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Exact simulation of One-dimensional Stochastic Differential
Equations involving the local time at zero of the unknown process

Pierre Etoré* Miguel Martinez

February 11, 2011

Abstract:

In this article we extend the exact simulation methods of Beskos et al.
in [f] to the solutions of one-dimensional stochastic differential equations
involving the local time of the unknown process at point zero. In order
to perform the method we compute the law of the skew Brownian motion
with drift. The method presented in this article covers the case where
the solution of the SDE with local time corresponds to a divergence form
operator with a discontinuous coefficient at zero. Numerical examples are
shown to illustrate the method and the performances are compared with
more traditional discretization schemes.

Keywords:

Exact simulation methods ; Skew Brownian motion ; One-dimensional
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1 Introduction

1.1 Presentation

The implementation of exact simulation methods for one-dimensional SDEs has been a subject
of much interest in the last years : see for example [[], [B], [, [[9), B1]. Unlike the classical
simulation methods which all involve some kind of discretization error (we mention [fJ] for the
Euler Scheme), the exact simulation methods are constructed in such a way that they do not
present any discretization error (when the diffusion coefficient is constant and equal to one). In
the last years, the original method presented in the fundamental article [fJ] has been extended to
overcome various limitations of the initial algorithm ; it has been generalized to include the cases of
unbounded drifts ([if], [H]), the computation of Greeks in a financial setting [LJ], and several steps
have been made to deal with multidimensional diffusions.

On another hand, the numerical simulation of SDEs corresponding to divergence form operators
involving a discontinuous coefficient has been also the subject of various studies in the last years
since these SDEs arise in the modelisation of various physical phenomenons. In the one-dimensional
context, various Random Walks and an Euler Scheme have been studied for the simulation of the
solution of such SDEs : for Random Walks we mention [Jf], [§], [[d], [[3] ; for the Euler Scheme see

], [6] in the case where the discontinuity of the coefficient in the divergence operator appears at
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point 0. Of course, for such SDEs, the order of discretization error of these discretization schemes
is usually greater than those obtained in a more classical context.

An important problem comes from the fact that SDEs corresponding to divergence form op-
erators involving a discontinuous coefficient do not enter the classical scope of SDEs covered by
the exact simulation methods. The main difficulty is that these SDEs include an additional term,
which involves in dimension one the local time of the unknown process (in dimension greater than
one, it involves the local time of a one-dimensional auxiliary process; see [[]). In fact, the laws of
the solution of such one-dimensional SDEs are no longer absolutely continuous with respect to the
Wiener measure.

In this paper we present a first attempt for the adaptation of the exact simulation methods of
] to one-dimensional SDEs with an additional term that involves the local time of the unknown
process at point 0. Namely, our object of study is (X;);>0 solution of

dX; = o(X)dW; + b(Xy)dt + BdL) (X), (1)

where 0 # |3| < 1 and LY(X) is the symmetric local time of X in zero at time ¢. Under mild
assumptions concerning b and standard ellipticity conditions on o, it is known that there exists a
unique strong solution (X;)i>0 to ([l) (see [[Z] for details).

Note that when o is identically equal to 1 and b is identically equal to 0, the solution (X3) of
() is a standard Skew Brownian Motion (SBM in short).

Let us emphasize that this work includes the situation where b may be discontinuous at 0. So
that the results of this paper are also suited for the situation stated in [[L§], where the solution
of ([l) corresponds to a divergence form operator whose coefficient is discontinuous at 0 (and is
sufficiently smooth elsewhere). We show a numerical example to illustrate this interesting case.

Let us now briefly explain our main idea. When o = 1, we show that the law of (X¢):>0 (solution
of ([l)) is absolutely continuous with respect to the law of some Skew Brownian Motion (SBM) with
a drift component. The reason why the SBM with drift appears naturally in our computations is
explained in Section 3 (see Remark B.]).

So, contrary to the already mentioned discretization schemes where the standard SBM is used in
force, we do not longer deal with a simple SBM but with a SBM that possesses a drift component.
As a consequence, in order to adapt the method of [J] in this setting, we have to be able to draw
bridges of the SBM with drift. An important part of this paper is devoted to this matter.

In the last section of the paper, we discuss the limitations of the initial algorithm. The main
issue is to relax the boundedness assumptions made on the drift function b, as is done in [f] for
“classical” SDEs. In [, the authors use some kind of factorisations for the sample state space
of the standard Brownian Bridge, which are consequences of William’s decomposition theorem for
Brownian Motion. Proving similar factorisations for the Skew Brownian Bridge with drift seems
difficult to us. Nevertheless, we have been able to apply a result stated in Pitman-Yor [[§ in the
case of the standard Skew Brownian Bridge, which gives a first partial result. Unfortunately, we
have not been able to relax the boundedness assumption on the drift function b and we think that
much remains to do in this direction.

1.2 Organisation of the paper
The paper is organised as follows :
e Section 2 presents the problem and states our assumptions.

e Section 3 is dedicated to a detailed presentation of the algorithm studied in this paper (under
the assumptions of Section 2). We present the method for the simulation of an exact skeleton
of (X¢)seqo,r) solution of () when o = 1.



e The title of section 4 is Simulation of bridges of a Skew Brownian motion with drift. It is
devoted to the computation of the explicit laws needed in order to perform the algorithm
presented in section 3. We first compute the transition function of the SBM with drift and
then draw the consequences for the computation of the density of the bridges of the SBM
with drift. These laws are of critical importance when one wants to implement the methods
presented in this article. At the end of the section, we give rejection bounds that are needed
for the acceptance/rejection procedure that lies underneath the whole algorithm.

e Section 5 presents numerical results obtained with different examples. The results compare
the performance of this method with those coming from other articles. In this section we
treat a numerical example involving a diffusion corresponding to a divergence form operator.

e In section 6 we briefly discuss what we shall call “the degenerate case” : the function b is
discontinuous at point 0 but we now allow 8 = 0. In this case, the solution of the equation
is shown to be absolutely continuous w.r.t. a Brownian Motion with Two-Valued Drift. As a
consequence, the method extends naturally to this particular case.

e In the first part of Section 7 we discuss the assumptions made in Section 2 regarding the
boundedness of function b and explain the difficulties we found in trying to remove them ; in
the literature concerning exact simulation algorithms for (classical) diffusions, this problem
is strongly related to the decomposition of the trajectories of the Brownian Bridge. Following
Pitman-Yor [I§], we give insights to such decomposition for the Skew Brownian Bridge. We
manage to compute almost explicitly the joint law of the maximum of a Skew Brownian
Bridge and the time where this maximum is reached (almost explicitly in this context means
up to a Laplace transform inversion). Unfortunately, we have not been able to go further and
this problem seems difficult to us. We conclude the paper in the second part of this section
and sketch lines for further studies on the subject.

2 Exposition of the problem and statement of our assumptions

2.1 Exposition of the problem

Denote C' = C(]0,T],R) the set of continuous mappings from [0,7’] to R and C the Borel o-field on
C induced by the supremum norm.

Let P be a probability measure on (C,C) and W a Brownian motion under P together with its
completed natural filtration (F),-

We seek for an exact simulation algorithm of the paths of the solution of the one-dimensional
Stochastic Differential Equation

dX; = dW; 4 b(X,)dt + BdLY(X), (2)

where |3] < 1, LY(X) is the symmetric local time of X in zero at time .

2.2 Notations and assumptions

Throughout the whole paper, we make the following assumptions

e The function b : R — R is bounded and differentiable on R** and R*~ with a possi-
ble discontinuity at point {0}. We suppose that both limits lim,_,o4 b(z) := b(0+) and
lim,_,o— b(z) := b(0—) exist and are finite. The value b(0) of the function b at 0 is of no im-
portance and can be fixed arbitrarily to some constant (possibly different from either b(0+)

or b(0—)).



o If B #0, we set pu:= %b(O—i—) — %b(O—) and define b(z) := b(z) — u. We suppose that the
function 52 ¥ :
- 2
2= ¢(z) = () + (;) * 2b(2)

I+ +ur=—(2)

is bounded.

We set ¢(z) = ¢(z) — m with m = inf,cg ¢(2); the constant K denotes an upper bound of
the function ¢.

e The function u — exp[B(u) — (u — x)?/2T], where B(u) := / b(y)dy is integrable.
0

Except in Section 6 (corresponding to what we decide to call “the degenerate case” when 8 =0
and b is still discontinuous at 0), throughout the paper we make the strong additional assumption

. B£0.

From [[J], we know that strong existence and uniqueness holds for the solution of equation ()
under the above assumptions.
Our goal is to sample exactly with respect to the law of X under P following the ideas of [J].

3 Presentation of the algorithm

3.1 Application of Girsanov’s theorem
Recall that b(z) := b(z) — u where yu is the constant defined by

1+58 1-p
= ——b — ——b(0-).
pi= Tb0+) = ~5b(0-) 0
Note that since 5 # 0 by assumption, this constant is well-defined. In the case where b is continuous
at point {0}, note that u reduces to b(0).
We have B
dX; = dW; 4 b(Xy)dt + pdt + BdLY(X).

In particular, we perform Girsanov’s theorem and we write

dX; = dWPP + pdt + ALY (X), (4)

t
where Wts D= w,+ / b(X,)ds is a Brownian motion under the new probability WP defined by
0

dP T 1T
D :exp{/o b(X;)dWw P — 5/0 bQ(Xt)dt}. (5)

From our assumptions on b, we are in position to apply the symmetric It6-Tanaka formula to the
u

function B(u) := / b(y)dy and (X¢)¢>o0-

Applying the occupation’s time formula, we obtain

T 1. 7 T
B(Xr) — B(z) = /0 b(Xt+);b(Xt_)dXt+% /0 B’(Xt)]lxt¢0dt+wg(X)
T T
:/0 B(Xt)]lxﬁgothSD +/L/O B(Xt)]lxﬁgodt (6)
1T b(0+) +b(0—) . b(0+) — b(0-)
g | O e (MO 4 B0 i)
=0



where the last line comes from the definition of b and . From the fact that £{t € [0,7] : X; =0} =0
(where ¢ stands for the Lebesgue measure), we see that

B(Xr) — B(z) = /O TB(Xt)thSD + p /0 TE(Xt)dt + % /0 ! V' (Xy)dt. (7)

Thus, (H) implies that
— — T —
e F(X)] = Byysn [F(X) exp {B(Xr) = Bla) = [ (X0ar}],

b2(2) + V' (2) + 2ub(2) ‘

where ¢(z) = 5

Remark 3.1 Note that, because of the definition of b, there is no local time appearing in equality
() after the application of the It6-Tanaka formula. This ensures that there is no local time involved
in the exponential martingale of Girsanov’s theorem, which makes it tractable from a numerical
perspective.

Restrospectively, this explains why in the sequel we have to deal with a Skew Brownian Motion
with drift instead of a simple standard SBM as it is usually done for the discretization schemes in
this context.

3.2 Exact simulation algorithm for skew diffusions

Let B%* be the SBM of parameter § and drift x. That is to say B%* is the strong solution of
dBP* = AW, + pdt + ALY (BPH). (8)

Notation : in the sequel, we denote pﬁ’“(t7 x,y) the transition probability density of BB,
Considering () and ([]) it is clear that the law of X under WP is given by p®*(t, z, y)dy.

Following the lines of Beskos et al. in [fJ], and considering the computations performed in
the above section, we give an algorithm that returns an exact drawing of a skeleton of (Xt)te[o,T]
solution of (f]) starting from zg :

Step 1 - Simulate a random variable Z according to the density

h(y) = Cexp (B(y) — B(xo)) p""(T, 0, y).

Keep in memory the value z of Z.

Step 2 - Simulate a Poisson Point Process with unit density on [0, 7] x [0, K]. The result is a
random number n of points of coordinates (t1,21), ..., (tn, 2n)-

Step 3 - Simulate (Bg’“, . ,Bfn’“) conditioned on BOB’“ = ¢ and Bg’“ = z.

Step 4-IfVie {1,...,n} &(Bg“) < z; accept the trajectory. Else return to step 1.

This algorithm returns a drawing of (X3,,...,X3,, X7) (in particular we get an exact drawing
of Xp, it is the value z of Z used for an accepted trajectory).

Note that in order to apply the methodology of [f] we have to be able to draw bridges of a
drifted Skew Brownian Motion B?*. Indeed, this is crucial in order to perform the Step 3. The
next section is entirely devoted to this matter.



4 Simulation of bridges of a Skew Brownian motion with drift

4.1 Notations

Throughout this section we will use the following notations :

recall that p#(t,z,)dy is the transition probability density of B5*#

(Bf) . is the solution of Bf =2 + W, + BLY(B?), that is to say B” is a (standard) Skew
t

Brownian motion with parameter 3 starting from z.

