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Abstract

We present new algorithms for weak approximation of stochastic dif-
ferential equations driven by pure jump Lévy processes. The method is
built upon adaptive non-uniform discretization based on the times of large
jumps of the driving process. To approximate the solution between these
times we replace the small jumps with a Brownian motion, and construct
and approximate solution of the resulting continuous SDE. Our technique
avoids the simulation of the increments of the Lévy process, for which
algorithms are not available in general, and in many cases achieves better
convergence rates than the traditional Euler scheme with equal time steps.
To illustrate the method, we discuss an application to option pricing in
the Libor market model with jumps.
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1 Introduction

Let Z be a d-dimensional Lévy process without diffusion component, that is,

t t
Zy = vt—i-/ / yN(dy, ds) —i—/ / yN(dy,ds), te]0,1].
0 Jlyl<1 0 Jly[>1
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Here v € R4, N is a Poisson random measure on R? x [0, 00) with intensity v
satisfying [ 1A |y|?v(dy) < oo and N(dy,ds) = N(dy, ds) — v(dy)ds denotes the
compensated version of N. Further, let X be an R™-valued adapted stochastic
process, unique solution of the stochastic differential equation

t
Xt:X0+/ WX, )dZs, te0,1], (1)
0

where h is an n x d matrix.

In this article, we propose a simulation method for X and study its rate
of convergence. In particular, we are interested in the case when v(R?) = oo,
that is, there is an infinite number of jumps in every interval of nonzero length
a.s. The traditional method to simulate X is to use the Euler scheme which is
a uniformly-spaced discretization scheme for (1) [19, 12]. This method suffers
from two difficulties: first, for a general Lévy measure v, there is no available
algorithm to simulate the increments of the driving Lévy process and second,
a large jump of Z occurring between two discretization points can lead to an
important discretization error.

A natural idea due to Rubenthaler [21] (in the context of finite-intensity
jump processes, this idea appears also in [3, 16]), is to replace the process Z
with a suitable compound Poisson approximation and place the discretization
points at the jump times of the compound Poisson process. When the jumps
of Z are highly concentrated around zero, however, this approximation is too
rough and can lead to convergence rates which are arbitrarily slow.

On the other hand, Mordecki et. al [16], propose an adaptive method for
a stochastic differerential equation driven by a compound Poisson process and
a Brownian motion. In that setting, in order to control the errors that may
come from large jumps they propose the simulation of all the jumps of the
compounded Poisson process and therefore their analysis cannot be extended
to the case v(R?%) = oo.

We assume in this article that the Lévy measure of Z is known as it is the case
in many applications. In such situation, one can easily simulate the jumps of Z
larger in absolute value than a certain € > 0. Sometimes, other approximations
of Z by a compound Poisson process, such as the series representations [20] lead
to simpler simulation algorithms (see Example 6).

As we are interested in the case v(R?) = oo, this means that there are many
small jumps and therefore an approximation of those jumps should improve the
approximation scheme. In order to take into account the jumps smaller than €,
we use the idea of Asmussen and Rosinski [1] (see also [5]) and replace all the
jumps of Z smaller than ¢ between the jump times of the compound Poisson
approximation with o.W where W is a Brownian motion and o, is a coefficient
which equals the second moment associated to the jumps smaller than e.

Combining these two ideas we propose the following approximating scheme.
At any time when there is a jump larger than e, we compute the jump size and
the change in the approximating system. Between two jumps larger than e, we
use an approximate solution of the continuous SDE driven by a o.W.



The approximation of the solution to the continuous SDE between large
jumps is constructed as a perturbation around the solution of the deterministic
ODE, obtained by removing the small jumps completely. This ODE can be
solved either explicitly or using a Runge-Kutta type approach.

We separate our study into two cases: the one-dimensional and the multi-
dimensional case. This is done because the approximate solution of an one
dimensional stochastic differential equation driven by a Brownian motion can
be written using solutions for ordinary differential equations and therefore the
approximation between two jumps larger than € can be achieved easily. In
the multidimensional case, we use a Taylor approximation in order to obtain a
scheme between two jumps larger than €.

We denote the approximation obtained with our method by X¢ for the one-
dimensional scheme and X¢ for the multidimensional scheme. The theoretical
goal in this article is to study the behavior of the weak approximation error
defined by

|E[f(X1)] = E[f(Y7)]]
for Y¢ = X‘S, Xe.

Supposing that no further discretization is done between the times of jumps
larger than €, the computational complexity of simulating a single approximate
trajectory on the time interval [0, 1] is proportional to the number of such jumps,
which is a random variable. To compare our method to the traditional equally-
spaced discretizations, we measure instead the computational complexity by the
average number of jumps larger than ¢ on [0, 1], denoted by A.. We say that the
approximation Y¢ converges weakly for some order p > 0 if, for a sufficiently

smooth function f,
[ELf(X0)] = E[f (D)) < KAZP

for some K > 0 and all ¢ sufficiently small.
The exact order of convergence depends on the characteristics of the Lévy

process. In particular, if the Lévy measure has a singularity of the form \w\ﬁ

near zero, the order of our schemes is (2 — 1) A (2). In the same setting,
[21] obtains a strictly lower order of (£ — 1) A 1. It is therefore clear that the
introduction of the Asmussen-Rosinski approach leads to an improvement in the
rate of convergence.

We can use our theoretical results in order to choose ¢ in the above method
in an optimal way. This means that the study of the error of approximation
gives exactly the order of € in order to achieve a certain order of error. The fact
that v(R?) = oo, which implies that the weak error becomes arbitrarily small
as € decreases, plays an important role in this conclusion.

We start with a section of Preliminaries in order to introduce the notation
and the general truncation method for removing small jumps. This is done in
some generality in order to later introduce examples using series approxima-
tions (see Example 6 and the first example in Section 5) where the truncation
functions are non-trivial.



Next, we provide two versions of the jump-adapted discretization scheme for
pure jump Lévy processes. The scheme presented in Section 3 is easier to use
and implement but works in the case d = n = 1. A fully general scheme is then
presented in Section 4.

We close the article with some simulation experiments. In the first one, we
check that the theoretical rates obtained in the article coincide with the observed
rates in the simulation of an example using the Normal inverse Gaussian model.
In this model there exists an explicit algorithm for simulating the increments,
which makes it possible to compare our method with the Euler scheme.

In our second example, we apply our methodology to a financial problem
of option valuation in the Libor market models with jumps. Although this
second problem does not satisfy all the assumptions necessary to establish the
theoretical convergence rates, we observe very fast convergence, which shows
that the results proved in the previous sections may be satisfied in greater
generality. In this article, we require f to have some smoothness properties
while in the financial applications f usually does not have these properties. The
generalization of the theoretical results to nonsmooth f may be carried out using
density estimation techniques (see [17], [14] among others). As these estimates
come at the cost of a much greater technicality, and impose restrictions on the
choice of the Lévy measure, we do not discuss them here.

