e

QUANTITATIVE FINANCE
RESEARCH CENTRE

UNIVERSITY OF
TECHNOLOGY SYDNEY

QUANTITATIVE FINANCE
RESEARCH CENTRE

THINK.CHANGE.DO

QUANTITATIVE FINANCE RESEARCH CENTRE

Research Paper 157 April 2005

On the Strong Approximation
of Jump-Diffusion Processes

Nicola Bruti-Liberati and Eckhard Platen

ISSN 1441-8010 www.qafrc.uts.edu.au




On the Strong Approximation

of Jump-Diffusion Processes

Nicola Bruti-Liberati! and Eckhard Platen?

April 15, 2005

Abstract. In financial modelling, filtering and other areas
the underlying dynamics are often specified via stochastic dif-
ferential equations (SDEs) of jump-diffusion type. The class
of jump-diffusion SDEs that admits explicit solutions is rather
limited. Consequently, there is a need for the systematic use of
discrete time approximations in corresponding simulations. This
paper presents a survey and new results on strong numerical
schemes for SDEs of jump-diffusion type. These are relevant for
scenario analysis, filtering and hedge simulation in finance. It
provides a convergence theorem for the construction of strong
approximations of any given order of convergence for SDEs driven
by Wiener processes and Poisson random measures. The paper
covers also derivative free, drift-implicit and jump adapted strong
approximations. For the commutative case particular schemes are
obtained. Finally, a numerical study on the accuracy of several
strong schemes is presented.
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1 Introduction

There is compelling evidence that the dynamics of prices of financial instruments
exhibit jumps that cannot be adequately captured solely by diffusion processes,
see Merton (1976). Several empirical studies, including Jorion (1988), Bates
(1996) and Pan (2002), demonstrate the existence of jumps in stock markets, the
foreign exchange market and bond markets. Jumps constitute also a key feature
in the description of credit risk sensitive instruments. Therefore, models that
incorporate jumps have become increasingly popular in finance, see, for instance,
Merton (1976), Bjork, Kabanov & Runggaldier (1997), Duffie, Pan & Singleton
(2000), Kou (2002), Schénbucher (2003) and Chiarella & Nikitopoulos-Sklibosios
(2004). Beyond finance there are many areas of application, including electrical
engineering and biotechnology, that use jump-diffusion models. Since only a
limited class of jump-diffusion SDEs admits explicit solutions, there is a strong
need for the development of numerical schemes. In the current paper we consider
the construction of strong discrete time approximations of SDEs driven by Wiener
processes and Poisson random measures.

A discrete time approximation Y2 converges strongly with order v > 0 at time
T to the solution X of a given SDE if there exists a positive constant C' and a
Ag > 0 such that

S(A) = \JE(Xr — YAIR) < O, (1.1)

for each maximum time step size A € (0,A). Since strong approximations in-
dicate pathwise closeness, the above criterion is appropriate for the classification
of schemes for scenario analysis, filtering and hedge simulation. When the focus
is on approximating the expectation of a payoff function of the solution of the
underlying SDE, such as moments, derivative prices and risk measures, then a
weaker criterion is sufficient. We refer to Kloeden & Platen (1999) and Platen
(1999) for extensive surveys on both strong and weak approximations of SDEs in
the case of diffusion and jump-diffusion processes.

The literature on strong approximations of jump-diffusion SDEs driven by Wiener
processes and Poisson random measures is rather limited. Platen (1982a) de-
scribes a convergence theorem for strong schemes of any given strong order
v € {0.5,1,1.5,...} and also introduces jump adapted approximations. Magh-
soodi (1996, 1998) presents an analysis of some approximations up to strong
order v = 1.5. Gardon (2004) presents a convergence theorem for strong schemes
of any given order v € {0.5,1,1.5,...} similar to the one presented in Platen
(1982a), but limited to SDEs driven by Wiener processes and homogeneous Pois-
son processes and without considering jump adapted approximations. Higham
& Kloeden (2004) propose a class of implicit schemes of strong order v = 0.5
for SDEs driven by Wiener processes and homogeneous Poisson processes. Addi-
tionally, the Euler scheme for the approximation of SDEs driven by more general
semimartingales has been studied by Jacod & Protter (1998).



For general SDEs higher order strong schemes often require multiple stochastic
integrals that cannot be easily generated in an efficient manner. For special
classes of SDEs some multiple stochastic integrals cancel out, for instance, under
commutativity. Additionally, for important applications such as hidden Markov
chain filtering, see Elliott, Aggoun & Moore (1995), one can construct the required
multiple stochastic integrals directly from the data.

In this paper we present jump adapted approximations, as introduced by Platen
(1982a), for which the required multiple stochastic integrals do not involve any
Poisson measure. Therefore, these schemes are easier to implement and compu-
tationally efficient for SDEs with low intensity Poisson measures.

In this paper we also consider schemes that avoid the computation of deriva-
tives of the coefficient functions, which enhances the computational tractability.
Implicit schemes are derived that improve the numerical stability, as shown in
Hofmann & Platen (1996), Milstein, Platen & Schurz (1998) and Higham & Kloe-
den (2004). Moreover, along the analysis of the order 1.0 strong schemes with
mark independent jump size, we derive a commutativity condition that permits
to identify a class of jump-diffusion SDEs for which the computational efficiency
of the order 1.0 strong schemes is independent of the jump intensity level.

Finally, we present three convergence theorems that extend the ones in Platen
(1982a) to cover schemes of any given strong order for SDEs driven by Wiener
processes and Poisson random measures, including derivative free, drift-implicit
and jump adapted schemes. A numerical study on the accuracy of these strong
schemes on the Merton (1976) model will be presented.

2 Model Dynamics

Given a filtered probability space (9, Az, A, P) satisfying the usual conditions
and a mark space (£,B(£)) with € C R"\{0}, for r € {1,2,...}, we define on
€ x [0,T] an A-adapted Poisson random measure ps(dv x dt), where dv denotes
an n-dimensional vector, with intensity measure

¢o(dv x dt) = ¢(dv)dt. (2.1)

We assume that the intensity A = ¢(£) < oo is finite. Thus, p, = {ps(t) =
ps(E % [0,1]),t € [0,T]} is a stochastic process that counts the number of jumps
occurring in the time interval [0,7]. The Poisson random measure py(dv x dt)
generates a sequence of pairs {(7,&;),7 € {1,2,...,ps(T)} }, where {1, : Q@ —
Ri,i € {1,2,...,ps(T)}} is a sequence of increasing nonnegative random vari-
ables representing the jump times of a standard Poisson process with intensity A,
and {& : Q — &,i € {1,2,...,ps(T)} } is a sequence of i.i.d. random variables
with & ~ Q;f(dg)). We can interpret 7; as the time of the i-th event and the mark &;
as its amplitude. For a more general presentation of random measures we refer
to Elliott (1982).




For the dynamics of the underlying d-dimensional factors we consider the SDE
dX, = alt, X,)dt + b(t, X,)dW, + / (b=, Xo,0) poldo x dt),  (2.2)
£

for t € [0,T], with X € RY, and W = {W, = (W},..., W™ t € [0,T]}
an A-adapted m-dimensional Wiener process. Here a(t,x) and c¢(t,z,v) are d-
dimensional vectors of real valued functions on [0, 7] x R? and on [0,7] x R? x &,
respectively. Furthermore, b(t,x) is a d x m-matrix of real valued functions on
[0, 7] x R%. Here and in the sequel for a given vector a we adopt the notation a'
to denote its i-th component. Similarly by b*/ we will denote the component of
the i-th row and j-th column of a given matrix b.

Moreover, we assume the Lipschitz conditions
la(t,z) —a(t,y) < Cile =y, [b(t,2) = b(t,y)* < Colw —y,

Jleltiz) = clt..v)Po(@) < Colo -y (23
£
for every t € [0,T] and z,y € R?, and the linear growth conditions
Lo < KL+ o), (bt o) < Kol + [2f?),
/ le(t, z,v)|2p(dv) < K3(1 + |2]?), (2.4)
£

for all t € [0,7] and z € R% As shown in Ikeda & Watanabe (1989), under
conditions (2.3) and (2.4) the SDE (2.2) admits a unique strong solution.

In (2.2) we have defined the jump impact via a stochastic integral with respect
to a Poisson random measure as

/0 t /5 (5=, Xo_, 0)po(dv x ds). (2.5)

This choice allows us to model a rather general jump behaviour. The only real
restriction we impose on the jump component is the finiteness of the intensity.

If we consider the special case d = m = r = 1 with the coefficient functions
a(t,z) = pz, b(t,x) =0z, c(t,z,v)=1z(v—1), (2.6)

and a Poisson measure pg(dv x dt) with intensity measure ¢(dv)dt = A f(v)dvdt,
where f(-) is the density function of a lognormal random variable, then the SDE
(2.2) reduces to

dX; = X (udt + odW; + /(v — 1) pp(dv x dt)) , (2.7)
£



for t € [0, T]. The SDE (2.7) admits the explicit solution

Po(t)
X, = X, e(uf%a2)t+o‘W(t) H fia (28)

i=1

where & = €% is the i-th lognormal realization of the mark, with ¢; ~ N (o,¢)
denoting an independent Gaussian random variable with mean p and variance .
Equation (2.8) represents a specification of the jump-diffusion asset price process
proposed in Merton (1976), known as Merton model. A simple case is obtained
when the lognormal random variable becomes degenerate and equals a positive
constant. If we assume a log-Laplace density f(-) instead of a lognormal one,
then we recover the Kou model proposed by Kou (2002).

To demonstrate the flexibility of the jump integral representation (2.5), we il-
lustrate in the following three typical examples. It is possible to specify a jump
component with time dependent intensity by choosing

c(t, 7, v) = Iy, (ny<vsm oy f(E, ), (2.9)

where 7, and 7, are deterministic functions of time. Here we obtain a jump
integral of the form

t o prn2(s)
/ / f(s—, Xs—)pg(dv x ds). (2.10)
0 Jm(s)

If in (2.9) we allow the functions 7;(¢) and 7,(¢) to depend also on the solution
X, thus permitting a feedback in the intensity, then we obtain the jump integral
with stochastic intensity

t n2(8,Xs—)
/0 / Fls=, Xy po(dv x ds). (2.11)
n

1(57Xs—)

In the modelling and pricing of defaultable claims, models with jumps have been
proposed with the intensity being a stochastic process that is driven by a source
of risk independent of the one driving the asset price before default. We can
easily accommodate this feature with the two-dimensional SDE

T]2(t’XtQ—)
dX} = a*(t, X})dt + b (t, X} )dW} +/ ft—, X} )py(dv x dt)

m (thtQ—)
dX? = a®(t, X7)dt + b*(t, X})dW}2, (2.12)
where the first state variable X/ represents the asset price and the second state
variable X? influences its jump intensity at time t. Furthermore, advanced credit

risk models with multiple obligors and correlated intensities, as presented in
Schénbucher (2003), can be specified via the SDE (2.2).
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3 Strong Approximations

In this section we consider, for simplicity, the autonomous one-dimensional SDE

dX; = a(X;)dt + b(X;)dW; + / c(Xi—,v) pp(dv x dt), (3.1)
£

for t € [0,T], with Xg € R and W = {W;,t € [0,7]} an .A-adapted one-

dimensional Wiener process. We assume an A-adapted Poisson measure py(dv x

dt) with a one-dimensional mark space £ C R\{0} and with intensity measure

¢(dv) dt = X f(v) dvdt, where f(-) is a given probability density function. There-

fore, the SDE (3.1) can be written in integral form as

Po(t)

X, = X0+/ a(XS)ds+/ (X )AW, + Y e(Xr -, &), (3.2)
0 0 i=1

where {(7;,&),1 € {1,2...,ps(t)} } is the double sequence generated by the Pois-
son random measure p, with ps(t) = pe(E x [0,¢]) for ¢ € [0,T].

In the following we will present several strong discrete time approximations of X
in terms of multiple stochastic integrals and coefficient functions. In general, it
is not obvious, especially for higher order schemes, how to efficiently obtain the
required multiple stochastic integrals. We point out that in filtering applications
it is possible to construct the required multiple stochastic integrals from the data.
Furthermore, hardware implementations for the generation of multiple stochastic
integrals may become available in the near future. It is therefore useful, in view of
this kind of applications and developments, to derive higher order strong schemes.