= (B +1)/2 is the probability of partial reflection above 0 (for B?).
e 7 ::inf{tZO:Bﬁ:O} and Tp := inf{t > 0: W; = 0}.

e N¢z):= \/_ / -7 dz is the complementary normal cumulative function.

Let us notice that 79 and Ty have common distribution and let us denote h(z,.) their probability

density knowing Bg =z (or Wy = z). That is to say, if W is a Brownian motion under P then
P*(Ty € ds) = h(z, s)ds.

4.2 Computation of the density p>#(t, x,y)

Remark 4.1 The results of Proposition [1.] and Proposition .3 below differ from the ones given
by T. Appuhamillage et al. in the recent article . In Theorem 1.4 of [ the authors state a
slightly different formula for pﬁ’“(t7 0,y) from ours : the product Su appears with an absolute value
which is not the case for the formula we give in Proposition [i.1]

The result of our Proposition [£.4 has to be compared with Corollary 3.3 in [fl]. Since we think

there is a computational error in [[l]], we explain in this section how we derive the explicit formula

for the joint density of (Bf ,LY(B?P)). Note that we use a different method of proof than in [fl].

We have the following proposition.

Proposition 4.1 We have that,
(y+l“ })

3= exp{u(y — @) — 5u°t} (exp{~ — exp{—
+ 22 exp { — SRS 4 u(y — @) — L)

[1 - ﬁﬂ\/ﬁ exp { (x+y-2i-ttﬁﬂ)2 }NC(B/”\';%"HJ)] ’

if x>0,y >0,
25}27&)@(1){ ) +ouly — z) — L2t} 2

<1 = BBt exp { APy e Bt
if £ >0,y <0.

pﬁ7u(t7 .%'7 y) = 2

iz Uy ) %u%}(exp{—%} exp(~ 52))
Ao (- e 0 - bt}

[1 - ﬁﬂ\/ﬁ exp { (—$—y2—:tﬁu) }Nc(ﬁﬂt\—/%}—x )],
if x <0,y <0,

20 exp { — g 1y — 2) - Lpt)

[1 - /Bﬂm exp { (yfx;ttﬁﬂ)Q }NC(BMt\-‘;g—x )] ’

if v <0,y >0.



Remark 4.2 Tt can be shown that the quantity 1 — Suv/2ntexp { (|$|+‘y2|:tﬁ“)2 }Nc(ﬁ“t+\‘/gci‘+|y‘)
involved in p®*#(t,z,y) remains strictly positive, whatever the sign of B.
To prove Proposition [L.1] we will use a Cameron-Martin formula and the probability density of

(Bf , LY(B?)), given in the following proposition.

Proposition 4.2 Let W be a Brownian motion defined on (C,C,P) and B? the strong solution of

(B) with u = 0.
We have for allt > 0,

2a(l4+y+w) exp{ _ (l+yz-:x)2 }dydl

\/27Tt3 ( )2 ( + )2
+op= (exp{— 57} — exp{— 57} ) dydo(dl)
P*[ B] € dy; LY(B®) € dl] = if x>0,y >0,1>0,

2(1—a)(l—y+z l—y+x)?
( )2(7Tt33/ )exp{ o ( y2t ) }dydl

x>0,y <0,l>0.

To prove Proposition .3 we will use the following lemmas.

Lemma 4.1 Let W be a Brownian motion defined on (C,C,P) and B the strong solution of (§)
with p = 0.
We have for all t,1 >0, and y > 0,

PO[|B)| € dy; LY(B®) € di] = P°[|W;| € dy; LY(W) € di]. (9)
For x # 0 we have for all t,1 >0 and y > 0,
P*[|BY| € dy; L)(BP) € di;t > 7o) = P[|W;| € dy; LY(W) € dI;t > Tp . (10)

Remark 4.3 We even have that the process (|Btﬁ|, LY(B?))>0 is distributed as (|Wy], LY(W))i>0
under P°. Indeed their common distribution is the one of (MY — W, MV);>¢ under P°, where
MtW = MaXp<s<t WS.

This is related to the Lévy theorem, as stated for instance in Theorem 3.6.17 in [[LT]], where it
is proved by using the Skorokhod method. We use the same technique to prove Lemma [£.1].

Proof of Lemma [.1. Let be x # 0, and assume Wy = z a.s so that Bg = z a.s. Using the
symmetric Tanaka formula we have

1BY| = x|+ [ sgn(BF)dBY + LY(BP)
— |a| + [ sen(BY)dW, + B [! sen(BY)dLY(BP) + LY(B?)

= |a| + [ sen(BY)dW; + LY(B?),

where sgn(z) = 1550 — 15<0 is the symmetric sign function (note that sgn(0) = 0).
As we have |BP| > 0 and dL(BP) = 1BﬁfodLg(BB)’ it follows from Lemma 3.6.14 in [}, that,
-

LY(B?) = max [O,Orggéct{—(]x\ —i—/o sgn(Bf)dWr)}].

We note Wf’(f‘x‘) = —|z| — f(f sgn(BsB)dWs and notice that this is a Brownian motion starting
from —|z|. Along the event {t > 79} we have maxg<s<; w5 0, and thus
( BY| > [ maxozsz: wh=lel) Wtﬁ,(—\x\) an
L{(BP) maxo<s<t Wl

7



But the Tanaka formula applied to W gives

t
Wil = fol + [ sen(W)div, + LIOW)
0

Thus setting Wt(_‘x‘) = —|z| — fot sgn(Wy)dWy, and applying the same method as above, we get
that on the event {t > Tj},
L?(W) maxXop<s<t Wg_‘x‘)

As W2 and W(I#D) are both Brownian motion starting from —|z| and 7y and Ty have the
same distribution, we can infer, comparing ([L]) and ([ld), that (L0) holds. We proceed in a similar
manner for z = 0, and noticing that P[t > 7o) = P[t > Tp] = 1 we get ().

O

Lemma 4.2 Let W be a Brownian motion on (C,C,P). We have for all x € R, all t,l > 0 and
y =0,
) 2
Uty tlel) o Grutla)
V2rt3 2t

Proof. First, by adapting the proof of Proposition 2.8.1 in [[i]], we get, for all 2o € R, a < b and
b > Zo,

PZ[|Wy| € dy; LY(W) € dl] = }dydl.

2(2b — a — xo)
27t3

(2b — a — z¢)?
o . — S b VR

P*[ W, € da; Hax. Wsedb] = exp { o7 }dadb.

Let ®(a,b) := (b — a,b). As we have seen in the proof of Lemma [1] we have (|W;|, LY(W)) =
@(Wﬁ_lxl),maxogsgt W§_|$|)) on the event {t > Ty}, where W(1*1) is a Brownian motion starting
from —|z| (under P*). But for I > 0 we have {LY(W) € dI} c {t > Tp}. A change of variable
formula gives the desired result.

O

Lemma 4.3 We have for allt > 0 and y,l > 0,
PO[ B} € dy; LY(B®) e dl] = oF°[|B]| € dy; L)(B?) € di].
For allt >0 and y <0,
PO[ B € dy; LY(B®) e di] = (1 — )P°[|B/| € (—dy); LY(B®) € di].

Proof. Our starting point is the construction of the Skew Brownian motion from a reflecting
Brownian Motion with a change of sign of each excursion with probability 1 — « as explained in [R(]
page 487 exercise 2.16 (we use the same notations as [2(] in the explanations below). More precisely,
let (Y,,)n>0 be a sequence of independent r.v.’s taking the values 1 and —1 with probabilities a
and 1 — o and independent of some Brownian Motion B. We note H := o(Y,, : n > 0) the
corresponding o-algebra generated by the whole sequence (Y},)n>0. We denote £ := o(es : s > 0)
the o-algebra generated by all the excursions of B. For each w in the set on which B is defined,
the set of excursions eg(w) is countable and may be ordered. Define a process Btﬁ by putting
Bf(w) = Y, (e)(W)les(t — 75— (w),w)| if 75— < ¢ < 75 and where e is the ns(e)-th excursion in
the above ordering (ns(e) is a random variable measurable w.r.t. £, which depends on the whole
excursion process € = (e,)y>0 and the time variable s in the local time scale). It may be proved
that the process thus obtained is a Markov process and that it is a Skew Brownian motion of
parameter «.



By construction H :=o(Y;, : n>0)and £ :=o(es : s> 0) are independent ; in particular, if

we denote by R(e) the end point of excursion e, then we have 73(w) = > R(es(w)) and thus 7; is
s<t

measurable w.r.t. £. Because L;(B?) is recovered as the r.c.l inverse of 74, it is measurable w.r.t.
£ and independent of H.

Let S be the space of real sequences (ag)ren and denote @ : S x N — R the coordinate function
defined by ®((ax)ken, ) = ay. From the independence of H and &, the properties of the conditional
expectation, and since y > 0,

P°[ B} € dy; LY(B®) e dI] = E° [PO[BE edy; LY(B%) e dl| & ]}

Proof of Proposition f.2. Step 1. Using Lemmas [L.] and . we have for y > 0

PO[ B € dy; LO(BP) e dl] = oP°[|B}| e dy; L)(B?) € dl]
= aP’[|Wy| € dy; LY (W) € dl].

Note that, therefore, using Lemma [.4 we have the result for 2 = 0 (we use similar arguments
for y < 0).

Step 2. Let 2,1 >0,y > 0. As IP’[BE € dy; LY(BP) € di;t < 1) = 0, we have, using the strong
Markov property,

Pe[ B € dy; LY(BP) e dl] = P*[|B’| € dy; LY(BP) € di; B > 0;t > 7]
= E*[14sPP[|B)| € dy; LY(BP) € dl; BY > 0|Fy]] (13)

[TPOBY | € dy; LY_(BP) € dI; B, > 0]h(z, s)ds,

as h(zx,.) is the density of 79 under P*. But h(z,.) is also the density of Tp. And using the first
step of the proof we have

PY|B) | € dy; LY_(B®) € di; B, > 0] = aP"[|W;_,| € dy; L{_ (W) € dl]. (14)
Using again the strong Markov property we get
P*[B) € dy; LY(B%) e dl] = E*[lysg, aP?[|Wy| € dy; LY(W) € dl | Fr]]
= aP*[|Wi] € dy; LY (W) € di;t > Tp] (15)
= aP?[|W] € dy; LY(W) € di]
Step 3. It is a consequence of the reflexion principle that
Pe[B] € dy; L)(B%) = 0] =P B} € dy;t < 7]

—2)2 )2
— \/%ﬂt(exp{——(y 2t) }— exp{——(y”;t) ).

9



Using Step 1 to 3 we have the result for z > 0 and y > 0. For y < 0 we use Step 1 and 2 with «
replaced by 1—a (for I > 0), and the fact that IP“[BE €dy; LY(BP) =0] = IP“[BE edy;t <] =0.
O

Proof of Proposition f.1. We have

dB" = AW} + BdLY(BH),

dQ* 1
with W/} = W; + pt a Brownian motion under Q* defined by 6;% = exp{—uW; — §,u2t}. Note

that under Q* the process B%* starting from 0 is distributed as B? starting from 0 under P.
For any bounded continuous function f and any ¢t > 0, we have

EZ[f(B/")] = EQf(B +2)]
= EQ.[f(B" + w)exp{uW!' — §u*t}]
(16)
S Jgo £y + ) expipu - LpPt}PU(B) € dy; W, € du)
= [ Jpe Fy) exp{pw — Sp 2t}]P”*O[B,? € dy; W, € dul

Suppose 8 > 0.

We set ®,(z,1) = (2,2 — x — pl) which defines a bijection ®, : R x Ry — D, where D, =
{(y,w) € R? : y — 2z > w}. Note that (Bf,Wt) = @x(Bf,L?(BB)). Besides, almost surely,
(B?,L°(Bf)) e R x Ry and (B®, W) € D,.

For x > 0, Proposition [l.9 ensures that the measure IF’m[BtB € dy; LY(B?) € di] has a density
with respect to dy dl on R x R% , and gives mass to the segments of R x {0} with the density

1 (y — x)? (y + z)*
({5 - e -

P*[ B € dy; LY(B®) = 0] = )dy. (17)

Let us denote A, = {(y,w) € Ry xR :y = w+ z}. The measure ]P’”‘“’O[Btﬁ € dy; Wi € duw]
has a density gggw(y,w) with respect to dydw on D, \ A, = ®,(R x R} ). But it gives mass
to the segments of the line A,. Let us denote ®;!(y,w) = (®7'(y,w),®5 " (y,w)) and notice
that @ (y,w) = y. Let A C Ry and A = {(y,w) € R? : y € Aj,y = w+ 2z} C A, As
®, 1(A) C R x {0} we have

PeO[(BY W) € Al = PU[(B],LY(B")) € &, (A)]
P*[B) € &7 (A); LY(BF) = 0]
P*(B) € Ay; LY(Bf) =0].

Using this and ([[7) in (L) we get
BE[F(BI)] = [ [poa, f@)exp{pw — 3p2}P2O(B] € dy; Wi € du)
+ [ [a, Fy) exp{pw — $p2t}P=0[B) € dy; W, € du)

= Jo F@) JY T expluw — $pPt}gps (g, w)dw dy
+ Jo, F) = exp{uly — x) — L2t} (exp{— 252} — exp{— L2}y ay,

We now compute fi’;’x exp{pw — 2,uzt}gBﬁ W(y, w)dw with a change of variable and an integration
by parts. We have for y > 0,

_ 1.2 _ Y—wW—=T Yy—w—zx 2
y— 1 e~ aMt Y-z 20—+ +y) (F ity
/ exp{pw — —,u2t}ng W(ya w)dw = 3 et B . 2 2t dw.
—00 —00 27Tt

10



And,

(%+z+y)2

JPS e (S by dw = BtV [ e (W x4 y)e

(w +a+y)?
2 dw

z+ 2 w/+z+ 2
= Bery—z) te_( i But fooo 6_6’“”,_( St dw')
_ (z+p)?

2
= /Beﬂ(y*l“) te 5t ‘/27T,8Mt3/2667“2t66“(x+y)NC(Hyj{tﬁ“))

(z+u)? (zt+y+But)?
= Bterlv—o)e 3 <1 — QWtﬂue%Nc(%O

which yields the desired result. The cases y < 0 and 8 < 0 are treated in a similar way.
For the case # < 0, we perform the change of variable x — —z, y - —y, @ — 1 — « (which
implies the change of variable 8 — —f) and p© — —pu.
O

4.3 Simulation of bridges of B%*

For 0 < t < T let us denote ¢%*(t,T,a,b,y) the density of Btﬁ’“ knowing that Bg’“ = a and
Bg’” = b. That is to say

PBM € dy| B{" = a, BP™ = b = ¢*(1, T, a,b,y)dy.
Remark 4.4 Remember that for all p € R,
VO<t<T, Va, b,y € R, qo’“(t,T,a7 b,y) = qO’O(t,T,a, b,y).

One may use the two following lemmas in order to sample along the law given by ¢ H(t, T, a,b,y)
using a standard acceptance/rejection algorithm of Brownian bridges random values.

Lemma 4.4 Leta,be R, 0 <t <T.
For (B,p) € (—1,1) x R, we have

B B (T —
p7H(t a,y)p” (T —t,y,b)
Yy eR, ¢>H(t,T,a,b,y) = : 18
yeR, ¢, T, a,by) (T a.D) (18)
Lemma 4.5 Leta,be R, 0<t < T.
o For (B,pn) € (—1,1) x R with fu > 0, we have
vy R, @™t T a,b,y) < Krapq”(t,T,a,b,y), (19)
where 0 )
H(T a. b
K — 4—2p ) Yy
Tab =2 Bu(T, a,b)’
and @ := max(a, 1 — ).
o For (B,pn) € (—1,1) x R with fu < 0, set
z4+1t 2 t+z
A(t2) 1= 1 — B/t exp(ZEP. e B 1 2)
2t Vi
Then,
PPt @, y) < 2oy(t, || )pH (t ) (20)

11



and
PPt a,y) < 2ay(t |y)p™H (L, y). (21)

In particular,
Vy €R, ¢t T,a,b,y) < K1.apq”°(t, T, a,b,y), (22)

where
p»*(T, a,b)

K = 4a°y(t, |a))y(T - t, W)m-
Proof. e Case Su > 0. Let t > 0 and = > 0. Looking at Proposition . it is clear that for y < 0,
PRz, y) < 201 — a)pPH(t, x,y).
For y > 0 we have
PPty < PO y) + (20— Dexp { — TEE 4 u(y —2) — Lu’t)

< 2ap07“(t,x,y),

where we have used (y — x)? < (y + z)? (because x,y > 0). We can proceed in a similar way for
x < 0 and finally, we get that

Vt> 0, Yo,y €R, pPt(ta,y) < 2apH(t, ). (23)
Thus, using the previous inequality gives

pﬁuuf(t7 a7 y)pﬁnuf(T — t’ y’ b)

B, T, a,b,y) =
q ( 9 70/7 7y) pﬁv“(T,a, b)

pO’M(T7 a, b) (24)

q070(t’ T? a? b’ y)'

e Case B < 0. Let us note I'(¢t,z,y) := 1 — Buv/2mt exp{(‘xH'yQ‘:rw“)Q }NC(B"H\'/””ZHW'). For
fixed x € R, y — I'(t,x,y) is an even function. As we have

22 o0 U2
Vz>0, ze? / e 2du <1, (25)
z

the function z +— \/ﬂexp(é)]\fc(z) has negative first derivative on R™. Therefore y — ['(t, z,y)
is decreasing on R and we have maxyecr I'(t,2,y) = 7(t,|z|). Using this and the same kind of
computations than in the previous case we get (2(). As the roles of x and y are symmetric in
I'(t,z,y), we get (BI). We then obtain (), using the same computations than for (P4). O

Remark 4.5 Note that (@) also allows to prove that pﬁ’“(t,x,y) remains strictly positive (see
Remark [£.9).
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Exact Euler Random Walk
(At=10"",n=2,4) (h=3,5)

107 200
239s 17s 3.52s
1680s 1411s

Table 1: CPU times for 10° drawings of Xr.

5 Numerical results and comparison with other methods

Example 1. We first deal with a toy example. We consider the following SDE

dX, = dW, — gcos(%Xt)dt + BALY(X), Xo = o, (26)
with 8 = 0.6, and zo = 0.2. Note that, here, the drift b(x) = —7 cos(¥x) is bounded and of class
C on the whole real line. The constant drift involved in Section f, equals p = b(0) = —%. So we

will have to sample bridges of SBM with non zero drift y, using the results of Section [i.
Our goal is to sample values of X7 with T =1 and (Xt)o<t<7 following (2§), and to draw a
histogram of them. To this end we have first to sample X7 from

h(y) = Cexp(B(y) — Blxo)) p”*(T,z0,y)

= Cexp (3(sin(Zzo) —sin(Zy)) — puly — 20)) p**(T, o, y)

(Step 1 of the Algorithm). This can be done by rejecting standard normal random variables with
mean xo. Indeed, using (BQ), we have here

h 2T
M) < omy(, ol exp(s — T

)p070 (T7 Lo, y)
Then we accept or reject the proposed value X7, using Steps 2 to 4 of the algorithm, with bridges
of BA:#, ) ) )
o(z) = % COSQ(gm') + 721_0 sin(gm) + 721_07
and K = %.