Throughout the article we use X (¢) or X; to denote the value at time ¢ of
the stochastic process X . Positive constants will be denoted by C' and they may
change from one line to the next. CJ'(A) denotes the set of n times differentiable
functions on A whose n derivatives are bounded.

2 Preliminaries

Consider a family of measurable functions (x:)e.>o : R? — [0,1] such that
fRd Xe(y)v(dy) < oo and f\y\>1 ly|2(1 — xo)(y)v(dy) < oo for all e > 0 and
lim.jo xc(y) = 1 for all y # 0. The Lévy measure v will be assumed to satisfy
v(R?) = oo and g, |y[*v(dy) < oo. This measure will be approximated by fi-
nite measures x.v. The most simple such approximation is x.(y) := 1jy>., but
others can also be useful (see Example 6 below and Section 5). We denote by N
a Poisson random measure with intensity x.v x ds/\and by ]/\]\E its compensated

Poisson random measure. Similarly, we denote by N. the compensated Poisson
random measure with intensity x.v X ds, where X := 1 — x.. The process Z



can then be represented in law as follows:
Zi Lyt + 75 + RS,

%:v—/ yst(dy)+/ yXev(dy),
ly|<1

ly|>1
t
zi= [ [ onitay.ds),
0 JRrd
t b~
sz// yNe(dy, ds).
o Jrd

We denote by A\c = [ xev(dy) the intensity of Z¢, by (N7) the Poisson process
which has the same jump times as Z¢, and by 17, i € N, the jump times of Z¢
with 7§ = 0. Z¢ denotes the compensated version of the process Z¢. F will
denote the filtration generated by N and an independent Brownian motion W
which will be used for the approximation of small jumps.

Furthermore, we denote by ¥° the variance-covariance matrix of Rf:

X5 = / yiyiXev(dy),
Rd

and in the one-dimensional case (d = 1) we set 02 := X5,. Note that due to the
previous assumptions on X., we have that sup.¢ g 1) [|X°]| < oo.
Sometimes we shall use the following technical assumption on (x.):

(A) Vn > 2, 3C, such that

[ i) < . [ fepenas)
R4 Rd
for e sufficiently small.

This assumption, roughly, means that the approximation (x.) does not re-
move small jumps faster than large jumps, and it is clearly satisfied by x.(y) =
liyse, e < 1

3 One-dimensional SDE

For our first scheme we take d = n = 1 and consider the ordinary differential
equation

dXt = h(Xt)dt, XO =X. (2)
In the one-dimensional case, the solution to this equation can always be written:

X; = 0(t;z) = F~Y(t 4 F(x)),



where F' is the primitive of ﬁ Therefore, we assume that ﬁ is a locally

integrable function. Alternatively, a high-order discretization scheme (such as
Runge-Kutta) can be used and is easy to construct (see Proposition 7).
We define inductively X (0) = X, and for ¢ > 0,

X(T241-) = 00Ty — T7) + 0 (W(TEy) — W)
— SR )0 (T, — T7): X (1) 3)

X(Tip) = X (T —) + MX (T, -)AZ(TE ). (4)

Similarly, for an arbitrary point ¢, we define

X(t) = 0(v=(t —ne) + o= (W(t) = W(nt)) — %h’(ff(m))a?(t —n); X(ne)), (5)

where we 7 is the discretization point immediately preceeding t: n; := sup{7Ty :
TF < t}. Here W denotes a one dimensional Brownian motion.

Therefore, the idea is to replace the original equation with an Asmussen-
Rosiniski type approximation which is explicitly solvable between the times of
large jumps and is exact for all A if the driving process is deterministic, and for
affine h in all cases. The purpose of this construction becomes clear from the
following lemma.

Lemma 1. Let h € C'(R). The process X defined by (3)-(5) is the solution of
the stochastic differential equation

dX, = h(X,_) {de + 0o dW; + edt + %(h’(Xt) - h’(f(n(t)))ofdt} :
Proof. 1t is enough to show that the process
Y = 0(yet + oWy — %h'(z)agt;x) (6)
is the solution of the continuous SDE
0¥, = 0(Y0) { Wi+ + L) — W)}

This follows by an application of It formula to (6) using

M(t;2) .
5 = h(6(t; 2))
?0(t;z) ., )
o = WOt 2)h(0(t: 2)).

O

For the convergence analysis, we introduce two sets of conditions (parame-
terized by an integer number n):



(Hy,) f€CP, heCF and [ |2|?"v(dz) < oo.

(H,) fe€C" heCy, f® have at most polynomial growth for 1 < k < n and
[ 12|Fv(dz) < oo for all k > 1.

Theorem 2.

(i) Assume (Hz) or (Hg) + (A). Then
2
;) — Ie o2 3%.v .
B - 000l < 0 (ot 4 he + [ I eavtan)

(ii) Assume (Hq) or (Hj) + (A), let 7. be bounded and let the measure v
satisfy

‘/y%w(dy)‘ < C/Iyl4>ZsVo(dy) (7)

for some measure vy and some posituve constant C independent of € .
Then

N o2
B — 0l < € (o2 4 b + [ Il eato+v)(an)

and in particular,
~ 0‘2
Bl — sl < 0 (4 [ o+ 0@
€ R

Remark 3. (i)Under the polynomial growth assumptions (Hjy) or (Hy), the
constants in the above theorem may depend on the initial value x.

(i1) Condition (7) is satisfied, for example, if x:(y) = xe(—y) for all y and
e and if v is locally symmetric near zero. That is, v(dy) = (1 + &(y))vo(dy),
where vy is a symmetric measure satuisfying suitable integrability conditions and

£(y) = O(y) fory — 0.

Corollary 4 (Worst-case convergence rates). Let xc(x) = 1g>.. Then, under
the conditions (Hg) or (Hj) + (A),

[BLf (%) = F)]| < o0 ),
and under the conditions of part (ii) of Theorem 2,
|BLf(X1) = f(XD)] < o(A).

Proof. These worst-case bounds follow from the following estimates. First, for
every Lévy process, 0. — 0 as ¢ — 0. By the dominated convergence theorem,
e2\. — 0 as ¢ — 0. This implies

vV e |y|3u(dy) < 52)\505 20,
\

y|<e



and similarly

0

)\s/ ly|*v(dy) < e?X.o? === 0.
ly|<e

O

Ezample 5 (Stable-like behavior). Once again, let x.(z) = 1|35, and assume
that the Lévy measure has an a-stable-like behavior near zero (o € (0,2)),
meaning that v has a density v(y) satisfying

v(y) = 2 ®)

gt

where o € (0,2) and g has finite nonzero right and left limits at zero. This is
the case, for example, for the tempered stable process (CGMY) [6]. Then in
this case, we have that for k£ # «

/| _ vy = 0" ama / lyl°v(dy) = O(log(e)).

ly|<e

Therefore in particular, we have that \c = O(e~%), 02 = O()\;%) and v, =
1—1
v+ f\y\>1 V(dy) + O(Aa a)

So that in general for « € (0, 2)

IBIf(X1) — F(X1)]| < 0 =VED),

By comparaison, in in the same setting, [21] obtains a convergence rate of only

1 1yy(—
O(,\§.2 )V 1)). If the Lévy measure is locally symmetric near zero, our scheme
has the improved convergence rate

IE[F(X1) — £(X1)]| < O(AZ %)

for all « € (0,2).