For most applications, such as scenario simulation, needed for instance to check
the performance of a hedging strategy, a discrete time approximation is imple-
mentable only if one is able to efficiently generate the involved multiple stochastic
integrals.

3.1 Strong Taylor Schemes

Let us consider an equidistant time discretisation with n-th discretisation time
tn, =nA, n€{0,1,..., N} and time step size A = ]ZV, on which we construct a
discrete time approximation Y2 = {Y® n € {0,1,..., N} } of the solution X of
(3.2).

The simplest scheme is the well-known FEuler scheme, given by
tn41
Yirr = Yo +a(Yo)A+0(Y,)AW, + / /C(Yn, v) pg(dv x ds)
tn £

P (tn+1)
= Y, +a(V)A+b(Y)AW, + > (Vi &), (3.3)

i=p¢ (tn)+1



forn € {0,1,..., N — 1} with initial value Yy = Xj.

Here AW,, =W, ., —W;, ~N(0,A) is the n-th increment of the Wiener process
W and py(s) = ps(€ % [0,s]), as defined in Section 2, is a Poisson distributed
random variable with mean \ s representing the number of jumps of the random
measure up to time s. It will be shown later that the Euler scheme (3.3) achieves,
in general, a strong order of convergence v = 0.5.

When we have a mark independent jump size, that means c¢(x,v) = c¢(z), we
obtain the Euler scheme

Y1 = Yo +a(Yn)A + b(Y,) AW, + c(Y,) Ap,, (3.4)

where Ap,, = py(tn+1) — ps(tn) can be sampled from a Poisson distribution with
mean AA. For the Merton model SDE (2.7) with jump coefficient ¢(t, z,v) = x (3,
with 3 > —1, we obtain the Euler scheme

Y1 = Yo + (YA + oY, AW, + Y, BApn. (3.5)

When accuracy and efficiency in a simulation are required, it is important to
be able to construct numerical methods with higher strong order of convergence.
This can be achieved by including more terms from the Wagner-Platen expansion,
see Platen (1982b), as will be shown later. It is possible to derive in this way the
order 1.0 strong Taylor scheme

tnt1
Yop1 = Yn+a(Yn)A+b(Yn)AWn+/ /C(Yn,v)p¢(dv X ds)
tn &
tn+1 52
) [ [ awe)ans)
tn tn
tn41 ED)
+/ // b(Y,)c (Yo, 0)dW (51)pg(dv x dss)
tn e Jt,

+/t:n+1 /: /g {b(Yn oY v)) — b(Ya) }Pcb(dv x dsy)dWV (s)

[ s

X pg(dvy X dsy) pe(dvg X dss), (3.6)
where ab() de(z,v)
by db(x , _Oc(z,v

b (x) = T and d(z,v):= o (3.7)

This scheme will be shown to achieve, in general, strong order v = 1.0. In the



case of mark independent jump size we obtain
Yiri = Yo+ a(Yo)A+b(Y)AW, + c(Y,)Ap, + b(Yo)V' (Y2) L)
+b(Yn) (Vo) La,-1) + {b(Ya + c(Y2)) — 0(Ya)} (1)
e (Yo + olYa)) = e(Va)} -0y, (3.8)

with multiple stochastic integrals

tnt1 82
1(171) = / / dW(Sl)dW(Sg),
tn tn

tny1 82

In,-1) = /t /g/t dW (s1)pe(dv x dss),
tnt1 82

I_1) = /t /t ép¢(dv X dsy)dW (sq),

tn41 ED)
Iony = / /g/ /gpd,(dvl X dsy)pg(dve X dss). (3.9)
t"L tn

The level of complexity of the scheme (3.6), even in the case (3.8) of mark in-
dependent jump size, is quite high when compared to the Euler scheme (3.4).
Indeed, it requires not only function evaluations of the drift, diffusion and jump
coefficients, but also of their derivatives. This problem can be overcome by con-
structing derivative free schemes that will be presented in Section 3.2.

In view of applications in scenario simulations, a main problem concerns the
generation of the multiple stochastic integrals appearing in (3.8). By application
of It0’s lemma for jump-diffusion processes and the integration by parts formula,
we can express the four stochastic integrals appearing in (3.8) as

Py (tn+1)

Iny = %{(AWn)Z - A}> Ia,—1) = Z Wi, — Ap, Wy,

i:pqﬁ (tn)+1

1{(Apn)2 ~ap) (310)

I(—1,1) = Ap, AW,, — ](1,—1), [(—1,—1) = 5

The generation of Iy 1) and [(_; _y) is straightforward once we have generated the
random variables AW,, and Ap,,. The generation of the mixed multiple stochastic
integrals, Iy, _1y and [(_; 1), is more complex as it requires to keep track of the
jump times between discretisation points for the evaluation of W, . Conditioned
on the number of jump events realized on the time interval (¢,,¢,.1], the jump
times are independent and uniformly distributed on this interval. Therefore,
once we have generated Ap,, we can sample Ap,, independent random numbers
from a uniform distribution on (t,,,+1] in order to obtain the exact location of
the jump times. However, from a computational point of view, this makes the
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efficiency of the algorithm heavily dependent on the level of the intensity of the
Poisson measure. Indeed, the number of operations involved in an algorithm as
the Euler scheme (3.4) seems not to depend on the level of the intensity. We are
here neglecting the additional time needed to sample from a Poisson distribution
with higher intensity. On the other hand, for the scheme (3.8) the number of
computations is proportional to the number of jumps, due to the generation of
the two double stochastic integrals I(; 1y and I(_; ;). Therefore, this algorithm
is not very efficient for the simulation of jump-diffusion SDEs driven by high
intensity Poisson measures.

It is, in principle, possible to derive strong Taylor schemes of any given order, as
will be demonstrated in Section 6. However, the schemes become rather complex
and, in applications such as scenario simulation, the generation of the multiple
stochastic integrals is not straightforward. Moreover, as explained above, for
SDEs driven by high intensity Poisson measures, these schemes become inefficient.
For these reasons we will not present in this section any scheme with order of
strong convergence higher than v = 1.0. For the construction of higher order
schemes we refer to Section 4, where we are going to present jump adapted
approximations that avoid all multiple stochastic integrals involving the Poisson
measure, making the schemes much easier to derive and implement.

3.1.1 Commutativity Condition

As discussed previously, higher order Taylor schemes, even with mark independent
jump size, become computationally inefficient when the intensity of the Poisson
measure is high. Here the number of operations involved is proportional to the
intensity level. Also the jump adapted schemes, to be presented in Section 4,
show a similar dependence on the intensity of the jumps.

Analyzing the multiple stochastic integrals required for the scheme (3.8), we
observe that the dependence on the jump times only affects the mixed multiple
stochastic integrals I(; _1y and I(_; ;). However, since by (3.10) we have

I(—l,l) = Apn AWn - I(17_1), (3.11)
the sum of these integrals is obtained as
](17_1) + I(—l,l) = Ap, AW,,, (3.12)

and thus independent of the particular jump times. Therefore, in the case of mark
independent jump size c(t, z,v) = c(t, x), for SDEs satisfying the commutativity
condition el
b(t, x)—cé .7) = b(t, x + c(t, x)) — b(t, x), (3.13)
x
for all t € [0,7] and z € R, the order 1.0 strong Taylor scheme (3.8) does not
require to keep track of the exact location of the jump times. Hence, its com-
putational complexity is independent of the intensity level. This is an important



observation from the practical point of view. If a given SDE satisfies the com-
mutativity condition, then considerable savings in computational time can be
achieved.

When we have a linear diffusion coefficient of the form
b(t,x) = ay(t) + as(t) x, (3.14)

as it frequently occurs in finance, the commutativity condition (3.13) implies the
following ordinary differential equation for the jump coefficient
dc(t, x) as(t) c(t, z)

0r a(h) + m) (3.15)

for all ¢t € [0,T]. Therefore, for linear diffusion coefficients of the form (3.14) the
class of SDEs satisfying the commutativity condition (3.13) is identified by mark
independent jump coefficients of the form

c(t,z) = eK® <a1(t) +as(?) m) , (3.16)

where K () is an arbitrary function of time.

For instance, the SDE (2.7) with mark independent jump size c(t,z,v) = z f3,
with § > —1, satisfies the commutativity condition (3.13) and the corresponding
order 1.0 strong Taylor scheme is given by

1
Yo = Yu+pYoA+ oY, AW, + 8Y, Ap, + 3 a2 Y, {(AW,)? — A}

1
+o BY,Ap, AW, + 5 B2Y, {(Apn)? — Ap,}. (3.17)

In Table 1 we present some diffusion coefficients from models proposed in the fi-
nance literature and corresponding jump coefficients that satisfy the commutative
condition (3.13).

| b(t, ) i c(t, ) |
ay(t) K(t)
ar(t) + az(t) x B W (ay(t) + aq(t) z)
as(t) /a1 () + az(®)z || as(t) eK® + 2037 \/ay (t) + as(t)z
aj(t)(1—e™®) log{1l + efK®) — g=o+ KO}
3 —2e™5 23 4 3eK W2 — 33
ar(t) x> 2K _ 9Ky | 22

Table 1: Coefficients satisfying the commutativity condition.
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3.2 Derivative Free Schemes

Higher order schemes, as the order 1.0 strong Taylor scheme presented in Section
3.1, are rather complex as they involve the evaluation of derivatives of the drift
and diffusion coefficients at each time step. For the implementation of general
numerical routines for the approximation of jump-diffusion SDEs, that means
without assuming a particular form for the coefficients, this constitutes a serious
limitation, as one is required to include a symbolic differentiation in a numerical
algorithm. In this section we propose strong schemes that avoid the computation
of derivatives.

By replacing the derivatives in the scheme (3.6) with the corresponding difference
ratios it is possible to obtain a scheme, with the same strong order of convergence,
that does not require the evaluation of derivatives. However, to construct the
difference ratios we need supporting values of the coefficients at additional points.

The explicit order 1.0 strong Taylor scheme, which achieves a strong order v =
1.0, is given by

tn+1
Y1 = Yo +a(Yo)A+0(Y,)AW, +/ /C(Yn,v)p¢,(dv x ds)

%{ 7, /t”“/ dW (s1) AWV (s5)

+/t:n+1 /:2/5 {b(Yn + (Yo, v)) — b(Yn)}p¢(dU X dsy) dW (s2)

[ s o)

X pe(dvy X dsy) pe(dva X dss), (3.18)
with the supporting value

Y, =Y, +b(Y,)VA. (3.19)

Even in the case of a mark independent jump size, the derivative free coefficient
of the multiple stochastic integral I(; _;), which is

C(?n) —c(Yn)
\/Z ;

depends on the time step size A, while the the coefficient of the multiple stochastic
integral I(_y ),

(3.20)

b(Yn + c(Yn)> - b(Yn>, (3.21)

11



is independent of A. Therefore, it is not possible to derive commutativity condi-
tions similar to (3.13) that permit to identify special classes of SDEs for which the
computational efficiency is independent of the jump intensity level. For instance,
for the SDE (2.7) with mark independent jump size c(t, z,v) = z 8, with § > —1,
the explicit order 1.0 strong Taylor scheme is given by

Y1 = Y, +uY, A+ oY, AW, + 8Y, Ap, + — Yo

o —
— 1y,
VAl
b = 2
+—{Y, Y. Ha_y+oBY, [_11)+ 8 Y l_1_1), 3.22
~ 1 Ha-n+08Yn Iy + 07 Yala -y, (3.22)
with the supporting value
Y,=Y,+oY,VA. (3.23)

Since the evaluation of the multiple stochastic integrals I(; _1y and I(_; 1, as given
in (3.10), depends on the number of jumps, the computational efficiency of the
scheme (3.22)-(3.23) will depend on the intensity A of the jump measure.

For the special class of mark independent SDEs characterized by the commuta-
tivity condition (3.13), using the relationship

](17,1) + I(fl,l) = Apn AWn, (324)

and substituting it in (3.8), we first derive the order 1.0 strong Taylor scheme,
given by

Yoir = Yo+ a(Y)A+b(Y,)AW, + ¢(Y,)Ap,

+—b(Yn)§/(Yn) {(AW,)? = A} + {b(Ya + c(Y2)) — b(Ya) }Ap, AW,
+{C(Yn + C(Y;z)) - C(Yn)} {(Apn)2 B Apn}- (3.25)

Then, by replacing the derivative b with the corresponding difference ratio, we
obtain an explicit order 1.0 strong Taylor scheme

Yorr = Ya+a(Ya)A+b(Y,)AW, + c(Y,)Ap,
{7, — b(v)
2vVA
{e(Yo +e(Yn)) — e(Yn)
_|_
2
with the supporting value

(AW, — A} 1 {b(Y, + c(Ya)) — b(Y,)} Ap, AT,

}{(Apn)2 — Ap,}, (3.26)

Y, =Y, +b(Y,)VA, (3.27)
whose computational efficiency is independent on the intensity level.

For instance, for Merton’s SDE (2.7) with ¢(¢,z,v) = x 8, with § > —1, we can
derive the explicit order 1.0 strong Taylor scheme, which, due to the linearity of
the diffusion coefficient, is the same as the order 1.0 strong Taylor scheme (3.17).

12



3.3 Implicit Schemes

As shown in Hofmann & Platen (1996) for the case of SDEs driven only by Wiener
processes, when one has multiplicative noise explicit methods show narrow regions
of numerical stability. SDEs with multiplicative noise are often employed when
modelling asset prices in finance. They also arise in other important applications
such as hidden Markov chain filtering. In order to construct approximate filters,
one needs a strong discrete time approximation of an SDE with multiplicative
noise, the Zakai equation, see Elliott, Aggoun & Moore (1995). Moreover, in
filtering problems for large systems it is often not possible to employ small time
step sizes, as the computations may not be performed fast enough to keep pace
with the arrival of data. Therefore, for this kind of applications, higher order
schemes with wide regions of stability are crucial. To overcome some of these
problems, implicit schemes have been constructed that have good numerical sta-
bility properties.

In general, given an explicit scheme of strong order v it is possible to obtain
a drift-implicit scheme of the same order. Since the reciprocal of a Gaussian
random variable does not have finite absolute moments, it is usually not possible
to introduce implicitness easily in the diffusion coefficient. Regions of stability
of drift-implicit schemes are typically wider than those of corresponding explicit
schemes. Therefore, the former are often more suitable to filtering problems than
corresponding explicit schemes.

In Higham & Kloeden (2004), a class of drift-implicit methods of strong order
~ = 0.5 for jump-diffusion SDEs has been proposed and analyzed. We will present
drift-implicit schemes of higher strong order for the jump-diffusion SDE (3.1).

From the Euler scheme (3.3), by introducing implicitness in the drift, we obtain
the drift-implicit Euler scheme,

Yo = Yo+{0a(Yor1) + (1 —0)a(Yn)} A+ b(Y,)AW,
/tnﬂ/ (Yo, v) pg(dv x ds), (3.28)

where the parameter 6 € [0,1] characterizes the degree of implicitness. This
scheme achieves a strong order of convergence v = 0.5.

By comparing the drift-implicit Euler scheme (3.28) with the Euler scheme (3.3),
one notices that there is an additional computational effort required to solve an
algebraic equation at each time step. This can be performed, for instance, by a
Newton-Raphson method.

In a similar way as for the Euler scheme, by introducing implicitness in the drift
of the order 1.0 strong Taylor scheme (3.6), we obtain the drift-implicit order 1.0
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strong Taylor scheme

Yoy = Ya+{0a(Yaya) + (1 =0)a(Yn)} A+ b(Y,) AW,

tnt1 tn+1

/ / (Yo, v) pg(dv x ds) + b(Y,)V' (Y, / / dW (s1)dW (s9)
tn+1

/ // ¢ (Yo, v)dW (s1)py(dv X dsz)

+/tnn+1 /: /(g {b(Yn +ce(Yy,v)) — b(Yn)}m)(dU x dsy)dW (s2)

[ s

X pg(dvy X dsy) pe(dve X dss), (3.29)

where the parameter 6 € [0,1], characterizes again the degree of implicitness.
This scheme achieves a strong order of convergence v = 1.0.

The commutativity condition (3.13), presented in Section 3.1.1, also applies to
drift-implicit schemes. Therefore, for the class of SDEs identified by the commu-
tativity condition (3.13) the computational efficiency of drift-implicit schemes of
order v = 1.0 is not dependent on the intensity level of the Poisson measure. For
instance, for Merton’s SDE (2.7) with ¢(t,z,v) = 8 and § > —1 it is possible
to derive drift-implicit schemes that are efficient also for a high intensity jump
measure.

4 Jump Adapted Approximations

In principle, by including enough terms from the Wagner-Platen expansion, to be
presented in Section 6, it is possible to derive schemes of any given strong order
of convergence. However, as noticed in Section 3.1, even for a one-dimensional
autonomous SDE, higher order schemes are quite complex in that they involve
multiple stochastic integrals with respect to the Wiener process and the Pois-
son random measure. In particular, when we have a mark dependent jump size,
the generation of the required multiple stochastic integrals involving the Pois-
son measure can be complicated. As noticed before, there are applications, such
as filtering, in which we are able to construct the multiple stochastic integrals
directly from data. In these cases the proposed strong schemes can be readily
applied. However, for scenario simulation we need to generate artificially the
multiple stochastic integrals. To avoid the generation of multiple stochastic in-
tegrals with respect to the Poisson jump measure, Platen (1982a) proposed the
so-called jump adapted approximations that significantly reduce the complexity of
higher order schemes. A jump adapted time discretisation makes these schemes
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easily implementable for scenario simulation also in the case of a mark dependent
jump size. Indeed, between the jump times the evolution of the SDE (2.2) is that
of a diffusion without jumps and can be approximated by standard schemes, as
presented in Kloeden & Platen (1999). At the jump time the prescribed jump is
performed. Therefore, as we will show in this section, it is possible to develop
tractable jump adapted higher order strong schemes also in the general case of
mark dependent jump sizes, as the required multiple stochastic integrals involve
only time and Wiener process integrations.

4.1 Jump Adapted Strong Schemes

We consider now a jump adapted time discretisation 0 = tg < t; < ... < ty =
T, constructed by a superposition of the jump times {7y, 79,...} of the Poisson
measure py to a deterministic equidistant grid with maximum step size A > 0.
This means that we add all the random jump times to an equidistant grid, as
the one presented in Section 3.1. In this way the maximum time step size of the
jump adapted discretisation is assured to be A.

Within this time grid we can separate the diffusive part from the jumps, because
the jumps can arise only at discretisation times. Therefore, we can approximate
between discretisation points the diffusive part with a strong Taylor scheme for
diffusion processes. We add the effect of a jump to the evolution of the approxi-
mate solution when we encounter a jump time as discretisation time. We remark
that with jump adapted schemes the approximation of SDEs with mark depen-
dent jump size becomes a trivial task. Therefore, in this section we consider the
general case of a jump-diffusion SDE with mark dependent jump size given in
(3.1). At first, note that we set Y,, = Y; and we define

Y, .- = lim Y,

s—tp+1—
where s < t,,.1— in the almost sure limit.

We present the jump adapted Euler scheme given by

n+1—

and
Viror =YV [ el¥ipuis0)palde x {tusa), (4.2
£

where A, = t 41 —t, and AW, =W, ., — W, ~ N(0,A;,). The impact of
jumps is simulated by (4.2). If t,41 is a jump time, then [, pg(dv X {tp1}) =1
and

/50(Ytn+1—7 U) p¢(dv X {tn+1}> - C(Ytn+1—7 §P¢>(tn+1))7 (4'3)

while if ¢, 11 is not a jump time one has Y, =Y, ., as [ ps(dvx {tn41}) = 0.
Therefore, the strong order of convergence of the jump adapted Euler scheme is
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v = 0.5, resulting from the strong order of the approximation (4.1) of the diffusive
component.

As the order of convergence of jump adapted schemes is, in general, the one
induced by the approximation of the diffusive part, we can derive the jump adapted
order 1.0 strong Taylor scheme given by

b(Y2, )V (Y2,,)

}/thrl_ = }/tn + a(}/tn)Atn + b(Yin>AV[/tn + 2

((aw,)*-4,) (1

and
Vi =Yoo / (Yiros ) poldv X {tan}). (4.5)
£

which achieves strong order v = 1.0.

The comparison of the jump adapted order 1.0 strong scheme (4.4)-(4.5) with
the order 1.0 strong Taylor scheme (3.6), shows that jump adapted schemes are
much simpler. These avoid the problem of the generation of multiple stochastic
integrals with respect to the Poisson measure. If we approximate the diffusive
part of the SDE (3.1) with the order 1.5 strong Taylor scheme, see Kloeden &
Platen (1999), we obtain the jump adapted order 1.5 strong Taylor scheme given
by

b(Ye, )V (Y2,)

Vio = Yo +aYi)A, +b(Y:)AW,, + (AW,,)? = A)

YA, + 5 () + 5 005 (1) ) (A)°
+ (a(Ytn)b’(Ytn) + %b(Ytn)Qb”(Ytn)> (AW, A, — AZ,)

bV (B (V) + (0(,)?)

1
X {5 (AW,,)* — Atn} AW, | (4.6)
and
Vi =Yoo / (Yioros0) poldv x {tan}). (4.7)
£
where

tnt1 EP)
AZ, = / / dW,, dss. (4.8)
tn tn

One can show that AZ, has a Gaussian distribution with mean E(AZ; ) =
0, variance E((AZ,)?) = 3 (A,)? and covariance E(AZ,, AW,,) = 5 (A,)*
Therefore, with two independent N(0,1) distributed standard Gaussian random
variables U; and Us, we can obtain the required correlated random variables AZ;
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and AW, by setting:

Njw

1 : 1
AW, =U/E, and AZ, = () (U1 + EUQ) )

For the SDE (2.7) the terms involving the random variable AZ; cancel out, thus
yielding a rather simple jump adapted order 1.5 strong Taylor scheme.

Constructing strong schemes of higher order is, in principle, not difficult. How-
ever, as they involve multiple stochastic integrals of higher multiplicity, they can
become quite complex. Therefore, we will not present here any scheme of strong
order higher than v = 1.5. Instead we refer to the convergence theorem to be
presented in Section 8 that provides the methodology for the construction of jump
adapted schemes of any given strong order.

4.2 Jump Adapted Derivative Free Schemes

As noticed in Section 3.2, it is convenient to develop higher order numerical
approximations that do not require the evaluation of derivatives of the coefficient
functions. With jump adapted schemes it is sufficient to replace the numerical
scheme of the diffusive part with an equivalent derivative free scheme. We refer
to Kloeden & Platen (1999) for derivative free schemes for diffusion processes.

The jump adapted explicit order 1.0 strong Taylor scheme, which achieves a strong

order v = 1.0, is given by

Y; = Y, +a(Ys,)A, +b0(Y:,) AW,

1

2 /A,

n+1—

+ {b(?tn) - b(Y,)} ((Ath)Q - Atn) ) (4.10)

and
Vi =Yoo / (Y ros0) poldv X {tasn}), (4.11)
£

with the supporting value

Y., =Y, + bV, ) VA, (4.12)
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The jump adapted explicit order 1.5 strong Taylor scheme is given by

Yioo = Yi +0b(Y:)AW,, + Y- a(?;)} AZ;.

n+1—

1
N

% {a(?:;) +2a(Yy,) +a(Y, )} As,

{b7) =67} (AW, - A,)

1
+ b(Y, ) +2b(Y,,) +b AW, A, — AZ
/i {0+ 2000) + 0T ) | (AW A, = A2
1 =+ —_—— —+ N
+3 ﬁ— U(®,.) ~b(@,) = UT) +b(T,)
(AVth) _Atn}Ath (4.13)
and
Yoo =Y -+ / (Y1 v) Dg(dv x {tpq1}), (4.14)
E
with .
Y, = Yi, +a(Yi,) A, £ (Y, AW, (4.15)
and

B, =Y, £ (Y )\/A. (4.16)

4.3 Jump Adapted Implicit Schemes

As discussed previously, for applications such as filtering it is crucial to construct
higher order schemes with wide regions of numerical stability. To achieve this
one needs to introduce implicitness into the schemes. For deriving jump adapted
drift-implicit schemes, it is sufficient to replace the explicit scheme for the diffusive
part by a drift-implicit one. We refer to Kloeden & Platen (1999) for drift-implicit
methods for SDEs driven by Wiener processes.

For the SDE (3.1) the jump adapted drift-implicit Euler scheme is given by:

and
}/;fn-‘—l = Y;fn+1— + / C(Y;fn+1—>v)p¢(dv X {tn-i-l})’ (418)
&

where the parameter 6 € [0, 1] characterizes the degree of implicitness.
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Using a drift-implicit order 1.0 strong Taylor scheme for the diffusive part, we
obtain the jump adapted drift-implicit order 1.0 strong Taylor scheme

}/tn+1_ = E/tn + {ea/(Y;TH»l) + (1 - 9) a’(Ytn)} Atn + b(}/tn>AVth
b(Y, V' (Y,
+% (AW,,)? = A) (4.19)
and
Y;fn+1 = Y;fn+1* + / C(Y;fn-H*?U) p¢,(dv X {thrl})’ (420)
&

which achieves strong order v = 1.0.
Finally, we present a jump adapted drift-implicit order 1.5 strong Taylor scheme

given by

1
}/tn+1* = }/;n + 5 {a<}/;n+l) + a(}/;n)} Atn + b(nn) Ath

LUV ()

5 (AW;,)? = A)

/ 1 /!
+(A0RV05) + G0, PV00) ) (AW, - A2,
1
ra %) {82, - A, |

b0 (B0 (,) + (6(,))°)
X {% (AW,,)? — Atn} AW, (4.21)

and
Vi =Yoo+ / (Vi 0)poldv X {tnin}). (1.22)
E

5 Numerical Results

In this section we present numerical results for the strong schemes presented
for the SDE (2.7) describing the Merton model. We select the following default
parameters: = —0.05, 0 = 0.1, A =1, Xo =1, T = 0.5. At first we consider
the case of a mark independent jump size. We consider the SDE (2.7) with
jump coefficient ¢(t,z,v) = x 3 and set § = 0.1. In the following we report the
strong error £(A), as defined in (1.1), when comparing the results of the strong
schemes with the closed form solution (2.8). In the corresponding plots we show
the logarithm log,(¢(A)) of the strong error versus the logarithm log,(A) of the
time step size. The number of simulations depends on the scheme implemented.
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Figure 5.1: Log-log plot of strong error versus time step size.

It will always be chosen such that the statistical errors become negligible when
compared to the systematic errors caused by the time discretisation.

In Figure 5.1, we report the results obtained from the Euler, jump adapted Eu-
ler, 1.0 Taylor, jump adapted 1.0 Taylor and jump adapted 1.5 Taylor schemes,
presented in Sections 3 and 4. We confirm that the two Euler schemes achieve
an order of strong convergence of about 0.5. The two 1.0 Taylor schemes achieve
an order close to 1.0 and the jump adapted 1.5 Taylor scheme shows an order
of strong convergence of about 1.5. These experimental results are consistent
with the previously described strong orders, as will be stated in the convergence
theorems to be presented in Section 6 and in Section 8. We also notice that
when comparing a strong Taylor scheme with the jump adapted scheme of the
same order, the jump adapted one is more accurate. This effect is due to the
more accurate simulation of the jump impact at the correct jump time within the
jump adapted schemes. However, as explained before, for higher intensity jump
adapted schemes may not be computationally efficient.

We consider now the mark dependent jump coefficient ¢(t,z,v) = x (v — 1),
with the marks drawn from a lognormal distribution with a mean of 1.1 and a
standard deviation of 0.02. As explained in Section 3, jump-diffusion SDEs with
mark dependent jump size can be handled efficiently by resorting to jump adapted
schemes. Therefore, in Figure 5.2 we compare the following jump adapted schemes:
Euler, implicit Euler, 1.0 Taylor, implicit 1.0 Taylor, 1.5 Taylor and implicit 1.5
Taylor. Again, the orders of strong convergence obtained from our numerical ex-
periments are the ones predicted by the theory. Comparing explicit with implicit
schemes, we report that for this choice of parameters the implicit schemes are
more accurate. Since the jump impact is simulated without creating extra errors,
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these differences are due to the approximation of the diffusive part. We remark
that implicit schemes, which offer wider regions of stability, are more suitable
for problems in which stability constitutes an important issue. This applies in
the areas of filtering and finance, where SDEs with multiplicative noise naturally
arise.

-10 +

-15

b
o
S
g
L
N
D -20
o
- Eul er JA
* | npl Eul er JA
[ B 1Tayl or JA
25 ¢ —a- I npl 1Tayl or JA
- 15Tayl or JA
—— I npl 15Tayl or JA
. . . . .
-10 -8 -4 -2 0

-6
Log,dt

Figure 5.2: Log-log plot of strong error versus time step size.

6 Convergence Theorems

To analyze the order of strong convergence of the proposed numerical schemes
we will exploit the Wagner-Platen expansion of the solution of the SDE (2.2), see
Platen (1982a, 1982b, 1999). We rewrite the SDE (2.2) in a way such that the
jump part will be expressed as a stochastic integral with respect to the compen-
sated Poisson measure

Po(dv x dt) := py(dv x dt) — ¢(dv)dt. (6.1)

By compensating the Poisson measure in the SDE (2.2) we obtain
dXt = a(t, Xt)dt + b(t, Xt)th + / C(t—, Xt_, ’U)ﬁd,(dv X dt), (62)
£

where

a(t,z) == a(t,x) +/c(t,x,v)q§(dv), (6.3)

£
for t € [0,T] and x € R%.
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Theorems 6.1 and 7.1, to be presented, analyze the order of convergence of strong
approximations constructed with jump integrals with respect to the compensated
Poisson measure p,. For computational convenience, we presented in Section 3
strong schemes with jump integrals with respect to the Poisson measure p,. When
directly using the compensated Poisson measure py, as employed in the strong
Taylor schemes in Theorem 6.1 and in the strong It6 schemes in Theorem 7.1,
some differences between the resulting schemes may arise. These can be shown to
relate to terms of higher order, which do not affect the prescribed strong order of
convergence. Therefore the strong order of convergence of the schemes presented
in Section 3 can be derived from Theorems 6.1 and 7.1.

We now introduce a compact notation to express multiple stochastic integrals and
the corresponding stochastic expansions. We call a row vector oo = (j1, j2, - - -, Ji),
where j; € {—1,0,1,...,m} for i € {1,2,...,1l}, a multi-index of length [ :=
l(a) € {1,2,...}. Here m represents the number of Wiener processes considered
in the SDE (2.2). Then for m € N the set of all multi-indices « is denoted by

My ={(,...,5) :ji€{-1,0,1,2,...,1},ie{1,2,... 1} for l e N} U {v},
(6.4)
where v is the multi-index of length zero.

We write n(a) for the number of components of a multi-index « that are equal
to 0 and s(«) for the number of components of a multi-index « that equal —1.
Moreover, we write a— for the multi-index obtained by deleting the last compo-
nent of @ and —« for the multi-index obtained by deleting the first component
of a. For instance, assuming m = 2,

1((0,-1,1)) =3 1((0,1,-1,0,2)) =5
n((0,—-1,1) =1 n((0,1,-1,0,2)) =2
s((0,-1,1)) =1 s((0,1,—1,0,2)) =1

(0,-1,1)— = (0,=1)  (0,1,—1,0,2)— = (0,1, —1,0)
—(0,-1,1) = (-1,1)  —(0,1,-1,0,2) = (1,-1,0,2).

We shall define some functional spaces of predictable stochastic processes g =
{g(t),t € [0,T]} that are allowed to appear as integrands of the multiple stocha-
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stic integrals in the stochastic expansions to be presented. We define

He= {g: sup E(|g(t,w)]) < oo}
te[0,7

o= o: 8 ([ lolss) < oo}

o= to: 8 ([ [ lsnPoas) < ool

o= o8 ([ lats.clfias) < ool (65)

for j € {1,2,...,m}. The set H, for a multi-index a € M,,, with I(a) > 1 will
be defined below.

Let p and 7 be two stopping times with 0 < p < 7 < T a.s. For a multi-index
a € M,, and a predictable process g(-) € H, we define the multiple stochastic
integral I,[g(-)], - recursively by

g9(7) when! =0anda =v
I [ ( )] ._ pr ]a_[g( )] when! > landj; =0
e f; I_[g(: )]pde” when! > landyj; € {1,...,m}
f fg a—19(*)] .= Dg(dv x dz) whenl > landj; = —1,

(6.6)
where g(-) = g(-,v), with v € €5 and with z— we denote the left hand limit of
z. For simplicity, when it is not strictly necessary, here and in the sequel, we will
omit the dependence of the integrand process g on one or more of the components

vh, .., 3@ of the vector v expressing the marks of the Poisson jump measure.

The sets H,, for every multi-index o = (jy,...,5) € M,, with [(a) > 1, are
defined recursively as the sets of predictable stochastic processes g = {¢(t),t > 0}
such that the integral process {Io—[g(-)] ., t € [0,T]} satisfies

La-[g()lp. € Hiip- (6.7)
As defined in (6.6), in a multi-index « the components that equal 0 refer to an
integration with respect to time, the components that equal 5 € {1,...,m} refer

to an integration with respect to the j-th component of the Wiener process, while
the components that equal —1 refer to an integration with respect to the Poisson
martingale measure p,(dv x dt). For instance,

[(0 -1 1) / / // Zl,Ul le p¢<d'U1 X dZQ) dWZi (68)
](20 / / 21 dW dZQ (69)
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We need to define some sets of sufficiently smooth and integrable functions. L£°
is the set of functions f(t,z,u) : [0,T] x R? x £ — R? for which

d
; 0

[tz +c(t,z,v),u) — f(t,z,u) izlc (t,x U>8a: f(t,z,u) (6.10)
is ¢(dv)-integrable for all t € [0,7], z € RY, u € £ and f(-,-,u) € C+2. Note
that, according to the notation defined in Section 2, ¢! denotes the i-th component
of the jump coefficient vector c. With £¥, k € {1,...,m}, we denote the set of
functions f(¢,x,u) with partial derivatives %f(t, z,u),1 € {1,...,d}. With £7!
we denote the set of functions for which

{f(t,x+c(t,x,v) ,u) — f(t,:v,u)}
is ¢(dv)-integrable for all t € [0, 7], z € R? and u € £5(®)

2

(6.11)

Let us now define the following operators for a function f(¢,z,u) € L£F, with
ke{-1,0,1,...,m}:

. 0 . 0
LOF(t xu) = —f(t,x,u)—l—Za(t,x)?f(t,x,u)

ot

2

| | 9
— 0 7,7
+ ZZb ()9t ) o f (1, 0)

1,r=

d
_{_/g {f(t,x+c(t,x,v),u) —f(t,:v,u)} o(dv)

m

1 d
+QZ

lb”txbmtac)aaa - f(t,x,u)

i,r=1 j=
+/g f(t,x+c(t,x,v),u)—f(t,x,u)
: )
—;ci(t,x,v)% f(t,x,u)} o(dv), (6.12)
L® f(t, x,u) Zb”“t:)s flt,x,u), forke{l,...,m} (6.13)
and
LEVF(t, x,u) = f(t,a:—i—c(t,x,v) ,u) — f(t,z,u), (6.14)
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for all ¢t € [0,T], x € R? and u € £, Here the operator in (6.14) adds a new
dependence on the component v € £, which we do not explicitly express in our
notation to simplify the presentation.

For all a = (j1,...,jia)) € Mm and a function f: [0,7] x R — R?, we define
recursively the [té coefficient functions

(f(t z) for (o) =0,
(tat:v) for l(a)=1, j; =0,
fat,z,u) == ¢ f(¢,07(t, x)) for I(a)=1,75 €{l,...,m},
(tcta:u) for l(a) =1, jy = —1,
L(Jl foalt,mut, . wtCD) for I(a) >2, 5, € {-1,0,...,m}.

(6.15)
Here by 07! (t,z) we denote the d-dimensional vector of real valued functions on
[0, 7] x R? obtained by extracting the j;-th column from the matrix b(¢, z) of
coefficient functions. With u!, ..., u*~® we denote the components of the vector
u € €59, We assume that the coefficients of the SDE (2.2) and the function
f satisfy the smoothness and integrability conditions needed for the operators in
(6.15) to be well defined. For instance, with d = m = 1, if we choose the identity
function f(t,z) = x we get

fero(t z,u) = LEYa(t ) = alt, x + c(t, z,u)) —a(t, ), (6.16)

foyt,z) = LOb(t, x)
2

0 0 1 2 0
= ab(t, x) + af(t, x)%b(t, x)+ é(b(t, z)) @b(t, )

+/€ {b(t,x+c(t,x,v)) _b(a;p)}qﬁ(dv)

2

= Dty vt o)L, ) + %(b(t, x))ﬁ—b(t, z)

ot ox Ox?
+/ {b(t, x4+ c(t,z,v)) — b(t,x) — c(t, z, v)agb(t, x)}d)(dv)
P T
(6.17)
and
forntzu) = LEVe(t,2,ub)
= c(t,x+c(t,z,u?),u') — c(t,z,u"). (6.18)

To define a stochastic Taylor expansion we finally need to specify some particular
sets of multi-indices. A subset A € M,, is a hierarchical set if A is non-empty, the
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multi-indices in A are uniformly bounded in length, that means sup, 4 /() < oo,
and if —a € A for each o € A\{v}. We also define the remainder set B(.A) of A
by

B(A) ={ae M,\A:—a € A}. (6.19)

Then the remainder set consists of all the next following multi-indices with respect
to the given hierarchical set.