We plot on Figure [l the histogram obtained with 10® drawings of X7, sampled with our exact
procedure. On the same figure we plot the histogram obtained with 106 drawings of the Euler
Scheme used in [[[J] and [[[f], for decreasing time steps. We can observe the convergence of Euler
type simulations to exact ones. Note that to have the Euler scheme fitting the exact procedure
we have to take a fine time step (namely At = 10~%). This is because, as shown in [[[J], the rate
of weak convergence of the Euler scheme in this situation is of order (At)Y/2~¢, for smooth initial
condition.

On Figure f] we plot again the histogram of our 108 exact drawings of X7, but this time together
with 10% drawings of the random walk based approximation of Xp studied in [I{], for decreasing
space steps. Again we can observe the convergence of the process with discretization error.

In Table ] we report the CPU times needed to get the 106 drawings, with the three different
methods (and with the different discretization steps we have used). Programs were written in
C-language and executed on a personal computer equipped with an Intel Core 2 duo processor,
running at 2.23 Ghz. On this example exact simulations is competitive, compared to schemes with
very fine grids.
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Example 2. We want now to sample along the law of the continuous Markov process X
generated by

(27)
with

2 .
”(52;_&"521 ifz>0

a(x) =

2_ .
e ifa <0,

Note that a(0+) = 1 # 2 = a(0—). The coefficient a(x) is of class C! on R*~ and R**, and
uniformly strictly positive and bounded, which ensures the existence of X; in addition X solves

a'(Xy) ., a(04) —a(0—-) o
dXy = a(Xy)dW; dt dL; (X 28
t (Z( t) t + 9 + a(0+) 4 a(o_) t( )’ ( )
(see [[3, []). We define the Lamperti transformation ®(z) = [ dz/y/a(z) and set V; := ®(Xy).
Then \/ \/
1 _ a( a(0—)
dY; = dW; + =(Va) o @~ 1(Y;)dt + ard(y), 29

a(0+)—+/a(0-) <

(this follows from Proposition 3.1 in [[]; see also [[J] and [[[7]). Firstly, note that TN

1. Secondly, we have

1 _ oVx2+a+1 :
, VT 2Bt =0
(Va)'(z) =
1 V3xl—az+2
— e +6 (65’;715’32 if £ <0,
Wil fw+1-2 it 2> 0 iyt ity >0
O(z) = and & 1(y) =
—2V32x2 —x+ 1422 ifz <0, 1-4/1-12[2 fy/2>]

if y < 0.

As (y/a)(x) is bounded with bounded first derivative on R*~ and R*T, the explicitly known
coefficients 8 = aigi; Y agg—) and b(y) = 3(v/a)' o @ 1(y) satisfy the assumptions of section [
a al(U—
Thus we can perform exact sampling from (R9), and, applying the exact inverse transformation
®~1, get samples from () with absolutely no discretization error.
Here we have,
a(0+) —d(0-) 26

1
N a0 - Vel 41— va)

As we have

—py + g log(v/ao 7 (y)) if y >0
B(y) =
—py + 3llog(v/ao @' (y)) —log(v2)] if y <0,

we can show (using again (20)), that for all yo,y € R and T > 0,

— — 2
exp (B(y) — B(yo)) PP (T, y0,y) < \/ V2/ V24 2a~(T, [yo) e 2T p°°(T, yo, ).

This allows to sample Y7 from h(y) = Cexp (B(y) — B(vo)) pPH(T,50,y), by rejecting normal
variables with mean g and variance 7T
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Figure 3: Histogram of the positions at time 7" = 1 of 107 paths of the solution of (R§) starting from
xo = 0.0: exact versus random walk with space step h = 3.1073 and Euler scheme with At = 1074,

We then accept or reject the proposed value Y7 by using bridges of B%# and

. ((1/2)(Va)' o 21 (y))* + (1/2)((Va)"Va) 0 2~} (y)

¢(y) = 5 ’
with
_4(902-2&;11)3/2 B (2:r+1)\/1x2+m+1 +38 (;:;iffgl if x>0
(vVa)"(x)
4(i’>9626—9696_4i2)3/2 - (2x+1)\/§$2—m+2 +72 (?253;2:193;2 if z <0.

We take K = (6\/5_1/2)2/4;(141_1/8)/2 as an upper bound for ¢. We plot on Figure B the
histogram of 107 drawings of Xp for 2y = 0.0 and T = 1, obtained from the exact procedure.
We plot on the same figure the histograms obtained with the Euler scheme and the random walk
approximation mentioned in Example 1.

Remark 5.1 Note that, at least graphically and contrary to what we can see on Figures [I] and B,
the transition density plotted on Figure ] seems to be continuous at 0 : this matches the well-known
theoretical result, which asserts that the transition density of diffusion semigroups corresponding
to elliptic divergence form operator of the form (R7) is always continuous. We refer to Stroock [22]
for a proof based on the self-adjoint properties of these semi-groups and Nash’s inequality.

6 The degenerate case g =10

6.1 Application of Girsanov’s theorem

In this section, we briefly treat the case where 5 = 0. More precisely, in this section we study the
solution (X;) of the SDE
dX; = dWy + b(Xy)dt (30)
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where the function b : R — R is bounded and differentiable on R** and R*~ with a possible
discontinuity at point {0}. In this particular case, the method of the previous section cannot be
applied directly because the constant p ceases to be well-defined. Nevertheless, this case remains
tractable with the help of the results of [[LI]] pp.440-441 concerning the transition probabilities of
Brownian Motion with Two-Valued Drift.

It is not difficult to prove that ¢{t € [0,7] : X; = 0} = 0, so that, we may transform equation
(BA) as follows :

dXy = dWi + (b(X¢)1x,>0 + b(X¢)Lx,<0) dt
= dW; + (b(X;) — b(0+)) Lx,>0dt + (b(X:) — b(0—)) Lx,<odt + (b(0+)1x,>0 + b(0—)1x,<0) dt
= dW; + b(Xy)dt + (b(0+)1x,50 + b(0—)Lx,<0) dt

where we have set B
b(z) := (b(z) — b(0+)) 1,50 + (b(2) — b(0—)) 1.<p.

Note that with this definition b is continuous at 0 and b(0) = 0.
Following the lines of the previous sections, we suppose
e the function - =
- b*(z) + b'(z
z (z) = %HR*#U]R*,—(Z)

is bounded.