Ezample 6 (Simulation using series representation). In this example we explain

why it can be useful to define truncation functions other than x.(z) = 1j3>-
The gamma process has Lévy density v(z) = ce:z 1.50. If one uses the trun-

cation function x.(z) = 1j3>., one will need to simulate random variables with
—Az

law —=2 0 1.>e, which may be costly. Instead, one can use one of the many

zv((g,00
series representations for the gamma process [20]. Maybe the most convenient

one is -
X = Z A e T Vg <,
i=1
where (T';) is a sequence of jump times of a standard Poisson process, (U;) is an
independent sequence of independent random variables uniformly distributed on



[0,1] and (V;) is an independent sequence of independent standard exponential
random variables. For every 7 > 0, the truncated sum

X[ =Y Al Vi,

;<

defines a compound Poisson process with Lévy density

C _ _ T/c
ve(w) = — [e AT e } L>o0,

and therefore this series representation corresponds to
Caa(em/o—
Xe(w) = 1 — e D),

where € can be linked to 7, for example, by setting 7 = %

Discretization of the ODE The convergence rates given in Theorem 2 are
obtained under the assumption that the equation (2) is solved explicitly. In this
remark, we consider the situation when a discretization scheme (e.g. Runge-
Kutta) is used for (2) as well. Let 6%(¢;x) be the approximate solution of (2)
at time t with initial condition Xy = z obtained with one step of the ODE
approximation scheme of our choice. We assume that there exists ¢ > 1 and
C < o0, such that

10%(t; 2) — O(t: )] < CJt]*),  Va, V. 9)

For example, the classical Runge-Kutta scheme of order ¢ satisfies the condi-
tion (9) provided that the function h and its derivatives of orders up to p are
bounded. We refer the reader to [11] for details on Runge-Kutta schemes and
the corresponding error estimates.

We introduce a discretization scheme using approximate solution of the ODE
by defining inductively Xd(O) = Xg and for ¢ > 1,

XUT5p =) = 07 (Ve (Ty = T5) + 0o (W(Ty,) — W(TY))
- SHRUTA(TE, - TR XUT) (10)
XUT?) = XUTF ) + hXTE-) AZ(TE). )

This means, that although we use an approximation scheme for the solution of

the ODE, we do not introduce additional discretization points between consec-

utive jump times of Z°. We shall see from the subsequent analysis that this is

not necessary if the ODE approximation scheme has sufficiently high order.
Similarly, for an arbitrary point ¢, we define

XUt) = 0% (ve(t — me) + o (W (t) = W(ne)) — %h’(ffd(m))aﬁ(t —m); X4(my)).
(12)



Finally, for technical reasons, we define an auxiliary discretization scheme Xtdc,
which is defined in each interval [Tf, T¢, ] as follows. First, X9¢(T¢) = X4(T¥).

Next for t € (TF,Tf, ) we define X by

1, 4 .
X(t) = 0(ve(t —ne) + 0 (W () = W) — §h’(Xd(m))U§(t —); X))

(13)
Finally X% jumps at T¢, ; so that X9°(TF ;) = X4T%,,).

If the discretization scheme (10)—(11) is used instead of the exact ODE
solution, the analog of Theorem 2 takes the following form.

Proposition 7. (i) Assume (Hsz) and (9). Then

v 02 EQ+1 0,q+1
XD —F (X)) SC(f(UﬁH%IH [ vty + D )

)\‘1 q—1
5 )\a 2

(ii) Assume (Ha) and (9), let ve be bounded and let the measure v satisfy (7).
Then

N o2 1 o+l
B (X)) < 0 (A—%ai hel)+ [ it + () + 37 + _)
€ R € Ae’

and in particular,

S o? . 1 oftt
BLACHD) = 100N < € ( 2+ [ I xeton -+ w)(an) + 55 + =)

Remark 8. The same result can be shown to be true under the conditions
(H%) + (A) instead of (Hz) or (H)) + (A) instead of (Ha) but we omit this

discussion to save space.

Remark 9. [Choice of the order of ODE discretization scheme] To understand
the effect of the order q of the discretization scheme used for the deterministic
ODE on the convergence rates in proposition 7, let us compute the rates for
stable-like Lévy measure (8). We denote by ¢ the upper bound on the error
given by Theorem 2 (part i. or ii., depending on the context), by €% the upper
bound on the additional error introduced by ODE discretization:

1 1
P A A S
_ i
Ag A(:2

5
A simple computation then yields: €@ = O(AZ9) for 0 < a < 1 and ¢ =

_gt1
O()\i * ) for1 < a < 2. In particular, to have the same worst-case conver-
gence rates for € as for €, one must take q¢ > 2 in the general case and q > 3
in the locally symmetric case.

10



The proofs Theorem 2 and Proposition 7 will be proved after a series of
lemmas.

Lemma 10. Let f :[0,00) — [0,00) be an increasing function. Then

5 [ / - n(t))dt} < B[f(7),

where T is an exponential random variable with intensity Ae. In particular, for

p >0, we have
1 !
p!
E U (t—n(t))pdt] <
0

€

Proof. Let k. = sup{k : Tf < 1}. Then

1 RS e 1
E [/ f(t— n(t))dt] =E|) f(t—T¢F )dt + f(t—Tg)dt
0 Li=1 Y T%

; TE
—1 ke

[ ke f 1
=E Z; ” F(TE —t)dt + f(l—t)dt]

TS,
[ ke e 1

<FE Z J(TF = t)dt + f(Tipa — t)dt
Te Te
Li=1 i—1 ke

ol
=F _/0 f(@nf{Ts : T7 >t}—t)dt} = E[f(7))].

The second statement of the lemma is a direct consequence of the first one. O

Lemma 11 (Bounds on moments of X, X and X%). Assume
/ |z|Pv(dz) < oo for some p > 2, (14)
R

and h € C}(R). Then there exists a constant C > 0 (which may depend on p
but not on €) such that

E[ sup |X,[P] < C(1 +|z["), (15)
0<s<1

E[ sup |X,P] < C(1+|a?). (16)
0<s<1

Assume in addition that the discretization scheme used for defining X7 and Xde
satisfies the condition (9). Then also

E[ sup |X{P) < O(1+|af?). (17)

0<s<1

11



Proof. We shall concentrate on the bound (17). The bound (16) will then follow
by taking 8¢ = 6 and the bound (15) will follow from (16) by making & go to
zero. The process X 9¢ satisfies the stochastic differential equation (cf (6)):

-dc - dc 1 -dc %
A = h(XE) edt + S0 (X{) = W(X)o2dt + oW}
+ (X3 )dzs + (XL — X)dN¢

— (W(X) — h(XD}edt + h(XD {7y + / 2u(dz))dt

|z|>1
1 . R . R
+ §h(Xtd°)(h’(Xf°) — 1'(X))o2dt + h(X[)o-dW;
+ (X )dZE + (X — X[)dNF + Ao (X[ — X[,

where Z¢ and N¢ are compensated versions of Z¢ and N¢. Using a predictable
version of the Burkholder-Davis-Gundy inequality [7, lemma 2.1] and the fact
that h' is bounded, we then obtain for ¢ < 1 and for some constant C' < oo,
independent of € and which may change from inequality to inequality

E[ sup |X%]P) < CE
0<s<t

t
af? + e l? / Ih(XT) — h(X)Pds
0

t t
+ [ U+ s+ [ 1% - Xips
0 0

t t p/2
+f |X3—chmds+( [mcae [ |Z|2XE(Z)V(dZ)dS)
0 0 R
t . t . p/2
s [ [ epnemtaas + ([ o= xiopaas)
0 R 0

([ t () P W]

Using Jensen’s inequality, the assumption (14) the Lipschitz property of h, and
the bound

heP <0 (A [ et +1). (18)
R
the above inequality simplifies to

t t
El sup |X%P] < CF [|x|p+ [ mspas+ e [ |Xz—f<50|pds]
0 0

0<s<t
t t
<CE {1 + |z|P + / | X°|Pds + (1 + Ag)/ | X9 — Xjﬂpds} .
0 0
Let G° be the sigma algebra generated by Z¢. Using the bound (9), we get

| X4 — X3 < |ye(s — ns) + 0=(W(s) = W(ns)) — %h’(Xd(ns))ff?(s — ns)|!

12



and therefore

E[|X! - X&p| = B B [|X¢ - X

al
M}'

<CE {(|7€|p(q+1) + 1) (s — ns)p(qul) +(s—mns)" 2
Using Lemma 10,

Lt ) p(a+l) 41 1
P d _ dc|p |FYE| +
E {(1 + )\5)/0 | X¢— X2 ds] < G + )\5("71)/2’

which is bounded uniformly on ¢ by the inequality (18). The bound (17) now
follows from Gronwall’s inequality. O

Lemma 12 (Derivatives of the flow). Let p > 2 and for an integer n > 1
assume

/ |z|"Pr(dz) < oo,
R
h € CJ'(R). Then

" [

for all k with 1 <k <n.
Proof. See the proof of lemma 4.2 in [19]. O
Lemma 13. Let u(t,z) := EG2)[f(X1)].

(i) Assume (Hy) with n > 2. Then u € C*"([0,1] x R), % are uniformly
bounded for 1 < k <n and u is a solution of the equation

ou ou

Ju
" /IyISl (u(t’ z +hi@)y) —ult,2) — 2o, :E)h(w)y) v(dy)
+ / (u(t,z + h(x)y) —u(t,z)) v (dy) =0 (19)
ly|>1

(ii) Assume (HL) with n > 2. Then u € C" ([0,1] x R), u is a solution of
equation (19) and there exist C < oo and p > 0 with

k
‘M <C(1+|zP)

ozk

forallt € 0,1,z €R and 1 <k < n.

13



Proof. The derivative % satisfies

= B | /(X7 5 X

ou(t, x)
Ox

The interchange of the derivative and the expectation is justified using lemma 12.
The boundedness under (Hy,) or the polynomial growth under (H})) then follow
from lemmas 11 and 12. The other derivatives with respect to z are obtained by
successive differentiations under the expectation. The derivative with respect

to t is obtained from It6’s formula applied to f (X;t z)) In fact, note that since
Z is a Lévy process and h does not depend on t, E[f(X:(th))] = E[f(X:(FO_’ﬁ))]

(0,2)
and hence it is sufficient to study the derivative w. The It6 formula

yields
Elf(X)] = f(x) + £ UO F(Xo (X, )dZ,
+E [/0 /R{f(Xs, (X )2) — F(Xal) — f{(Xa V(Xs )2} N(d2,ds) | .

Denoting by Z the martingale part of Z and by 7 = v + f|z zv(dz) the

residual drift, and using lemma 11, we get

[>1

BIf(X0)] = f(x) +7 /0 E[f/(X,)h(X,)]ds
+ [ B[ [uen e - 500) - PR )| ds

and therefore

OE[f(X1)]
ot

o [ [ s hexoe) - 50 - f’(x»h(xt)z}u(dz)}
R

= JE[f"(Xt)h(X})]

1 2 Sh(X,
=5 o)+ [ aoe | [ - o LI, g,

Now, once again, lemma 11 allows to prove the finiteness of this expression.
Finally, equation (19) is a consequence of Itd’s formula applied, this time, to
u(t,Xt). O

14



Proof of Theorem 2. From It6’s formula and lemmas 11 and 13,
E[f(Xl) - f(Xy)] = E[U(Lfﬁ) = u(0, Xo)]

_ 18“( ) 212/ %

= | Revtay)utt, T+ h(Ew) — (e %) - %th] (20)
Rr a%ﬁho@xh'(m—h'(Xnam]. (21)
0

Denote the expectation in (20) by A; and the one in (21) by B;. From lemmas
13 and 11, we then have, under the hypothesis (Hg),

> ! u At At
B[ gnctox. [ - op Rt ))dewdy)H

<
[Ad < Ox3

< CE[h(X,)] / P %er(dy) < C(1L + [2f?) / P xer(dy).

If, instead, the polynomial growth condition (Hj) is satisfied, then for some
p >0,

A <CE [/R 12 (1 + AP (X)) (1 + [ XefP + |yh(Xt)|p))_(5V(dy):|

and once again, we use lemma 11 together with the assumption (A), because
the Lévy measure integrates any polynomial in y. Under the condition of part
(i) and the hypothesis (Hyq),

|At| S E (t Xt)

B (X)) / ySXEV(dy)]

/_y4h4 2 /1(1 ) 6)384u(t,Xt +9yh(f(t))d9x€y(dy)H
0

ox4
C(1 + |l / e (v + v)(dy).

The case of (HJ}) is treated as above. To analyze the term By, define

H(t,x) = wh(a@)

and assume, to fix the notation, that (Hg) is satisfied. Note that n(t) is a
stopping time and then, once again by lemmas 13 and 11, Taylor formula and

15



the Cauchy-Schwartz inequality,

€

1
|Bt| S 50'2

E[(H(t, X;) = H(t, X)) (W (X) = h’(f(nu)))]’

1
+ 50'?

E {H(t, X)) (R (X) — h/(Xn(t)))} ’

< 2\E

1 . ! . .
502 |B | (Xe = X)) /O A0 == (X +0(Xe = X))

1
X / d0'R" (X + 0 (X —Xnu)))H
0
t 20 | B[H( %) E [0 (%) — W (X))
¢ » X (t) t n(t) n(t)
< Co?E|(X,; — X)) (1+ X + [ X))

E[H(t, Xyop)h" (X)) BLX: = Xt Faio]]

1
4—20'E

1
+= U2E H(t, X)) (Xt — X,,(t))Q/ do(1 — 0)h'® (X, + 0(X; — X,,(t)))]
0

< CUQE[(Xt )2
1 N N .
+ 507 [EIH(, Xn@))h"(Xn(t))E[Xt = Xy Faoll] (22)
Note that

N . t N 1 . .
Xt — Xy = /( ) h(Xs) {aadWs + veds + i(h’(XS) - hI(XnS))UgdS} ,
n(t

EX, = Xy | Fo) = B

t R 1 G PPN
/n(t) h(Xs) {F)/st + g(h (XS) —h (an))agds} |fﬁ(t)] :

The Burkholder-Davis-Gundy inequality and, the Cauchy-Schwartz inequality
and lemma 11 then give, under the hypothesis (Hs):
4]

BICE — X)) < OB || [ 000 {nuds 4 J0(CE) (%, )os

(t)

</77;) " (Xs)ds> 2]

< Clel + o) B[t —n(H)*(1 + sup X))

+ColE

+ O E[(t — n(t)2(1 + sup X))

[N

< C|vel + o2 E[(t — n(t))®]2 + CotB[(t — n(t))*)=.
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Similarly, for the second term in (22), we get

1 X ) .
503 EH (t, Xyy0)h" (X)) E[ Xt — Xyl Foy]]

< CoZ(yel + a2) EI(t — n())*])=.

[N

Assembling together the estimates for the two terms in (22),

[V

|Bi| < Co((|el+02)? El(t—n(1)*]5 +02E[(t—n(t))*]5 + (17| +02) E[(t—n(t))?]

Using the Jensen inequality and lemma 10, this is further reduced to

! (el +02)? | |ye| + o2
/ |Bt|dt§Co§( 5)\2 AT E)\ E).
0 15 E

)

From the Cauchy-Schwartz inequality we get

2
(/ IylxaV(dy)> < Aa/ y*xev(dy) < CA.,
lyl<1 ly|<1

which implies that |y.| < Cv/Ac and finally |B| < Co2 257 l'YEHU . Assembling these
estimates with the ones for A, we complete the proof under the assumptions
(H3) (or (Hy)). Under the assumptions (Hj) or (H/) the proof is done in a
similar fashion. O

Proof of proposition 7. Recall the notation (T5);>¢ for the jump times of the
process Z° and (Nf):>o for the Poisson process counting the jumps of Z°. We

17



also define T = 0 and, abusing the notation, we set Ty. ., := 1. Then,

|BIF(XT) = f(XD)] = |Blu(l, X7) — u(0, Xo)]|

Nf+1

=|E Z {u(Tf,X%;) - U(Tiil?X%fil)}
i=1

NT
=K Z{u(Tf,X%E) _U(TiavX%?f)}
i=1

N1
o d v dc - dc v dc
+ Z {u(vaXTff) - U(TiavXTff) +u(Ty, X ;7) - U(TialeTfl)}] ‘
i=1

[NE+1
<op | Y 184 - X |
i=1

NY
+ B Z{U(TiaXﬁs—+h(X§i“§—)AZT§)—U(ﬂaX%s—)}
i1
1 dc 2 v dc v dc
Ju(t, X(°) | 10%u(t, X{°) 5 9, cae , Oult,X{°) o de
+/0 {5 oK)+ TR

ogau(t,ch) - dc /(¢ ywde /(¢ vde
T TR (W ()~ h <Xﬁt>>}] ‘

N{+1

1
=CE| Y |X¢._—Xfe || +|E /0 dt/Rst(dy){U(t,Xtd+h(Xtd)y)
1=1

ol X2 (R + ult XD —u(t,Xfc»H

! au(taXtdc) 182u(t7Xtdc) 212/ vdc au(thtdc) dc
+|E /0 ar{ 5 TR 2y + PR gy
0? 6u(t7Xdc) -dc -dc -dc
+ 2 DX ey w57 - W (5))
+ [ Xt e, XE + ) - Xﬁﬂ}}] ‘ )
R

The third term above is exactly the same expression as in (20) and (21), with
X replaced by X, Since lemma 11 also applies to X e the third term can be
estimated in the same way as in the proof of the theorem 2 and yields the same
error bound. It remains then to estimate the first and the second terms.

Let 7/ :=o(Nf,0 <t < 1) and F/ := F V F’. Then the first term in the
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right-hand side satisfies

NE+1 NE+1
B|Y X4 - Xfe || =B | 3 B[IX - X |17
i=1 i=1
Ni41
<CE| Y B|ne(T7 = TEy) + 0. (Wr: = Wi )
i=1

&€

1 N
- §h/(X:7l“§71)‘72(Tf - Tz'5—1)|q+1}f:%fl}]
N{+1
g+1
< CE Z {(|%|q+1 + 1)(Tf _ Tiil)ﬁl + U§+1(Tf _ Tiil)?}

=1

1 1
<CHIT +1E [/ (t— m)th] +Cot™'E [/ (t — nt)qzdt}
0 0

g+1 1 q+1
<ol _Flio%
AE )\q2
£

where we used lemma 10 in the last line.
Finally, the second term in the right-hand side of (23) can be estimated from
above by:

1 1
CE [ | [ xevtan+ i - Xﬁﬂ] < CME [ |- Xﬁﬂ ,
0 R 0

and from now on one proceeds similarly to the estimation of the first term above
(and obtains the same bound). O

4 Approximating multidimensional SDE using
expansions

In this section we propose an alternative approximation scheme, which yields
similar rates to the ones obtained in section 3 but has the advantage of being
applicable in the multidimensional case. On the other hand, it is a little more
difficult to implement. As before, we start by replacing the small jumps of Z
with a suitable d-dimensional Brownian motion W€ with covariance matrix 3¢
independent of Z, yielding the SDE

dX; = h(X,_){yedt + AWE + dZ5}. (24)

This process can also be written as

t

X(t) = X(m) + / B (X (s)) dW=(s) + / h (X (s)) yeds,

Mt Mt

X(T7—) + h(X(TF —) AZ(TF).

X(T7)
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The idea now is to expand the solution of (24) between the jumps of Z¢ around
the solution of the deterministic dynamical system (2), treating the stochastic
term as a small random perturbation (see [9, Chapter 2]).

Assume that the coefficient h is Lipschitz and consider a family of processes
(Ya)ogagl defined by

t

Y(t) = X () + a/ h(Y(s))dWe(s) + / h(Y%(s))v.ds

Mt Mt
Our idea is to replace the process X := Y with its first-order Taylor approxi-
mation:

6 (e
¥ Olama.