Given two stopping times p and 7 with 0 < p < 7 < T a. s., a hierarchical set
A € M,,, and a function f : [0,7] x R — R? we obtain the Wagner-Platen
expansion

X)) =Y Llfalp. X)lpr + > I Ny (6.20)

acA acB(A)

where we have assumed that the function f and the coefficients of the SDE (2.2)
are sufficiently smooth and integrable such that the coefficient functions f, are
well defined and all the multiple stochastic integrals exist.

By choosing as function f the identity functions f(¢,x) = x we can represent the
process X = {X;,t € [0,7T]} as solution of the SDE (2.2) by the Wagner-Platen

expansion
Xe = Llfalp: X)lor + Y Ia X)) pr (6.21)

acA a€eB(A)

Note that in (6.21) we have suppressed in the notation the dependence of f, on
u € £ and we will do so also in the following where no misunderstanding is
possible.

The proof of the Wagner-Platen expansion for jump-diffusion processes, which
is based on an iterative application of the It6 formula, can be found in Platen
(1982a, 1982b).

6.1 Strong Taylor Schemes

Let us consider a time discretization 0 <ty < t; < ... < t,,, < T on which we
will construct a discrete time approximation of the solution X of (2.2). We also
introduce for all ¢ € [0, 7] the index

ny = max{n € {0,1,...} : ¢, <t} (6.22)

of the last discretization point before ¢. In the following we will assume a max-
imum step size A € (0,1), that means for every n € {0,1,2,...,ny — 1} the
discretisation time ¢, is A, -measurable and P(t,.1 —t, < A) = 1. We also
require to have a finite number of time discretisation points, that means n; < oo
almost surely for ¢t € [0,T]. We abbreviate a time discretisation of the above type

by (t)A
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Moreover, for every v € {0.5,1,1.5,2,...} we define the hierarchical set
1
A, ={aeM:l(a)+n(a) <2y or Il a)=n(a)="v+ 5} (6.23)

For a time discretization with maximum step size A € (0, 1), we define the order
v strong Taylor scheme by the vector equation

A A A A
Va3 =Y Y Llfatn YD), = D L [t V), L (6:24)
acAN\{v} aEAy
forn € {0,1,...,nr—1}. Equation (6.24) gives us a numerical routine to generate

approximate values of the solution of the SDE (2.2) at the discretization points.

In order to asses the strong order of convergence of these schemes we define,
through a specific interpolation, the order v strong Taylor approzimation Y > =

{Y;Av te [OvT]}> by
Z I foc nt: )]tnt, (625)

acAy

for t € [0,T], starting from a given 4j-measurable random variable Y. This
approximation defines a stochastic process Y2 = {YV,2, t € [0,T]}, whose values
coincide with the ones of the order v strong Taylor scheme (6.24) on the discreti-
sation points. Between the discretisation points the multiple stochastic integrals
have constant coefficient functions but evolve randomly as a function of time, see

(6.25).

We can now formulate a convergence theorem that will enable us to construct a
strong Taylor approximation Y2 = {Y,2 t € [0,T]} of any given strong order
v=40.5,1,1.5,2,...}.

Theorem 6.1 For a given v € {0.5,1,1.5,2,...}, let Y& = {Y2, t € [0,T]}
be the order ~ strong Taylor approximation defined in (6.25) corresponding to a
time discretisation with mazimum step size A € (0,1).

We assume that
E(|Xo|*) <00 and E(|X,— Y < KiAY. (6.26)
Moreover, suppose that the coefficient functions f, satisfy the following condi-

tions:

Fora € A,, t € [0,T], u € & and v,y € R? the coefficient function f,
satisfies the Lipschitz type condition

|[fa(t, 2, u) = folt y, u)| < Ki(u)|z —yl, (6.27)
where Ky (u)? is ¢(du)-integrable.

For all « € A,|J B(A,) we assume
fq€Ct? and fo € Ha, (6.28)
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and for a € A,|UB(A,), t € [0,T], u € 5 and x € R?, we require
| falt, 2, 0)|? < Ko(u) (1 + |2)?), (6.29)
where Ky(u) is ¢(du)-integrable.

Then the estimate

0<s<T

\/E( sup | X, — YA12|Ag) < KA (6.30)
holds, where the constant K3 does not depend on A.

The proof of the theorem will be given in Section 6.4.

We now present several results that are needed for the proof of the convergence
Theorem 6.1.

6.2 Moments of Multiple Stochastic Integrals

The following two lemmas provide estimates of multiples stochastic integrals that
will constitute the core of the proof of Theorem 6.1.

Lemma 6.2 Let « € M,,,\{v}, g € Ha, A >0 and p and T denote two stopping
times with 7 A,-measurable and to < p <7 < p+ A <T almost surely. Then

F*=E ( sup | La[g(-)p.s|” Ap> < gl plleEn(@) / Vi z,sa) A2,
p<s<T P
(6.31)
where
V, 25(0) / / (sup lg(t,vt, ... 0¥ @) Ap> o(dvt) ... p(dvi@) < 0o
p<t<z
(6.32)
for z € [p,T].

Proof: We will prove the assertion (6.31) by induction on [(«).

1. Let us assume that /(o)) = 1 and o = (0). By the Cauchy-Schwarz inequality
we have the estimate

‘/psg(z) a:|

<G-p) [l = (6.33)

28



Therefore, we obtain

2
FO = E| sup

p<s<t

/p C(2) de Ap>

sup (s m/ﬁmﬁm

p<s<t

= Ef((t—0p /|g ) dzAp>
AE(/ ()2 dz| A
p

=A/TGMWM)M

A/ <wMgH&>M
p<t<z

4l(a)—n(a) Al(a)—i-n(a)—l/ ‘/p,z,s(oz) d2, (634)
p

IN
&

)

IA

IA

where the interchange between expectation and integral holds by A ,-measurability
of 7 and Fubini’s theorem.

. When l(a) = 1 and a = (j) with j € {1,2,...,m}, we first observe that
the process

{Lalg()lpsst € [0, T]} = {/ g(s) dWl,t € [p, T} (6.35)

is a martingale. Therefore, applying Doob’s inequality and It6’s isometry
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we have
2

FT(j) = E(sup

p<s<t

/:g(z) de .Ap)
< 4 E( /Tg(z) awi| Ap>
= 4 F (/pT lg(2)|*dz .Ap)

_ 4 /TE(\g(z)mAp) i

4 / E ( sup |g(t)|? Ap) dz
P p<t<z

_ 4l(a)—n(a) Al(a)+n(o¢)—1/ ‘/p,z,s(a) dZ, (636)
P

IN

where again the interchange between expectation and integral holds by A,
measurability of 7 and Fubini’s theorem.

. Let us now consider the case with [(«) = 1 and a = (—1). The process

(alOlpant € (T =1 [ [ als) o x st € [p T (637)

is a martingale. Then, by Doob’s inequality and the isometry for jump

processes, we obtain
// 2,v) Dg(dv x dz) Ap>

FT(_I) = ( sup
p<s<t
2

< 4 E(
= 4 /T/eE(|g(z,v)|2|Ap) ¢(dv) dz

_ 4 E(/;/5|g(z,v)|2gb(dv)dz A,
o (::za'g of

_ 4l(a)—n(a)Al(a)+n(a)—1/ Vzs(a) A2, (6.38)
P

g(z,v) pg(dv x dz)

IN

Ap> o(dv) dz
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since s(a) = 1. This shows that the result of Lemma 6.2 holds for [(«) = 1.

4. Now, let I(a) = n + 1, where a = (j1,...,Jns1) and j,r1 = 0. Then, by
applying the Cauchy-Schwarz inequality we obtain

2
F¢ = E[ sup

-
p<s<T

/p o [g()lpe dz

IA
&S|

sup (s — p) / [La-[g()]p.l” dz

p<s<t

IA

AL [La-lg()]p.l” dz

IN

p<s<T

SE( [ s ILlg)l d:
P

)
)

Ap> : (6.39)

— AE / dz x sup [Ln_[g()],al?
P

p<s<t

p<s<T

< A2E< sup |]a—[g(')]p,8|2

Then, by the inductive hypothesis it follows that

T —

F < A% glles)—nlas) Alla=)+nla—)—1 /T Vp,z,s(a—) dz
p

4l(a)—n(a) Al(a)—i-n(a)—l/ ‘/p,z,s(oz) dZ, (640)

p

where the last line holds considering that I(«) = [(a—)+1, n(a) = n(a—)+1
and s(a) = s(a—).

5. Let us now consider the case when () = n + 1, where a = (j1,. .., jnt1)
and jn11 € {1,2,...,m}. The process
{Zalg(psst € [p, T1} (6.41)

is a martingale. Therefore, by Doob’s inequality and It0’s isometry we
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obtain

2

Fr = E(sup

p<s<T

/ Tlg()],.e dWIn
p

)
)

Ap)
:

Ap) . (6.42)

2

A

4 E ‘ / L_[g()],. dWim+
p

)

1B ([ sw Ll d:
p

p<s<t

— 4 /Tua[gmp,z\? -

A

— 4 E|(r—p) sup La_lg()]psl?

p<s<T

< 4AF ( sup [To—[9(-)]ps]?

p<s<t

By the inductive hypothesis we have

Fo < 4 A4len)mne) Alles)tn(am)-1 /T Vpzs(am) A2
p

:Al(a)+n(a)—1 4l(a)—n(a)/ ‘/,07z75(a) dZ, (643)
p

since l(a) = l(a—) + 1, n(a) = n(a—) and s(o) = s(a—).

. Finally, let us suppose that I[(a) = n + 1, where a = (j1,...,Jnt1) and
Jn+1 = —1. The process

{Lalg()]pst € [0, T1} (6.44)

is again a martingale. Therefore, by applying Doob’s inequality and the
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isometry for jump processes, we obtain

Fe = (sup / / SN, Py(dv®@ x dz)
p<s<T
2
4 B (‘/ / U pz p¢(dUS(a) X dz) ‘AP)
. (/ /u S0 ]2 () dz
< 4F (/ / sup [Io-[g(-,v (a))]p,spﬁb(dvs(a))dz Ap)
E p<s<T
Ap>

Ap> o(dv*@).  (6.45)

IN

A,

— 4E <<T—p> / sup [a_lg(-, 0" @) $(d0*®)

p<s<T

< 4A / b ( Sup |]a—[9('uvs(a))]075|2
£ p<s<T

By the inductive hypothesis we have

Fo < 4 A4ler)—nles) Alla)+nla—)= // Vp z.sa-) dz ¢(dv* )

_ 4l(a)—n(a) Al(a)+n(a)_1 / V:o,z,s(a) dz) (646)
)

since I(a) = l(a—) + 1, n(a) = n(a—) and s(a) = s(a—) + 1, which
completes the proof of Lemma 6.2. O

Lemma 6.3 For a given multi-index « € M,\{v}, a time discretisation (t)a
with A € (0,1) and g € H,, let

‘/;O,'LL,S Oé / / ( Sup |g T 7U8(a))‘2
t0<z<u

At0> o(dvt) ... p(dv*®) < oo

(6.47)
and
n.—1 2
Fr= B (s |3 LalgOlenns + Ll | A ] (68)
to<z<t n—0
Then

Fo < (t —to) A2((x)-1) ftl; Viosu,s(a) dt when : l(a) =n
— gl@)=n(a)+2  Al(e)+n(a)-1 fti V;fo,u,s(a) du  when : l(a) 7& n(a>

almost surely, for every t € [to, T).
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Proof:

1. By definition (6.22) of n, we get, for z € [t,, t,+1), the relation t,, = t,.
Then, for a multi-index « = (jy, .. ., jn) with 7, = 0, we have

i Lalg()lentnr + Lalg()lt. 2

n+1
/ d3+/ I, | tnz <ds

n+1
/ tns d8+/ ]a tns dS

- / Talg()le, ods. (6:49)

0

O

M

=]

IS

The same type of equality holds analogously for every j,, € {—1,0,1,...,m}.

