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Abstract

We propose an unbiased Monte Carlo method to compute E(g(X7)) where g is a
Lipschitz function and X an Ito process. This approach extends the method proposed
in [I6] to the case where X is solution of a multidimensional stochastic differential
equation with varying drift and diffusion coefficients. A variance reduction method
relying on interacting particle systems is also developed.
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1 Introduction

Let d > 1 and W be a d—dimensional Brownian motion. We introduce the process X defined
as the unique strong solution of the multi-dimensional Stochastic differential Equation (SDE)
with coefficients satisfying the usual Lipschitz conditions :

{dXtO’xO = b(t, XP")dt 4 o(t, X0\ AW, (L.1)

0,z0 _
X() = Zo,

where b : [0,T] x R — R? is the drift and o : [0,7] x R? — S is the diffusion of the
process, S¢ being the set of d x d dimensional matrices.

In this paper, we are interested in a Monte Carlo approach to compute an expectation
of the form

u(t,z) == E[g(X57)] . (1.2)

When no explicit solution is available, the classical method to solve equation consists
in using a discretization scheme of (for example the Euler scheme [I8], the Milstein
scheme [19], or the Burrage scheme [5]) and the error can be decomposed as a sum of an
error due to the discretization time step 6¢ and a statistical error of order N~1/2 due to the
Monte Carlo method for a number N of simulations.

In principle, this bias/variance tradeoff should carefully be adjusted in order to optimize the
rate of convergence. This type of analysis has been conducted in [9] showing that, for in-
stance with the the simple Fuler Monte Carlo method, (using the Euler scheme to discretize
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the time), the best choice of time step dt as a function of the sample size N would lead to a
1

rate of order c]_vg, where ¢y = N/t measures the computing time. Hence the combination

of the bias and variance error deteriorates the standard rate c]_Vl/ 2, due to the statistical
error, when X is easily simulatable and ¢y = N. Moreover, in practice it is difficult to
evaluate properly the bias error so that the optimal tradeoff is rarely practicable.
The Multilevel Monte Carlo (MLMC) method introduced in [12] is a way to improve the
bias/variance tradeoff and to reduce the variance by combining several Euler-Monte Carlo
estimates, associated with different time discretization steps. The idea is then to adjust
judiciously the size of the sample simulated for each discretization level, in order to achieve
a better rate of convergence.
This approach has been extended in [20] allowing for an infinite number of levels so that
the bias vanishes. The estimate is then expressed as an infinite sum (over the levels), which
is randomized by introducing a probability distribution driving the levels. However, when
the order of the time discretization scheme is not sufficiently high, this method results in an
infinite variance estimate. More precisely, as soon as the time discretization scheme implies
a strong error greater than or equal to the order v/6t, either the variance or the computing
time blows up. Unfortunately this situation includes the case of the Euler scheme, which is
so far the most widely usable discretization scheme in multidimensional cases.
This approach has been improved in [I], where the authors rely on the parametrix expan-
sion presented in [2] to propose a finite variance estimate. More specifically, the parametrix
method provides a precise expansion of the expected difference considered at two successive
levels in terms of a difference between the infinitesimal generator, £, associated with
and the one associated with the same SDE with frozen coefficients at a given point, as
defined hereafter by . Finally, importance sampling is used to change the levels distri-
bution in order to control the variance. These developments lead to the backward simulation
method or the forward simulation method, depending on whether £ or its adjoint is used
to represent the expectation. The backward method consists in generating some indepen-
dent and identically distributed (i.i.d.) Euler type discretizations of a process, at random
discrete times, from time 7T to time t. The payoff function, ¢ is used as initial distribution
at time T and the estimator results from a weighted average over the trials that hit the
initial point, x, at time ¢. Therefore, this approach requires the payoff g to be integrable
and is limited to small dimensions (for which the probability of reaching a given point can
efficiently be computed). The forward method consists in generating some i.i.d. Euler type
discretizations of at random discrete times from time t to 7" and then computing a
weighted average of the payoff function evaluated at the final points. In both methods the
weights depend on the drift and diffusion coefficients b and ¢ evaluated along the simulated
path. However, the forward approach relies on a stronger regularity assumption on the SDE
coefficients. In particular, the related weights involve the first derivatives of the drift and
the first and second derivatives of the volatility function.
Another approach called Ezact simulation was initialized in [3]. The idea relies on Lam-
perti transform to come down to a unit diffusion process. It has been extended to more
general SDEs in for instance [0, [17]. However, the Lamperti transform is limited to the one
dimensional case and extensions to the multidimensional are still limited to some specific
cases.

In this paper, we propose to extend a method originally developed in [16]. The main



idea developed in this seminal paper is to start by simulating exactly a SDE :