Therefore, the new approximation X is defined by

X(t)~=YOt) +

X)) =Y°(t) +1i(t), t>mn,

X(T7) = X(T7 =) + h(X(T7 =) AZ(T5),

YO(t) = X () + / B(YO(t)yeds (25)
Yi(t) = g:l (YO(s)) Y{(8)7eds +/ h(Y°(s)) dW*(s)

Tt

where we used the Einstein convention for summation over repeated indices.

Note that the random vector Y7 (¢) conditioned on 77, i € N, t € (15,7}, ;) and

X(T7) is a Gaussian random vector with conditional covariance matrix €(t)
which satisfies the (matrix) linear equation

Q) = / (Qs)M (s) + M ()2 (s) + N(s))ds (26)

t

where M~ denotes the transpose of the matrix M and

iy (0) = PO N ) = hvo(0) SR (Yo (0).

Successive applications of Gronwall’s inequality yield the following bounds
for Yy and Q.

[Yo(t)| < (IX(m)| + Ce| (t — m)) oClel(t=112)
1) < CIZ(E = n) (1 + (X ()| + Clyel (8 = me))?)e*CPelCmm) - (27)

Lemma 14. Under our standing assumptions v(R?) = oo and fly|>1 ly|lv(dy) <

00,
2
tim e —

lim == = 0.
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Proof. Left to the reader as an exercise. O

To prove the result on weak convergence (Theorem 16), we need to generalize
lemmas 11, 12 and 13 to the multidimensional setting. While the generalization
of the last two lemmas is straightforward, the first one requires a little work,
because it needs to be adapted to the new discretization scheme.

Lemma 15 (Bounds on moments of X). Assume h € C}(R™) and
/ |z|Pv(dz) < oo for some p > 2.
z€R

Then there exists a constant C > 0 (which may depend on p but not on &) such
that for all € sufficiently small,

E[ sup [X,["] < C(1+[a]). (28)
0<s<1

Proof. Denote h; := h(X;) and h; := h(Yy(t)). The SDE for X can be rewritten
as

5 fe s ~ oh
dXt = ht,dZtE + htthE + I’Lt:}/dt + (I’Lt — ht)")/sdt + Or

t
where th/ / yNe(dy, ds), ﬁzw—i—/ yv(dy).
0 J)y|>e ly|>1

(Yo(t)) Y{' (t)r=dt, (29)

By predictable Burkholder-Davis-Gundy inequality [7, lemma 2.1}, we then have

t p/2
el + ( [ [ IZIQXEV(dZ)dS>
0
t t p/2
s [ napas [lentas) + ( / ||hs|2||zs|ds>
0 0

t t t
4 / a5 1Pds + el? / s — hal[Pds + el? / IYi(s)||Pds
0 0 0

E { sup |)~(5||p} <CE

0<s<t

<CE

t t t
] + / IhallPds + (14 [el?) / s — hal|Pds + e]? / |ms>|pds],

where the constant C' does not depend on ¢ and may change from line to line.
Since h' is bounded, we have

E [ sup ||)~(5||p] <CE

0<s<t

el + / IhallPds + (1 + brel?) / m(s)wds].
(30)
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Using (27), the last term can be estimated as
t t
E [(1 e [ ||Y1<s>||Pds] _cE [(1 ) [ B (%1717 0] ds}
0 0
r t
<cr|a+h [ ||Q<s>|p/2ds}
L 0

r t
< OB [+ 1) [ (14 1Ry P P/2(s = g el
L 0

r t
< OB @1l [ 1+ Ky PP/
0

where 7 is an independent exponential random variable with parameter \.. Due
to Lemma 14, for e sufficiently small, the expectation with respect to 7 exists,
and computing it explicitly we obtain

¢ ¢
B+ by [ viras] < o | [+ 1%l
0 0
where C; — 0 as ¢ — 0. Inequality (30) therefore becomes

E [ sup ||)~(5||p] <CE

0<s<t

t t
II»"CII’”r/0 ||hs||pd8+C€/O (1+||Xn<s)||”)]

<CE

t
||91?||p+/0 IPs[|ds + Cet(1 + sup 1% 17 )]

<s<t

which implies that for ¢ sufficiently small,

t
E { sup ||XS||P] <CFE [1+ ||33||p—|—/ ||hs||pds],
0

0<s<t
and we get (28) by Gronwall’s lemma. O
Theorem 16.

(i) Assume (Hs) or (Hg) + (A). Then
s - sl < 0 (Sl b + [ ieatan).

(ii) Assume (Hyq) or (H)) + (A), let . be bounded and suppose that for some
measure Vo

/yiyjmaV(dy)SC/ ly|*Xevo(dy)
R4 R4

for all i, j, k and all € sufficiently small. Then

s - s <o (Bl s [ o).
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Proof. By It6 formula and (29) we have
E[f(X1) = f(X1)] = Blu(1, X1) — u(0, Xo)]

L u X 17 0 v i

= [ | ZCEOD o)+ 20 Dy 0y 2
(31)
3 2D b 02 b Yot 32)
-/ {a(t, X () + h(X(0)y) — ult, () - %j‘f)hmmt»w} xw(dy)] .
(33)

Denote the expectation term in (31) by A; and the sum of the terms in (32)
and (33) by B;. The term A, satisfies

du(t, X (t))

<
|A| < CE =

IYl(t)IQI%I]

Under the assumption (Hy) or (Hs), using (27), we have
|[Ai] < Clel E Vi ()] < ChelElIQ®)]]

< %]l {E[ew%“_"”(t = n))(L+ E[1X (me)*]) e |

+ C?ne B[P (¢ — m)?’]}-

Using Lemmas 10, 14 and 15, we then get

1 Se || Ac e | e
Aldt < C(1 + |af? ”E;{“F—E}
/0 | A¢| ( |z| )()\a _3C|7€|)2 ()\a —3C|’Y€|)2

2 12| Ve
< C(1+ || ))\—E 1+)\_§ Ve

Under (Hj) or (Hj) this result can be obtained along the same lines.
Let us now turn to the term B;. It is rewritten via

B,=FE| - / {u(t, X(t) + h(X(t)y) — ult, X(t)) — ij (X (t)y;
R4 i
_ %hik(X(t))h]l(X(t))ykyl}xay(dy)
Ou(t,YO(t))

S5 {an (YO ()t (VO (8)) = har(X (D) (X (1) }

2u % 2’[,L 0 ~ ~
+ (3 s — ;;;&“”) S B (VO (1)) (V1) — (K () (X(t))}]
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Denote the first two lines by Bj(t), the third line by By(t) and the fourth by
Bs(t). Under the hypotheses (Hy) or (Hg), we get

|B1 (1))

/ &3ul(t, X, + 0h(X (t))y)
Rd

<FE
8:51-695]- ok

hit (X(t))hjm (Xt)hkn (X(t))ylymyn)_(sy(dy)

< CEINEI) [ P xertdn) < O+ af) [ P xertan).