2. Let us first consider the case with [(«) = n(a). By the Cauchy-Schwarz
inequality we have
N

< B ( sup (== 10) | Va-lg(Ol

to<z<t
t

< (t—t)E </ |1 —[9('>]tnu,u’2 du Ato)
to

= (t—to) / E (Ha-[9()]tn, ul” | As) du

to

t
< (t—to)/E< sup \Ia[g(-)]tnu,ZIQ‘At()) du
to tng, <z<u

— (t—t) /t:E<E<tnfgfgu|]“‘[( s ‘At"u>‘Ato> u,

(6.50)

2

/ Lo (90,

to<z<t

Ff = FE ( sup

a)

where the last line holds because ¢ty < t,, a.s. and then A, C A, for
u € [tg,t]. Therefore, applying Lemma 6.2 to

E( sup  |Za-[9()]en, | ‘Atnu> (6.51)
by <z<u
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yields
Fta S (t . t[)) 4l(a7)fn(a7)

t u
. /t t <<“—tnu)“a_) e /t Vinr2ss(a—) d2
0 n

u

At()) du

t
(t — to) 4@)nlo) / E ((u—tnu)‘(“*“"(“*’ Vi ss(an) ‘At0> du

to

IN

t
< (t—to) glla=)=n(a=) Alla—)+n(a— )/ E<thu,u75(a7) )Am) du, (6.52)

to

where the last line holds as (u — t,,) < A for u € [to,t] and t € [ty,T] .
Since Ay, C A, , we notice that for u € [to, ]

E (‘/tnu Ju,s(a—) ’Ato)

= (/ / sup s,vl,...,vs(o‘_))|2 ‘Atnu>
tnu<s<u

Ato)
= //E(E( sup |g(s,v1,...,vs(a_))|2‘-Atnu>
£ £ tn, <s<u

X ¢(dv') ... p(dv> )

— / / < sup |g(s,vt, ... 0% @)
tnu<s<u

s(a—)\ |2 1 s(a—)
< [ / (toiggu\g ) )¢<dv>...¢<dv )
Vs (6.53)

X ¢(dvt) ... p(dv* @)

Am>

Am) )

It then follows
t
= (t—ty) AX@-D / Vi u.s(a) AU, (6.54)
to

. Let us now consider the case with a multi-index o = (jy, ..., 7)) with [(«) #
n(a) and j; € {1,...,m}. In this case the multiple stochastic integral is a

35



martingale
obtain

Fr =

IN

IN

IN

IN

IN

<

. Hence, by Doob’s inequality, [t0’s isometry and Lemma 6.2 we

2

[ 1 loOi

to

a)
At0>

4 /tEO[a[9(')]tnu,u!2‘Ato) "

4 [E(E@a[g(-)]tnu,u\? Atnu)‘AtO> du

t
4 / E(E( sup |Ia_[g('>]tnu,z|2 ‘Atnu> ‘.Ato) du
to tn, <z<u

4 glla=)—n(a-)
At0> du

t u
X / E <<U - tnu)l(a7)+n(a7)71 / V;fnu,z,s(a—) dZ
to tn

(

E | sup
to<z<t

t
4E<‘ / Lo [9()]n, u AW
to

2

t
4 4l(a—)—n(a—) Al(a—)-l—n(oc—) / ‘/to,u,s(a—) du

to

t
gl@=nla) Al +n(a)-1 / Vig.u,s(a) du

to

t
gMe)=n(a)+2 Al(@)+n(e)-1 / ‘/to,u,s(a) du, (6.55)

to

where the last passage holds since s(a) = s(a—) and this completes the
proof in this case.

. Let us now consider the case with a multi-index o = (ji,...,J;) with
l(a) # n(«) and j, = —1. The multiple stochastic integral is again a
martingale. Therefore, by Doob’s inequality, Lemma 6.2 and steps similar
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to the previous case we obtain

Fta = < sup / / Hv tn up(z)(d?] ) % du)
to<z<t
2
v (‘// a=l9( 0" ey Do (0™ x du)
t
= 4/ /E(H _[g(.’US(Q))]tnu,uP‘AtO) ¢(dvs(0‘)) I
to JE
= / / ( |] _ s(a) 7Luu| ‘Atnu>‘Ato>¢(dvs(a))du
t
4/ /E E( Sllp ’[a*[g(',vs(a))]tnu’z 2 ) ‘Ato ¢(dvs(a))du
to £ tnugzgu

4l(a—)—n(a—)+l

t u
8 / / E <<u - tnu)l(a_)+n(a_)_l / ‘/tmﬂz,s(af) dz
to JE tn

u

t
Y o A PRy
tg JE

(6.56)

2
)

Ay,

IN

IA

IA

Am) P(dv* @) du

IA

Hence, using (6.53) we have

t
B et qlenoe) [ o) du

4l(a)fn(a) Al @)+n(a)- / ‘/tgus (a) du

to
t
< gle)=n(@)+2 All@)+n(a)-1 / Vi w.s(a) dul (6.57)
to

since [(a) = l(a—)+1, n(a) = n(a—), s(a) = s(a—) +1 and this completes
the proof in this case.

. Finally, we assume that oo = (jy, ..., 7) with I(a) # n(«) and j; = 0.

It can be shown that the discrete time process

k

O L9t k€101 np — 13} (6.58)

n=0

is a discrete time martingale. See Lemma 5.7.1 in (Kloeden & Platen 1999)
for the diffusion case.
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Using Cauchy’s inequality we obtain

2

ny—1
Fta = E Sup Z [a[g(‘)]trutn+1 + Ia[g(‘):ltnzaz AtO
to<z<t n—0
ny—1 2
< 2FE | su L) ]entna| |A
= tog}; ;) [9( )]t bt to
+2E< sup |Lalg( )i 2|’ )Am). (6.59)
to<z<t

Applying Doob’s inequality to the first term of the equation (6.59) we get

2

ny—1
E | sup La[g()]tnstnin | At
to<z<t n=0
ng—1 2
S 4E Zla[g('ﬂtn,thrl At()
n=0

2

E tn tn+1

=0

AN
/‘\

ne—2

#2130 Lot 2 (TAPIO)

)

Atnt -1 )

(1 )

IN

4E<[‘ 3 [a[9<')]tn7tn+1‘2

a2l (TATT0) ]Atntl)}‘Am), (6.60)

where the last line holds because, by the discrete time martingale property
of the involved stochastic integrals, E(I,[g(-)]: | A, ) = 0.

”t 1 tnt
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Then by applying Lemma 6.2 we obtain

n,—1 2
E tS<ugt Z Ioa[g(')]tmtm—l As,
0=25t | p—p
ng—2
< 4E([| ]oz[g<')]tmtn+l|2
n=0
tn,
+4l( Al(a)+n a)— 1/ thtfhu,s(a) du] At0>
tntfl
?’Lt—3
< 4E<[| Z Ia[Q(')]tmth’Q
n=0
tntfl
+4l(e)=n(a) All@)+n(a)- 1/ tht_%u’s(a) du
tn,—2
tn,
L glle)-n(@) Al@)+n(a)-1 / a— Ato)
tntfl
nt73
< 4E<[| Lol
n=0
tntfl
1 4l(@)=n(a)  Al@)+n(a)- 1/ Vin, —2u,s(a) AU
tnt—2
tn
_'_4[( Al(a)—i—n a)— 1/ ‘/tnt—%uzs(a) du] Ato)? (661)
tntfl

where the last passage holds since Vi, _; wsa) < Vi, s us(a)- Applying this
procedure repetitively and using (6.53) we finally obtain

n,—1 2

Z Iq [g(')]tn,tn+1

n=0

E | sup

to<z<t

A,

t
< gi@)=n(@)+1 Al(a) B (/ V;fo,u»s(a) du
to

)

t
—  gll@)-n(@+1 Alle)tn(a)-1 / Viou,s(a) du. (6.62)
to

For the second term of equation (6.59), by applying the Cauchy-Schwarz
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inequality, similar steps as the ones used previously and Lemma 6.2, we get

E(sup ‘] Nen. = } Ato)

to<z<t

=E<sup | ol Ato)
to<z<t |Jt,,

S E ( Sup (Z - tnz)/ |‘[Oé—[g('>}tnz7u|2du
tn

2

to<z<t

Ato>

t
SA/ E(E( sup  |Ta-[9(-)]on. - !(Atnu)‘flto) du
to tn, <z<u
t u
SA 4l(a —n(a—) Al —)+n(a—)—1 / E / I/;nu%s(oﬁ) dz
to tnu

t
SA 4l(a7)7n(a7) Al(a7)+n(o¢7)fl A/ ‘/tous(a—) du

to

z

Ato) du

t
:4l(a)—n(a) Al(a)—i—n(a)—l / V;to,u,s(a) du’ (663)
to

where the last passage holds since I(a) = [(a—) + 1, n(«a) = n(a—) + 1 and
s(a) = s(a—).

Therefore, combining equations (6.62) and (6.63) we finally obtain

t
Fr < 2 (4l(a)n(a)+1 Al(a)Jrn(a)l/ V;fo,u,s(a) du
to

t
+ 4l( Al @)n(a)-1 / ‘/;‘/O,u,s(a) du)

to

< 4l(a) n(a)+2 Al(a +n(a)— /‘/tgusozdu (664)

to

which completes the proof of Lemma 6.3. 0

6.3 Moment Estimates for the SDE

We finally need an estimate of the moments of the solution of the SDE (2.2) that
we shall use in the proof of Theorem 6.1.

Theorem 6.4 Suppose that the coefficient functions a(-),b(-) and ¢(-) of the SDE
(2.2) satisfy the Lipschitz conditions (2.3) and the linear growth conditions (2.4).
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Moreover, let

E(|X,,|?) < . (6.65)
Then the solution X; of (2.2) satisfies
E ( sup | X,|? At()) < C(l +FE (|Xt0|2)> (6.66)
to<s<T

fort € [ty,T] with T < oo, where C is a positive constant depending only on
(T —to) and the linear growth bound.

A proof of this result, for the more general case of SDEs driven by semimartin-
gales, can be found in Protter (2003).

6.4 Proof of Theorem 6.1

We can now present the proof of our main result, the Theorem 6.1.

Proof:

1. With the Wagner-Platen expansion (6.21) we can represent the solution of
the SDE (2.2) as

Xr = Z Ia[fa(pa Xp)]pﬁ"‘ Z ]a[fa('=X~>]p,T’ (6~67>
acA, aeB(A,)

for any two stopping times p and 7 with 0 < p <7 < T a.s. Therefore, we
can express the solution of the SDE (2.2) at time ¢ € [0,T] as

Xy = Xo+ Z { Z Ia[fa(tnath)]tn,thrl +Ia[fa(tntatht>]tnt,t}

acA\{v}

n=0

n=0

- Z { 2_: Ia[fo‘(.’X')]tmthrl + ]Oé[foc('v X~>]tnt,t}7 (668)

aeB(A,)
where n; is defined as in equation (6.22).

We recall that the order 7 strong Taylor approximation Y2 at time t € [0, T

is given by
ne—1
Y;tA = YE)A + Z { Z Ia[fa(tn7}/;tf)]tn,tn+1 + Ia[fa(tntvytft)]tnt,t}-
ac A \{v} n=0
(6.69)
From the estimate of Theorem 6.4 we have
E ( sup | X, A0> < 0<1 + E (| Xo]?) ) (6.70)
0<s<T
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2. We can also show a similar bound for the approximation Y2. By definition
(6.69) we have

E ( sup |V Ao) < E < sup (1+ |Y2) A0>
0<s<T 0<s<T
ns—1
< E( sup <1+ ’YOA+ Z {Z Ia[fa(tnvytfﬂtmthfl
0ss=T a€A\{v}  n=0
A 2
ol foltn,, Vi i, H ) Ao
< E( sup <1+2]Y0A\2+2’ Z
i acA\(v)
ns—1 2
{2 falfaltn Y lbwtrn + falfaltn Y lowe )‘A°>
n=0
<

Cl<1+‘YOA‘2>—|—2K Z E( sup

ac A\ {v} Oss<T

ng—1

2
7 Lalfaltn YV ertren + LalFaltn Y2 lo s

n=0

where K is a positive constant depending only on the strong order ~ of the
approximation. By Lemma 6.3 and the linear growth condition (6.29) we
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obtain

b (a0

0<s<T

Ao) < G+ YRR

K Y {/j/g.,./g

a€AN\{v}

x E ( sup |fa(s,YSA)}2
0<s<u

A0> P(dvt) ... p(dv*®) du}

< G (14 |YPP) +2K,
x> {/.../KQ(vl,...,w(a))gb(dvl)...¢(dvs<a>)
acA vy L 7E T8
T
x/ E| sup (L+|YAP) | Ao | du
0 0<s<u
<

Cy (14 [Y2(0)) +02/TE ( sup (1+ |V

0<s<u

.Ao) du.

Then by applying the Gronwall inequality we obtain

B s 27

0<s<T

AO> <O+ VAP, (6.73)

where C' is a positive finite constant.

3. Let us now analyze the mean square error of the order 7 strong Taylor
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approximation Y2. By (6.68), (6.69) and Cauchy’s inequality we obtain

9

Z(t) = E(sup | X, — YA]?

0<s<t

+ Z { Z [a[fa(tn,th) - fa(tn> Y;tf)]tn:tn-kl

+[a[fa(tn57ths) o fa(tns> Y;fi)]tnsd}

ns—1 2

D DI D DFATACS &) SRR ATATS )N’

aEB(A,) n=0

9

< Gy [X%-YRP+ Y st Y Up (6.74)
acAN\{v} a€B(A)

for all ¢ € [0, T], where S{* and U are defined as

0<s<t

ng—1
Sy o= E( sup Z I, [fa(thtn) - fa(tn7§/1€f)}tn,tn+1

n=0
2
+Ia [fa(tnsa ths) - foc(tnsa Y;fs)}tns s AO) ) (675>
ns—1 9
Uta = FE sup Z Ioc[fa(VX-)]tn,th + ]a[fa('aX~>]tns,s AO :
0<s<t 0

(6.76)
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4. By using again Lemma 6.3 and Lipschitz condition (6.27) we obtain

tn tn+1

2
)

ns—1
Sta = E( sup Z [a [fa(thtn) - fa(t YA)]

0<s<t | #—5

+Ia [foz(tnsu ths) - fa(tns’}/tfs)]tns,s ‘

< 04/ / / <Sup ’fa Ns) tns)_ a(tnsvy;i)‘Q AU)
0<s<u
x ¢(dvt) ... ¢(dv*'™)du
< 04/.../(Kl(vl,...,vs(o‘)))2¢(dv1)...¢(dvs(a))
£ £
t
X / E ( sup |X;, — Y2 ? A0> du
0 0<s<u
t
< 05/ Z(u) du. (6.77)
0

Applying again Lemma 6.3 and the linear growth condition (6.29) we obtain

AQ
< Gy AY@® / / / < sup |fa(s, X,)|? ‘A()) o(dvt) . .. p(dv@)du
0<s<u

< C5 AY@ / . ./Kg(vl, Lo (dot) L p(dvs @)
£ £

t
X / E ( sup (14 |X,/?) A()) du
0 0<s<u

ng—1 2
ve = <ﬁm S Ll Xt Fl ol X

0<s<t —
n=

< Cp AV <t+/tE< sup | X,/ Ao)du>, (6.78)
where
) 2l(a) -2 (o) = n(a)
i) = {l(a) +nl) =1 :l(a) # n(a).

Since we are now considering a € B(A,), we have that I(«) > v+ 1 when
l(a) = n(a) and l(a) +n(a) > 2y+1 when I(a) # n(a), so that ¥(a) > 27.
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Therefore, applying estimate (6.66) of Theorem 6.4 we obtain

t
Ue < CgA” <t+/ 01(1+|X0|2)du>

0
< Cr AT (14 |1XP). (6.79)

5. Combining equations (6.74), (6.77) and (6.79) we obtain
¢

Z(t) S Cg { |X0 — Y[)A|2 + Cg AQ’Y (1 -+ ‘Xo‘z) + Cl[)/
0

Z(u)du} . (6.80)

By equations (6.70) and (6.73) Z(t) is bounded. Therefore, by the Gronwall
inequality we obtain

Z(T) < Ky (1+[Xof*) A + K5 (| X0 — Y% - (6.81)

Finally, by equation (6.26), we obtain

\/E( sup | X, — YA |Ay) = Z(T) < K3 A, (6.82)
0<s<T
which completes the proof of Theorem 6.1. 0

7 General Strong Schemes

Now we consider more general strong schemes, the strong [t6 schemes, constructed
with the same multiple stochastic integrals underlying the scheme (6.24), but with
different coefficients. Under particular conditions on these coefficients, the strong
[t6 schemes converge to the solution X of the SDE (2.2) with the same strong
order v of the corresponding strong Taylor schemes. Therefore, we can construct
more general strong approximations of any given order, in particular, derivative
free and implicit schemes.

For a time discretization with maximum step size A € (0, 1), as the one introduced
in Section 6.1, we define the order v strong Ito scheme by the vector equation

YA =Y24 > lalhanl,,,., + R, (7.1)
acAN\{v}
with n € {0,1,...,np— 1}, if the coefficients h,, ,, are A;, -measurable and satisfy
the estimate
E ( max |ha, — fa(tn,Yn)|2> < C(u) A ¥ (7.2)
0<n<np—1

46



for all a € A, \{v}, where C' : £5@ — R is a ¢(du)- integrable function. Here

N 2(r) — 2 (o) =n(w)
W ) {Z(Oé) + n(Oé) -1 Z(Oé) 7£ n(Oé),

and the R, satisfy

2
E | max < K A%, (7.3)
1<n<np

> n

0<k<n—1

We can now formulate a convergence theorem that will enable us to construct
strong Ito approximations of any given strong order, including derivative free and
drift-implicit schemes.

Theorem 7.1 Let Y2 = {Y2 n € {0,1,...,n7}} be a discrete time approxi-
mation generated via the strong Ito scheme (7.1), for a given time discretisation
with mazimum time step size A € (0,1), and for v € {0.5,1,1.5,2,...}. If the
conditions of Theorem 6.1 are satisfied, then

\/E ( max | X;, — YnAF) < KA. (7.4)
0<n<nr

Proof: Since we have already proved in Theorem 6.1 that the strong Taylor
scheme (6.24) converges with strong order =, here it will be sufficient to show
that the Ito scheme (7.1) converges with strong order v to the Taylor scheme.

With Y2 we denote here the strong Taylor scheme (6.24). Let us also assume,
for simplicity, that Yy = Y,. Then applying Jensen’s inequality and Cauchy’s
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inequality, we obtain for all ¢t € [0, T the estimate
)

= F max i Z Ioz [fa(tkv};kA)_

1<n<ny d e,k
k=0 ac A, \{v} +

yA_vyA

H, = E(max

1<n<n¢

-1

- Z Z ]oz [ha’k]tk,tk+1 + Rn

k=0 \aeA\{v}

3

n—1
~ A A
< K Z E max Z[a [fa(tkayk ) — fa(te, Yy )Lk’tm
a€A\{v} =
n—1 2
A
+E 1252% Z]a [fa(tk’yk ) ho"k]twﬁkﬂ
n—1 2
B | s, 3 "

Applying Lemma 6.3, condition (7.3), the Lipschitz condition (6.27) and condition
(7.2) yields

H, < K Z {/Ot/g---/g(E(lgzﬁu‘fa(tka?ﬁ)_fa<tk7YkA)‘2)

acA\{v}

+E( max |fu(tr, V) — ha,n)F))Mdvl) : ..¢(dv8<a>)du}M<a> + K3AY

1<n<ny,

t
< K5/ B( max |V;* = Y2P)du x > AV 4 K AY
o acd,\{v}

t
< K7/ Hudu+K6A27, (76)
0

where the last inequality holds since A € (0,1). With the estimate of Theorem
6.4 and a similar estimate on the numerical solution Y2, one can show that H,
is bounded. Therefore, by applying the Gronwall inequality to (7.6), we obtain

H, < K5 A® 57, (7.7)
Since we assume, for simplicity, ?OA =Y, we have

E( max |[Y2—Y2?) < KAY. (7.8)

0<n<np
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Finally, by the estimate of Theorem 6.1 we obtain

\/E( max |X, — YA]2) = \/E( max | X, — YA +YA_VAZ)< KA,

0<n<np o<n<nrp
(7.9)

which finalises the proof of Theorem 7.1. U

7.1 Derivative Free Schemes

The strong It6 scheme (7.1) and the related convergence Theorem 7.1 allow us to
asses the strong order of convergence of general approximations. In this section
we show how it is possible to rewrite derivative free schemes, as the ones presented
in Section 3.2, as strong It6 schemes.

We recall here that the explicit order 1.0 strong Taylor scheme, presented in
Section 3.2, is given as

(2}
Yorr = Yo +a(Yo)A+b(Y,)AW, +/ /C(Yn,v)p¢(dv X ds)

e S
/t”“ // Vi, v) = C(Ynav)} AW (s1) pg(dv x ds,)

+/t:n+1 /t:/g {b(Yn + (Yo, 0)) — b(Yn)}m(dU X ds1) dW (s2)

[ o

X pg(dvy X dsy) pe(dve X dss), (7.10)
with the supporting value

Y, =Y, +bY,)VA. (7.11)

From the deterministic Taylor expansion, we obtain

% (Yn oY, — Yn)>
2

DY) = b(Y,) + (V)T i} + V.- Yn}2, (7.12)

and
v.-v},
(7.13)

' (Yn +0(Y, —Y,), v)
2

c(Yn,v) = c(Yy,v) + (Y, v){?n — Yn} +
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with

V() dz(;) and V() i %fj”), (7.14)
d(z,v) = ac(ax:;v) and "(z,v) := % (7.15)

for every v € £, where 6 € (0,1).
Therefore, we can rewrite the scheme (7.10) as
Yorr = Yot Lol +Imlhayaltnn + Ien el
Han bl + Lo-nlha-0nlen
1) nlh-10) )t tnes F L1,-1) 1,21t (7.16)

h(o)yn = a(Yn)a h(l),n = b(Yn)a h(—l),n = C(Yny U),

n,U) — c(Yn,v)}
ha,—1)ym = T

o
=l

R TR b(Yn + c(Yn,v)> _ b(Yn),

{b¥2) - b(va) }
—1

h(—l,—l),n = C<Yn + C<Yn7 'UQ), Ul) - C<Yn; U1)7 h(l,l),n =
(7.17)

The coefficients h,, ,, are different from the coefficients f, , of the order 1.0 strong
Taylor scheme (3.6), only for o = (1,1) and o = (1, —1). Therefore, to prove that
the scheme (7.10) is an order 1.0 strong It scheme, it remains to check condition
(7.2) for these two coefficients.

By the linear growth condition (6.29) of Theorem 6.1, we have
2 2
)b(yn)%” (Yo +60(¥,)VA) ’ < K1+ VYK (1+ V)
= C (14 |YaP + |Yal* + [Yal®) . (7.18)
In a similar way we also obtain
2
)b(Yn)%" (Yn OBV )VA, v)‘ <) (L+ Y2+ [V + Wl%),  (7.19)

where Cy(v) : € — R is a ¢(dv)- integrable function.

Following similar steps as the ones used in the first part of the proof of Theorem
6.1, we can show that

E( max 1|Yn|2q) < K(1+E(|YO|2q)), (7.20)

0<n<np—

20



for ¢ € N. Therefore, assuming E(]Yy|%) < oo, by conditions (7.18), (7.19), and
(7.20), we obtain
2)

BV () x
2

E( max ‘h(l,l),n_f(l,l)(tnayn)|2> < E( max

0<n<npr—1 0<nnpr—1

< KA(1+ E(%))
< O APV, (7.21)
We also have
E ( max ‘h(l,—l),n - f(l,l)(tny Yn)‘2) S C(U) Awaw(a)’ (722)
0<n<nr—1

where C'(v) : € — R is a ¢(dv)- integrable function, which shows that the scheme
(7.10) is a strong It6 scheme of order v = 1.0.

7.2 Implicit Schemes

As explained in Section 3.3, for any strong Taylor scheme of order ~ it is possible
to obtain a drift-implicit scheme of the same strong order of convergence. To
avoid problems due to the reciprocal of Gaussian random variables, one can, in
general, introduce implicitness only in the drift terms. Drift-implicit schemes of
order v can be derived by an application of the Wagner-Platen expansion to the
drift terms of a correspondent strong Taylor scheme of order v. If we apply the
Wagner-Platen expansion to the drift term a(z) we can write

a(Xy) = a(Xpon) — La(X)A — L'a(X,) (W(t+ A) — W(t))
—L7a(Xy) (po(t + D) — py(t)) — Ru(t), (7.23)

where

t+A s s
Ri(t) = / { / L°L%a(X,)du + / L'L°a(X,)dW,
t t

t

—l—/ /LlLOa(Xu)m(dv X du)}ds
t Je
t+A s s
+/ {/ LOLla(Xu)du+/ L'L'a(X,)dW,
t t

t
+ /L_lLla(Xu)p¢(dvl X du)} dW,
¢ Je

t+A s s
+/ {/ LOLla(Xu)du+/ L'L~'a(X,)dW,
t t

t

+ /t S /g L' L (X, )ps(doy X du)} poldvs x ds),  (7.24)
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and the operators L%, L' and L™! are defined in (6.12), (6.13) and (6.14), respec-
tively.

For any 6 € [0, 1], we can rewrite the Euler scheme (3.3) as

Yopr = Ya+{0a(Yo)+ (1 —=0)a(Ya)} A+ 0(Ya) AW,
/tn+1/ (Yo, v) pe(dv x ds), (7.25)

and by replacing the first drift coefficient a(Y},) with its implicit expansion (7.23),
we obtain

You = Yoot {ea(ym) 4 (1-9) a(Yn)}A +B(Y,) AW,

tn+1
+/ /C(Yn,v)p¢(dv X ds)
tn £

—{Loa(Yn)A + L'a(Y,) AW, + L~ a(Y,) Ap, + Rl(t)}é A.
(7.26)

However, the terms in the last line of equation (7.26) are not necessary for a
scheme with strong order v = 0.5. Therefore, they can be discarded when deriving
the implicit Euler scheme (3.28).

By applying the same procedure to every time integral appearing in a higher
order strong Taylor scheme it is possible to derive higher order implicit schemes
as, for instance, the drift-implicit order 1.0 strong scheme (3.29).

To prove the strong order of convergence of drift-implicit schemes it is sufficient
to show that one can rewrite these as strong [t06 schemes. The drift-implicit Euler
scheme, for instance, can be written as an order 0.5 strong It6 scheme given by

Vi1 = Yo + Lo [yl tess T IRy nltn s + I[Py nltn b + Ba (7.27)
with
h(O),n = a(Yn), h(l),n = b(Yn), h(—l),n = C(Yn, U), (728)
and
R,=0A (a(Yp1) —a(Yy)). (7.29)

Since the coefficients h,, ,, are the same as the ones employed in the Euler scheme
(3.3), we have only to check condition (7.3) for the remainder term R,,. Following
similar steps as the ones used in the first part of the proof of Theorem 6.1, we
can show that

E ( max yYnF) < K(1 +E(|Y0\2)). (7.30)

0<n<np—1
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By applying Jensen’s inequality, the Chauchy-Schwarz inequality, the linear growth
condition (2.4) and the estimate (7.30), we obtain

2 2
E  ax Z Ry, = FE  Jax Z 0 A (a(Vig1) — a(Yi))
0<k<n—1 0<k<n—1
< KA’E (1512}7% Z 2|a(Yk+1)|2+2|a(Yk)|2)>
0<k<n—1
< KA’ {K& +E ( > (2!Yk+1\2 +2!Yk|2)>}
0<k<nrp—1

< KA2<1 ~|—E(|Y0|2)>

< CA¥. (7.31)

Therefore, the convergence of the drift-implicit Euler scheme follows from The-
orem 7.1 since we have shown that it can be rewritten as a strong Ito scheme
of order 0.5. In a similar way it is possible to show that the drift-implicit order
v = 1.0 strong Taylor scheme (3.29) can be rewritten as an order v = 1.0 strong
[t0 scheme.

8 Jump Adapted Schemes

In this section we present a convergence theorem for jump adapted approxima-
tions that allows us to asses the strong order of convergence of the schemes
presented in Section 4.

We consider here a jump adapted time discretisation 0 =ty < t; < ... < ty =
T with maximum step size A € (0,1) as suggested in Platen (1982a). The
term “jump adapted” means that the time discretisation includes all the jump
times {7y, 7,...} of the Poisson measure p,. A maximum step size A € (0, 1),
means that for every n € {0,1,2,...,np — 1} P(t,11 —t, < A) =1 and, if the
discretisation time ¢, is not a jump time, then ¢, is A; -measurable. We also
require to have a finite number of time discretisation points, that means n;, < oo
a.s. for t € [0,T], where n; is defined in (6.22). For instance, the superposition
of the jump times to an equidistant time discretisation, as presented in Section
4, satisfies these assumptions.

As explained in Section 4, by construction the jumps arise only at discretisation
points. Therefore, between discretisation points we can approximate the stocha-
stic process X with a strong Taylor scheme for diffusions. For this reason we use
here a slightly modified notation from the one introduced in Section 6, as will be
outlined below.
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For m € N the set of all multi-indices « that do not include components equal
to —1 is now denoted by

M, ={01,..-,5) 1§ €{0,1,2,..., 1}, i € {1,2,..., I} forl e N} U {v}, (8.1)
where v is the multi-index of length zero.

Let £ be the set of functions f(¢,z) : [0,T] x R? — R from €2 and L, for
k€ {1,...,m}, the set of functions f(t,z) with partial derivatives 52 f (¢, z), i kE
{1,...,d}. We also introduce the following operators for a function f(¢,z) € L',

with & € {0,1,...,m}:

IOt 2) = %f(t,x)+izai(t,x)%f(t,x)

d m
1 o , 2
— 2] 7]
+2MZ:1;b (t,x)b (t’x)ﬁxiaxjﬂt’x) (8.2)
and
(k) <, )
LYf(t ) = sz,k(t,x)%f(t,x), fork € {1,...,m} (8.3)
=1

for all t € [0,T] and z € R%.

For all & = (ji,...,jiw) € M, and a function f : [0,T] x R — R?, we define
recursively the It6 coefficient functions f,,

f(t,z) for l(a) =0
- ) ftalt,z))  for  l(a) =1, j; =0,
faltz) = (b)) for  Ua) =1
f(jl)f_a(t, z) for  l(a)>2

assuming that the coefficients of the SDE (2.2) satisfy the conditions of smooth-
ness and integrability needed for the operators in (8.4) to be well defined.

Given a set A C M,,, we also define the remainder set B(A) of A by
B(A) = {a € M,,\A: —a € A}. (8.5)
Moreover, for every v € {0.5,1,1.5,2,...} we define the hierarchical set
— — 1
A, ={aeM:l(a)+n(a) <2y or Il a)=n(a)="v+ 5} (8.6)

Then for a jump adapted time discretisation, with maximum time step size A €
(0,1), we define the jump adapted order ~y strong Taylor scheme by

?t'rH»l* = 7tn + Z 70& (tn7 ?tn )ICV (87)
acA\{v}
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and

7tn+l = 7tn+1— +/C(tn_>?tn+1—>v) p¢(dv X {tn-i-l})? (88>
&

where [, is the multiple stochastic integral of the multi-index « over the time
period (t,,t,+1] and n € {0,1,...,np — 1}.

As in Section 6.1, to asses the order of strong convergence of these schemes, we
define through a specific interpolation the jump adapted order v strong Taylor
approximation by

Vi= > Llfalte Vi)l (8.9)

a€A,\{v}

since there are no jumps between grid points. We can now formulate a conver-
gence theorem for jump adapted schemes.

Theorem 8.1 For a given v € {0.5,1,1.5,2,...}, let Ve = {VtA, t €[0,7]} be
the order v jump adapted strong Taylor approrimation corresponding to a jump
adapted time discretisation with mazximum step size A € (0,1). We assume that

E(IXo?) <00 and E(|Xo—Y,[?) < CAY. (8.10)

Moreover, suppose that the coefficient functions f, satisfy the following condi-
tions:

Fora e .,le t €10,T) and v,y € R?, the coefficient f,, satisfies the Lipschitz type
condition B B
|foc(t7x)_fo¢<t7y)} SKl |§U—y| (811)

For all « € A,|JB(A,) we assume

foecCc¥”  and  f,€H,, (8.12)

and for a € A,|JB(A,), t € [0,T] and x € R?, we require

Tt 2)|* < Ky (14 |2 (8.13)
Then the estimate
\/E( sup | X, — V2P |Ag) < K5 A7 (8.14)
0<s<T

holds, where the constant K3 does not depend on A.
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Proof: Since the jump adapted time discretisation contains all jump points of
the solution X of the SDE (2.2), with the aid of the Wagner-Platen expansion
for diffusion processes we can write

ne—1

X = Xot+ Y, {Z foltn, X))t tnir + 1o [_Oc(tnt7tht)]tnt7t}

acA\{v}  n=0

TLtl

* Z {Z[ tntn+1+I [_a('7X-)]tnt,t}

a€B(A,) n=0

/ / o Xo o 0) po(dv x ds), (8.15)

for ¢ € [0, 7.
The jump adapted order ~ strong Taylor scheme can be written as

TLtl

Vi = Yo+ Z {Z oltns Yo )l tuis + Lo [_a(tntthnt)]tnt,t}

a€d,\{v}  n=0

t
+/ /c(tns—,ths,v)pqg(dv x ds), (8.16)
0 Je

for every t € [0,T].

From the estimate of Theorem 6.4 we have

E ( sup | X,[? Ao) < 0(1 + B (1X]?) ) (8.17)

0<s<T

Moreover, with similar steps as the ones used in the first part of the proof of
Theorem 6.1, we can show the following estimate

E ( sup [V AO) < C(l Vv E <|?OA|2> ) (8.18)

0<s<T
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The mean square error is given by

2 A())

+ Z { Z Ia[?g(tnath) — ?a(tnavi)]tmtm-l

— — —=A
LTt Xa) = Falbnos Voo s

+ 30 Y LalFa Xt + LalFal X
acB(A,) n=0

2

:

A2
< Oy ‘XO—YOA’ + > S+ > Ur+P (8.19)

acAN\{v} a€B(A,)

+/ {c(tnu—,thu,, v) = c(tp,— Y, - v)}p¢(dv X du)
0 Je

for all t € [0, T], where S, U> and P, are defined by

ns—1
Sg = E( sup Z ]oz [7a(tnath) _Toz(t’m?i)}

0<s<t n—0

tn 7tn+1

— — —A
+1, [fa(tnsu ths) - fa(tnw Ytns)i|t s

A0> , (8.20)

ns—1 9
Uuy = ‘ [ « 7 1+I al’s Ny S A )
; (&ggt nz [fas X )bt [fal X )], o)
(8.21)
and
_ 2
P = sup // i, —s nu_,v)—c(tnu—,Ytnu_,v)}p¢(dvxdu)) Ao |-
0<s<t

(8.22)

Therefore, the terms Sy* and U;* can be estimated as in the proof of Theorem 6.1,
while for P;, applying Jensen’s and Doob’s inequalities, [td’s isometry for jump
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processes, the Chauchy-Schwarz inequality and the Lipschitz condition (2.3), we

obtain

P =

IN

IN

IN

<

/ /{c(tnu—,thu_,v) - c(tnu—,thu_,v)}ﬁqg(dv X du)
o Je

)

t
/ / {c(tnu—, Xty =5 V) — c(tnu—,Ytnu_,v)}ﬁqg(dv X du)
0 Je

E ( sup
0<s<t

+/OS /g {c(tnu,thu_,v) — C(tnu,?tnu—;v)} ¢(dv)du

8E<

+2F ( sup

0<s<t

2

2

)
9

2

/Os/g {C(tnu; Xty s V) — c(tnu,thu_,U)} é(dv)du

:

t
LONEE (/ /|c(tnu,thu_,v) =t Vo 0| (o) du
0 £

t
KE (/ B R R A0>
0

c / ' Z(u)du. (8.23)

t
8 E (/ / ‘C<tnU’ thu_,'U) - C(tnu,Ytnu_, U)‘Q Cb(d'U) du
0 JE

:

Therefore, since by (8.17) and (8.18) Z(t) is bounded, applying the Gronwall
inequality to (8.19) we can complete the proof of Theorem 8.1. U
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