We set <£(~z) = ¢(2) — m with m = inf,cg ¢(2); the constant K denotes an upper bound of
function ¢.

e the function u — exp[B(u) — (u — z)?/2T], where B(u) := / b(y)dy is integrable.
0

Since b is continuous at 0 and b(0) = 0 applying the Ito-Tanaka formula, we have

T 1t - ~ t
| segaw, =5 [ #ds = B~ B~ [ o(xas

and no local time of X is involved in this equality.
Performing Girsanov’s theorem, we see that

dX; = dWIVP 4 (b(0+)1x,50 4 b(0—)1x,<0) dt, (31)

t
where WIVP .= W, + / b(Xs)ds is a Brownian motion under the new probability W7V P defined
0
by
dP T rvp 1 [T5
W :exp{ . b(Xt)th - 5 o b (Xt)dt} (32)
Thus,
— — T —
Ep[F(X)] = Eyrvo [F(X) exp { B(X1) — B(x) —/ P(Xy)dt}],
0
where (X;) under the measure W7V 2 is solution of equation (BI]) : under WI'VP  (X;) a Brownian
Motion with Two-Valued Drift (See [L1] pp.440-441 for details concerning these particular Brownian
Motions).

Let us now briefly sketch the algorithm that may be derived from these facts for the simulation
of an exact skeleton of (X;) (under the initial probability P).
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6.2 Algorithm

Notation : Set = (6p,01) := (b(0+),b(0—)) ; in the sequel and following [[1] we drop any
reference to # and we denote p(t,x,y) the transition probability density of (X;) under W7VP,
Considering (B1) and (B2), this density can be explicitly computed : the formulas are given for
example in [L1] pp.440-441.

Following the lines of Beskos and al [ff], the computation performed in the above section leads
naturally to the following algorithm :

Step 1 - Simulate a random variable Z according to the density

hy) = Cexp (B(y) — B(xo)) (T, 0, y)-

Keep in memory the value z of Z.

Step 2 - Simulate a Poisson Point Process with unit density on [0,7] x [0, K]. The result is a
random number n of points (t1,21),. .. (tn, 2n)

Step 3 - Simulate the values of a Brownian Motion with Two-Valued Drift BjY4,... B{*? con-
ditionally on B(t]VO‘l = z0 and BY d =

Step 4-IfVie {1,...,n} &(Bfi"d) < z; accept the trajectory. Else return to step 1.

This algorithm returns a drawing of (Xi,,..., Xy, , X7).

7 Discussion and concluding remarks

7.1 An open problem : the path decomposition of a skew Brownian bridge

An important issue for the extension of the initial exact simulation method is to overcome the
restraining assumptions made on the drift function b (see section P.2) : namely, the assumption of
boundedness for b.

For example, it is frustrating that these assumptions do not allow us to simulate exactly what
one may call the “Skewed Ornstein-Uhlenbeck” diffusion process. This difficulty appears even in
the classical case (solutions of non skewed SDEs) and the fundamental reason is that we do not
know how to simulate exactly a Poisson Process with o-finite intensity on the whole space R.

In the classical case, where b is everywhere differentiable and no local time is involved (non
skewed SDEs), this problem is solved by decomposing the trajectory of the standard Brownian
bridge on [0,7] w.r.t. the space-time point where it attains its maximum or both its maximum
and is minimum : we refer to [[] for a detailed presentation of this problem in the classical setting.

Consequently, if one wants to overcome the restraining assumptions of section E concerning
the drift function b, one has to search for such kind of decompositions for (at least) the Skew
Brownian Motion (not to mention the drifted Skew Brownian Motion). Unfortunately, we did
not manage to obtain this decomposition. Up to our knowledge, no results can be found in the
literature concerning this decomposition and this open problem seems difficult to us. However, we
give below some insight concerning this problem thanks to an application of a theoretical result
stated in [1§].

Set o := % Let 7201 .= inf(s >0 : Bt = z). Set uy(x; z) :=E, (e_)‘TE’H) which gives the
Laplace transform of 77* at A > 0 (with Bg’“ =ux).

Proposition 7.1 (case p=0)
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In the simple case where u = 0, the function uy is given by

(

sinh (\/ﬁ(z - m)) a
sinh(vV2M\2)  cosh(v2Az) — (1 — a)e~ V22
sinh(\/_x) .
+ >x >0,
Slnh(\/_z) vrzw
e~ V2A@—2) if ©>22>0,
\/ﬁl‘ [0 .
e if <0<z,
L cosh(V2Az) — (1 — a)eV2Az /
ux(w;2) = e\/ﬁ(mfz) if 0> 22>, (33)
VD -« :
e if z <0<z,
cosh(V2Xz) — aeV2>= /
sinh (\/ﬁ(z — m)) 1-a
sinh(v2A2)  cosh(v2Xz) — aeV2)
sinh(\/_x) .
+ 0>z >z
\ Slnh(\/_z) v res

Remark 7.1 Note that if o« = 1/2, we retrieve after easy computations the well known result that
gives the Laplace Transform of the law of the hitting time of z by a standard Brownian Motion
starting from x.

Proof. We only sketch the proof. The different cases may be easily conjectured from the description

of the excursion measure for the SBM <B§ ’0> . and the known facts concerning the standard
s_

Brownian Motion (decomposition of the different cases when a skew Brownian Motion reaches
z starting from z). In order to check rigorously the validity of the result, one may verify that

the formulas (BJ) yield a solution of Dynkin’s problem associated to the generator of (Bf ’0>

s>0
namely : ,
%%ux(.;z) = Auy(.; 2) (34)
ux(z;2) =1,
with
ur(52) € {g € CO(R) N C? ((—00,0) U (0,00)) = ag'(0+) = (1 —a)g'(0-)}.
]

A scale function s and the corresponding integrated speed measure m of a Skew Brownian
Motion are given by

2 x ifCUZO. B+Dz ifx>0
s(x):{i; ifer <0’ m(x):{(l—ﬁ):c if z <0.

= @
| o

(see [[4]). In particular, the density ¢*0(t,z,y)dy of the SBM w.r.t. the speed measure m(dy) is
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given by

( ﬁ(e}{p{_ (y ;t:v)Z} (Y J;t:v)Z N
—1—&6)@{—%}, ifx>0,y>0;
Kﬁ’o(t,x,y): &exp{—%}, ifz>0,y<O0orifz<0,y>0;
2 2
e ;)\/ﬁ(exp{— (y ;tx) } — exp{— (y %z-t:c) 1)
+\/%exp{—¥}, if x <0,y <O0.