dy2* = b(t, Y, 2"0)dt + & (t, Y, dW,
'}/’00,1’0 — xo ,

where the coefficients b and & are updated at independent exponential switching times. Then
the change in coefficients in SDE ([1.1]) is taken into account in an expectation representation
via weights derived from the automatic differentiation technique developed in [II]. By
carefully choosing the coefficients Z), 0, the authors were able to provide a finite variance
method in the case where the diffusion coefficient is constant or with a general diffusion term
but without drift and in dimension one. However, the variance of the resulting estimator
is proved to be infinite in the most general case. One interest of this approach which
is very similar to the forward parametrix representation [2) [I] is that the weights do not
involve any derivatives of the coefficients b or ¢ so that no differentiability assumptions on
those coefficients is required. Besides, one major motivation of this type of approach goes
beyond the scope of the present paper. The idea is to generalize the branching diffusion
representation of nonlinear Partial Differential Equations (PDEs) considered in [I3] 15] to a
more general class of nonlineariries. One step in that direction has already been done in [I4]
with an extension of the branching diffusion representation to a class of semilinear PDEs.
To bypass the infinite variance obstacle faced in [16], the idea developed in the present paper
consists in extending the original framework to more general switching times and exploit
the switching time distribution to control the estimator variance. Notice that the same
idea has been independently investigated in [I] to control the variance of the parametrix
representation proposed in [2]. We prove that under suitable assumptions on the switching
times distribution, we can provide a finite variance estimate of the solution of in the
most general case with drift and diffusion coefficients both varying. For instance, the gamma
distribution is proved to verify those assumptions as soon as the shape parameter k satisfies
k< aA %, when the coefficients b and a := oo are supposed to be uniformly a-Holder
continuous w.r.t the time variable. Another contribution consists in proposing an original
interacting particle scheme that helps to stabilize even more the estimator. This approach
results in a new estimator combining both branching and interacting particle techniques.
The new estimator is proved to be unbiased with finite variance. Finally, numerical tests
confirm the interest of our new algorithm showing significant variance reduction in various
examples.

2 Notations

Let C; ’2([0, T] x R4 R) denote the set of continuously differentiable bounded functions with
bounded derivatives of order 1 for the time variable and bounded derivatives up to order 2
for the space variable. Let £ denote the infinitesimal generator associated with such
that for any sufficiently regular function ¢ : [0,7] x R? — R in the domain of £, Ly is
given as the real valued function such that

(Lp)(t,x) =b(t,z).Do(t,x) + %a(t,x) : D*p(t,z), forall (t,z) € [0,T] xRY, (2.1)

where a(t,z) := o(t,z)o(t,x)", A: B :=tr(AB") and D (resp. D?) denotes the differential
operator of order 1 (resp. of order 2) w.r.t. the space variable x. Let us consider a real



valued Lipschitz continuous function g defined on R¢. By the Feynman-Kac formula it
is well-known that if there exists v* € C; 2([0,T] x R% R) solution of the linear Partial
Differential Equation (PDE)

{ ov+Lv=0 (2.2)

o(T,z) = g(x) ,

then this PDE has a unique classical solution v*(¢,z) = u(t,z) = E[g(XtTm)] In the sequel
|lz|| stands for the Lo, norm of a vector or a matrix x.
First we introduce an intermediary assumption that will be relaxed for our main results:

Assumption 1. The linear PDE (2.2)) admits a unique classical solution v* € C';’Q.
All along this paper, the following assumption will be in force.

Assumption 2. 1. The diffusion o(t,x) is non-degenerated such that for some constant
€g > 0:
a(t,z) > el, Y(t,z) € [0,T] x R%

2. b and a are uniformly Lipschitz w.r.t. the space variable i.e. there exists a finite
constant L such that for any (t,z,2') € [0,T] x R% x R?

1b(t, @) = (¢, 2) || + [la(t, z) — a(t,2")|| < Lllz — 2| .

3. There ezists o € (0,1] such that b and a are uniformly a-Hélder continuous w.r.t.
variable t i.e. there exists a finite constant H such that for any (t,t',z) € [0,T] X
[0, T] x RY

1b(t, ) = b(t, )| + [la(t, z) — a(t’, 2)|| < H[t — '] .

For a fixed point (£,%) € [0,T] x R?, we introduce some operators and processes that
will be useful in the sequel

e LB the differential operator similar to £ with the drift and diffusion frozen at (Z,7)
such that for any regular function ¢ in the domain of £4%

L R 1 .
LY p(t,x) = b(t,i).Dgp(t,x)—i—ia(t,i:) - D%p(t,z), forall (t,z) € [0, T]xR?, (2.3)

. (f(f ’i’to’xo)tzto the Gaussian process with infinitesimal operator £5F defined by
XpPhor0 = go + (T, 2)(t — to) + o (T, 2) (W — Wy) - (2.4)
for a given initial condition (g, z) € [0,7] x R
o pHbE . [0,T] x R? — R involving the unique solution v* of (2.2) is defined by

h*’f’j(t,l‘) — (b(t, l‘) - b(f, f;)).D’U*(t,l') + %(a(t,x) — a(f, i‘)) : DQU*(t,l‘) . (25)

Notice that h*% is a well defined continuous function since v* € C’; 2 and in particular

Wb (L @) = Lo*(t, ) — L5%0*(t,2)  for all (t,z) € [0,T] x RY . (2.6)



3 Probabilistic representation using a regime switching pro-
cess

Recalling [16], the following representation holds

Lemma 3.1. Suppose that Assumptions and @ hold and X'% is the Gaussian process
defined in (2.4), then u defined by (1.2) and its (bounded and continuous) derivatives Du

and D?*u are solutions of the system

u(t,z) = Elg(XEPT) 4 [T H (s, RPN Du(s, XETET), D2u(s, XETIT)) ds]
Du(t,z) = E[g(Xp""")Mpj+ ) ) )

ftT H’g’i’(s7 Xﬁ’iﬂ’t’x, Du(s, X;’j’t’x), Dgu(s, Xﬁ’i’t’x))/\/lizf ds]
Du(t,z) = Elg(Xp""")Vi+

ftT Hb (s, X0™P Du(s, X0, D2u(s, