such that forany L > 1 > 1, and (y, y') € R*,

% / —1,,)\ 2 ,
(L0 = PO o ae! ) < cay =y
R2d
where B is as in Lemma A3.

Proof We have

v 1/2
( fm L =y TR () a0 )

172
=<

d
v 1/2
= ([, = R G0 )@ a5h)
([0 =5ee o ahe'eash)
12
([ 1 =1 PQ0 a0y )

_ _ _ _ _ 1/2
=Cly=y1+ ([ 17 =P a0 0y )

@ Springer

where we have applied Minkowski’s inequality to go to the
third line and Lemma A1 to go to the final line. Now

_ _ , _ _ _ 1/2
(fnw [ A A G Yo A '))

172

([ 15 =3 3 =1 PQ0 ah 0 (v, a6 )
12
([, 1 =3Pe'e/ a5 ash)

=

. RN 1)
([, 5=y G )
R2d

where again we have applied Minkowski’s inequality to go
to the third line. Then

[, 5= 5Pel e ashe' v ash =0
R2d
and by (35) we have

_ _ _ _ o\ 12 B
( /R 5 =TI ash o G ay'Th) T = ey

The argument is then easily concluded. O

Proposition 1 Assume (2.1,3.1,3.2). Then there exists a C >
0 such that forany L > 1> 1,n > 0,

” -1 < Chg 36
nn r]n ”W = l - ( )

where B is as Lemma A3.

Proof The result follows from the same calculations of the
proof of Jasra et al. (2017, Lemma D.2) along with our
Lemma A3, which we note is analogous to (32) in Jasra et al.
(2017) with o = /2 O

It is remarked that, given our above results, Lemmata D.3
and D.4 as well as Theorem D.5 (all of Jasra et al. (2017))
can be proved for our algorithm by the same arguments as in

Jasra et al. (2017) and are hence omitted.
Note that we have proved that:

B
sup sup [Q'(@)(») — 0" (@) = Ch
peAyeRd

[, #6h8 = om0t

v B
- /R S T (RN (GO Y T

@Oh = o2 (v, Y dG Yy < el
RZ(I

for all ¢ € A. This provides Jasra et al. (2017, Assumption
4.2. (i) & (ii)), with « (as in Jasra et al. (2017)) equal to 8/2.
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