Let Figji(z) := hix(z)h;i(z). Using the fact that conditionally on F,,, Y1(t) is
a centered Gaussian process,

Qu 0 1 2 y o 1
= H%E?me@ /0 (1— g2 l(an(Q; OYi(1)) dOH

< CIEIE |WOP +sup X))
s<t

Using once again Lemmas 10, 14 and 15, we obtain
1 2 4y1/2
Ccl|x
[ 1Bl < Dl £+ B
0 /\E /\s

With a similar reasoning we obtain that Bj is also upper bounded as Bs
The proof of the first part of the theorem under assumptions (H}) or (Hj)
is done along the same lines. O

5 Examples and applications
5.1 Example 1: Weak convergence for an SDE driven by
a NIG Lévy process

In our first example, we verify the theoretical results on a concrete example of
a SDE driven by a normal inverse Gaussian (NIG) Lévy process [2], which has
characteristic function

dr(u) = E[ei“Zt] = exp {—515 (\/042 — (B —iu)? — \/042 - BQ)} ,

where a > 0, 8 € (—a, @) and 6 > 0 are parameters. The Lévy density is given
by
_ ba K (alz|)

@ ]

v(z)

)
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where K is the modified Bessel function of the second kind. The NIG process has
stable-like behavior of small jumps with v(z) ~ €225¢ " — 0, and exponential

[z]2
tails with v(z) ~ const x |z|=3/2e==1+5z 5 — +oo.

The NIG process can be represented as Z; = 0Y; + ocWy,, where W is
a standard Brownian motion and Y is an inverse Gaussian subordinator: a
pure jump Lévy process with Lévy density p(x) = e 3

\rﬂ =772 The parameters
(0,0, k) are related to («, 8,0) via

1 36 ) 5
5+/a2 _62’ /o2 _62’ g /o2 — 32

Thanks to this representation, increments of the NIG process can be simulated
explicitly (see [6, algorithms 6.9 and 6.10]), which enables us to compare our
jump-adapted algorithms with the classical Euler scheme.

Since the Lévy density v involves a special function, simulation from the
v(@) e >e

density T (o) dz
] >e

the truncation function x. which is based on the time-changed Brownian motion

representation of the NIG process and simplifies the simulation. Let p; be the

(Gaussian) density of 6t + cW;. The Lévy density of the NIG process can be

represented as [22, Theorem 30.1]

is rather intricate. We therefore propose another choice of

ve) = [ miapton.

We first define the (finite) measure v, via

ve(z) = /OO pe(x)p(t)dt,

and then the function y. as the ratio of the two densities

It is easy to check that this function satisfies the required conditions as well as
the assumption (A). The constants A., 7. and o, are computed as follows:

As_/Rys(x)dx_/oop(t)dt \/% -i—zzv( \/i)
%:9_/ny5 -0 9/°Otp(tdt_9_2ozv( \/§>

02 = /Rx2(u(ac) —ve(x /R:102 () p(t)dzdt = /5(6‘2t2 + o?t)p(t)dt
)

P
= (0% + Kk6?) (1—2N< ) \/j?e 0

s~

Fo

e



where N(z) := \/%7 I e~ dz is the standard normal CDF.

Random variables with density 5= can be sampled using the following algo-
rith:

e First, sample a random variable Y with probability density p(w))\& using
the rejection method (example 6.9 in [6]);

e Conditionally on Y, sample X with law py.

For our numerical example we choose to solve the one-dimensional SDE
dXt = sin(aXt)dZt,

where Z is the NIG Lévy process (with drift adjusted to have E[Z;] = 0). The
solution of the corresponding deterministic ODE

dX; =sin(aXy)dt, Xo==
is given explicitly by

1 + cos(az) — €2%(1 — cos(ax))
1+ cos(ax) + e2%t(1 — cos(ax))

1
X: = 0(t;x) = — arccos
a

We compare the performance of the jump-adapted scheme of section 3 and
of the one-dimensional version of the scheme of section 4 with the classical Euler
scheme. In the one-dimensional setting, equation (26) simplifies and admits an
explicit solution

Qt) = o2 (Y2 (t — ).

We compute the Monte Carlo estimator of E[f(X)] with
f(z) =2 —2cos(x — Xp).

This choice was motivated by the desire to have a function similar to =2 but
with bounded derivatives.

Figure 1 presents the Monte Carlo estimator and the corresponding errors
obtained using the three schemes with parameter values ¢ = 0.5, § = 0.4,
k =10.6, a =5 and Xo = 1. The true value (obtained with a very large number
of simulations) is close to 0.13045 in this case. The estimators and errors are
plotted as function of the complexity parameter N which is equal to A. (that
is, the average number of discretization points) for the jump-adapted schemes
and to the number of discretization points for the Euler scheme. For given N,
the computation using any of the jump-adapted schemes takes about 2.5 times
as much time as with the Euler scheme. We simulated 10° trajectories for each
point, leading to a Monte Carlo standard deviation of about 3 x 10~ for every
value (the standard deviation is almost independent from N).

Both jump-adapted schemes appear largely superior to the Euler scheme,
and the scheme of section 3 has a better performance than that of section 4. The
estimator obtained using the scheme of section 3 falls within the Monte Carlo
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Figure 1: Numerical comparison of the jump-adapted scheme of section 3, jump-
adapted scheme of section 4 and the classical Euler scheme. Left graph: the
Monte Carlo estimator of E[f(X1)]. The dotted line corresponds to the “true
value” computed with a very large number of simulations. Right graph: log-log
plot of absolute error. The dotted line corresponds to the logarithm of two
standard deviations of the MC estimator.

confidence bounds already for N = 3, and the estimator of section 4 converges
after N = 8, whereas the Euler scheme only converges at about N = 300. From
the log-log plot, one can clearly identify the usual convergence rate of % for
the Euler scheme, whereas for the other two schemes, after a certain warm-up
period, the convergence is much faster than % and looks more like ﬁ This
is consistent with the theoretical result of Theorems 2 which predicts a rate of

O(AZ?) (see example 5).

5.2 Example 2: A financial application: Libor market
model with jumps

In the example we treat in this Section, the theoretical resuts of this paper
establishing the convergence rate of the weak error cannot formally be applied
due to the non-smoothness of the function f. Nevertheless, the scheme itself can
be applied, and, as shown by numerical experiments, the weak error converges
to zero very quickly. This shows that the methodology we have introduced can
be applied with greater generality.

Stochastic models driven by Lévy processes are gaining increasing popularity
in financial mathematics, where they offer a much more realistic description of
the underlying risks than the traditional diffusion-based models. In this context,
many quantities of interest are given by solutions of stochastic differential equa-
tions which cannot be solved explicitly. One important example of a non-trivial
multidimensional SDE arises in the Libor market model, which describes joint
arbitrage-free dynamics of a set of forward interest rates. Libor market models
with jumps were considered among others by Jamshidian [13], Glasserman and
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Kou [10] and Eberlein and Ozkan [8]. Let T; = Ty + (i — 1)0, i = 1,...,n+1
be a set of dates called tenor dates. The Libor rate Li is the forward interest
rate, defined at date t for the period [T3,Ti+1]. If By(T) is the price at time ¢
of a zero-coupon bond, that is, a bond which pays to its holder 1 unit at date
T, the Libor rates can be computed via

Li _ l ( Bt(Tz) _1)
6 \ Be(Ti+1)
A Libor market model (LMM) is a model describing an arbitrage-free dynamics
of a set of Libor rates.
In this example, we shall use a simplified version of the general semimartin-
gale LMM given in [13], supposing that all Libor rates are driven by a d-

dimensional pure jump Lévy process. In this case, following [13], an arbitrage-
free dynamics of L}, ..., L? can be constructed via the multi-dimensional SDE

dri / , u SLioI(t)z
L — ol (t)dZy — | o'(t)z 1+ =2 ) — 1| w(dz)dt. (34
= an [ oos | T (1+ 220 1w o

Here Z is a d-dimensional martingale pure jump Lévy process with Lévy measure
v, and o'(t) are d-dimensional deterministic volatility functions.

Equation (34) gives the Libor dynamics under the so-called terminal mea-
sure, which corresponds to using the last zero-coupon bond B;(T},41) as numéraire.
This means that the price at time ¢ of an option having payoff H = h(L%p1 sy L%)
at time 77 is given by

ft]

h(L& ... L%
m(H) = By(Tp41)E (Tl—Tl)

BTl(Tn-l-l)
= By(Tps1)E |h(Lp,, ..., L) [J(1 + 6L, 1
=1
By(T) 1 s
= U E (LY, .., (14 6L%) 35
e, o |0 H 1 (35)

The price of any such option can therefore be computed by Monte Carlo using
equation (34).

Introducing a n + 1-dimensional state process X; with X} =t and X} = L}
for 1 <7 < n, a d+ 1-dimensional driving Lévy process Zy = (t Z,)*, and
a (n+ 1) x (d 4+ 1)-dimensional function h(z) defined by hq1 = 1, hy; = 0 for
j=2,...,d+1, hyy = f(x) and hy; = o}, (20) with

fi(x) = —/Rd o' (x0)z j_le (1 + %) — 1| v(dz),

we see that the equation (34) takes the homogeneous form dX; = h(Xt_)dZt,
to which the discretization scheme of section 4 can be readily applied.
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Figure 2: Ratio of estimated to theoretical zero coupon bond price in Case 1
(left) and Case 2 (right) with 1 standard deviation bounds. 10° trajectories
were used for all points except the three points with the largest intensity in the
right graph, where 10* simulations were made to save time.

For the purposes of illustration, we simplify the model even further, taking
d = 1 and supposing that the functions o?(t) are constant: o'(t) = 1. The
driving Lévy process Z is supposed to follow the CGMY model [6] which has
Lévy density

Ce_)‘*‘w‘ Ce_A+|m|
v(z) = W1z<0 + Wlaoo- (36)

No easy algorithm is available for simulating the increments of this process
(cf [15, 18]), however, it is straightforward to simulate random variables with
density
V(‘T)1|ac|>5
f\z\>€ v(z)d

using the rejection method [6, example 6.9].

We use two alternative sets of parameters: o = 0.5 and C = 1.5 in Case
1 and a = 1.8 and C' = 0.01 in Case 2. In both cases, we take A = 10 and
A— = 20. The set of tenor dates for the Libor market model is {5,6,7,8,9,10}
years, which corresponds to a stochastic differential equation in dimension 5.
The initial values of all forward Libor rates are all equal to 15%. This big a
value was taken to emphasize the non-linear effects in the simulation.

For the numerical implementation of the scheme of section 3, we solved the
equations (25) and (26) simultaneously using the classical 4-th order Runge-
Kutta scheme as described in Section 3.

As a sanity check, we first compute the price of a zero-coupon bond with ma-
turity 71, which corresponds to taking h = 1 in equation (35). By construction
of the model, if the SDE is solved correctly, we must recover the input price
of the zero-coupon bond. Figure 2 shows the ratio of the zero coupon bond

29



price estimated using the first-order scheme of section 3 to the input value. For
comparison, we also give the value computed using the 0-order approximation
Y? only. This illustrates the impact of using the Asmussen-Rosinski type ap-
proximation as compared to neglecting the small jumps completely. We do not
compare our results with the classical Euler scheme because this would require
us to simulate the increments of the CGMY process for which no standard
algorithm is available.

The graphs in Figure 2 show that already for the intensity of the approxi-
mating process equal to 1 jump per year, the true price of the zero coupon is
within the Monte Carlo confidence bounds for the 1st order scheme, on the other
hand, for the 0-th order scheme the convergence is very slow, especially in case
2. Recall that the theoretical convergence rates of Theorem 16 and Example 5
(which formally do not apply here) are of order of A% in Case 1 and A~!!! in
Case 2.

This is consistent with the theoretical convergence rates which are of or-
der of A73 in Case 1 and A~%!! in Case 2 for 0-th order approximation and,
respectively, A=7 and A~122 for 1-st order approximation.

Next, we use our method to compute the price of the so-called receiver
swaption, which gives its holder the right but not the obligation to enter an
interest rate swap with fixed rate K at date 77. This means that its pay-off at
date T3 is equal to

n +
WLy, ..., Ly,) = (1 — Bry(Ty41) — K6 Br, (Ti+1)>
=1
+

n

= |J[a+6Lp)" —1- K(Szn: ﬁ(l + 0L

i=1 i=1 j=1

Figure 3 shows the price of this product with K = 15% estimated using the
method of section 3, and compared once again to the 0-order scheme. The
theoretical value is not known in closed form in this case, but we see that
despite the fact that the pay-off function is not differentiable, the convergence
of the 1-st order scheme is achieved very quickly while the 0-th order scheme
takes a long time to converge.

Finally, Figure 4 shows the execution time for the 1-st order and the 0-th
order scheme as a function of the jump intensity A. (this dependence is very
similar in cases 1 and 2). These times were obtained on a standard (rather old)
Pentium-III PC using a very simple implementation of the scheme of section
3, without any code optimization or variance reduction which could accelerate
the computation. Despite the fact that for the same intensity, the 1-st order
scheme needs 5 times as much computational effort as the 0-th order scheme,
the improvement of convergence is such that even in Case 1 it is advantageous
to use the 1-st order scheme.
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Figure 3: Estimated price of an ATM receiver swaption with maturity 5 years in
Case 1 (left) and Case 2 (right) with 1 standard deviation bounds. The Monte
Carlo simulation was performed with 10° trajectories.
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Figure 4: Execution times for 10° trajectories on a Pentium-IIT PC.
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