(of course £30(t, z,y) = £50(t,y, x)).
Let
Méz’o = sup BSB’O : pg’o =inf{s >0 : B?’O = MSB’O}.
0<s<t

Then, applying the results of Theorem 2 in Pitman-Yor [[§], we have the following proposition :
Proposition 7.2
1. For any a,b < z < 00, A > 0, we have that

U)\((Z; Z)“)\(Z; b) S(d )

0(T, 0, ) (35)

—207° BO _ . BBY—p) =
E (e 1o, | By =a. B =) =

2. Moreover, under P ( | Bg’o =a, Bfﬁo =b, Mrﬁ’o =z, pé{’o = u), the path fragments

<B§’O : 0§s§u) (B@;OS : OSsST—u)
are independent, distributed respectively like
<Bf’0 :0<s< TZB’O> under P ( ] Bg’o = a) given 750 =y

and
<B§’O 1 0<s< TZB’O) under P < | Bg’o = b) given Tf’o =T —u.

An open problem is to find a description of these laws and to give a procedure in order to simulate
these laws exactly.

7.2 Conclusion

In this paper we presented an extension of the exact simulation method of [ff] that permits to
produce an exact sample skeleton of a one dimensional diffusion process skewed at 0. This method
may be applied to diffusions related to strongly elliptic divergence form operators that possess a
discontinuous coefficient at 0.

In our opinion, this first work should be extended in several directions :

e How can we overcome the restraining boundedness assumption on the drift function b ?
e What about one dimensional diffusion process skewed at a finite number of points ?

e How do we extend the method to the multidimensional case ?

20



References

1]

2]

[10]

[11]

[12]

T. Appuhamillage, V. Bokil, E. Thomann, E. Waymire, and B. Wood, Occupation and local
times for skew brownian motion with applications to dispersion across an interface, Ann. Appl.
Probab. To appear (2011).

V. Bally and D. Talay, The law of the FEuler scheme for stochastic differential equations: 1.
Convergence rate of the distribution function, Probab. Theory Related Fields 104 (1996), no. 1,
43-60.

A. Beskos, O. Papaspiliopoulos, and G.O Roberts, Retrospective exact simulation of diffu-
sion sample paths with applications, Bernoulli 12 (2006), no. 6, 1077-1098. MR 2274855
(2008c:65011)

A. Beskos, O. Papaspiliopoulos, and G.O. Roberts, A factorisation of diffusion measure and
finite sample path constructions, Methodol. Comput. Appl. Probab. 10 (2008), no. 1, 85-104.
MR 2394037 (2008m:60156)

A. Beskos, G. Roberts, A. Stuart, and J. Voss, MCMC methods for diffusion bridges, Stoch.
Dyn. 8 (2008), no. 3, 319-350. MR 2444507 (2009k:60155)

A. Beskos and G.O. Roberts, Ezact simulation of diffusions, Ann. Appl. Probab. 15 (2005),
no. 4, 2422-2444. MR 2187299 (2006e:60111)

M. Bossy, N. Champagnat, S. Maire, and D. Talay, Probabilistic interpretation and random
walk on spheres algorithms for the Poisson—Boltzmann equation in molecular dynamics, Math.
Model. Numer. Anal. 44 (2010), no. 5, 997-1048.

P. Etoré, Approrimation de processus de diffusion a coefficients discontinus en dimension un
et applications a la simulation, Ph.D. thesis, UHP Nancy I, France, 2006.

, On random walk simulation of one-dimensional diffusion processes with discontinuous
coefficients, Electron. J. Probab. 11 (2006), 249-275.

P. Etoré and A. Lejay, A Donsker theorem to simulate one-dimensional processes with mea-
surable coefficients, ESAIM Probab. Stat. 11 (2007), 301-326. MR 2339295 (2008h:60328)

I. Karatzas and S.E. Shreve, Brownian motion and stochastic calculus. 2nd ed., Graduate Texts
in Mathematics, 113. New York etc.: Springer-Verlag. xxiii, 470 p. , 1991.

J.-F. Le Gall, One-dimensional stochastic differential equations involving the local times of
the unknown process, Stochastic analysis and applications (Swansea, 1983), Lecture Notes in
Math., vol. 1095, Springer, Berlin, 1984, pp. 51-82. MR 777514 (86g:60071)

A. Lejay and M. Martinez, A scheme for simulating one-dimensional diffusion processes with
discontinuous coefficients, Ann. Appl. Probab. 16 (2006), no. 1, 107-139. MR MR2209338
(2007b:60198)

Antoine Lejay, On the constructions of the skew Brownian motion, Probab. Surv. 3 (2006),
413-466 (electronic). MR 2280299 (2008h:60333)

M. Martinez, Interprétations probabilistes d’opérateurs sous forme divergence et analyse des
méthodes numériques probabilistes associées, Ph.D. thesis, Université de Provence, Marseille,
France, 2004.

21



[16]

[17]

[18]

[19]
[20]

[21]

22]

M. Martinez and D. Talay, Discrétisation d’équations différentielles stochastiques unidimen-
sionnelles a générateur sous forme divergence avec coefficient discontinu, C. R. Math. Acad.
Sci. Paris 342 (2006), no. 1, 51-56. MR MR2193396

Y. Ouknine, Le “Skew-Brownian motion” et les processus qui en dérivent, Teor. Veroyatnost.
i Primenen. 35 (1990), no. 1, 173-179. MR 1050069 (91e:60242)

J. Pitman and M. Yor, Decomposition at the mazximum for excursions and bridges of one-
dimensional diffusions, 1td’s Stochastic Calculus and Probability Theory (1996), no. 2, 293
310.

V. Reutenauer and E. Tanré, Fxact simulation of prices and greeks: application to cir, Preprint.

D. Revuz and M. Yor, Continuous martingales and Brownian motion, 3rd ed, Springer-Verlag,
1999.

M. Shai, Modélisation de la dépendance et simulation de processus en finance, Ph.D. thesis,
CERMICS - Centre d’Enseignement et de Recherche en Mathématiques et Calcul Scientifique,
2009.

Daniel W. Stroock, Diffusion semigroups corresponding to uniformly elliptic divergence form
operators, Séminaire de Probabilités, XXII, Lecture Notes in Math., vol. 1321, Springer, Berlin,
1988, pp. 316-347. MR 960535 (90b:35071)

22



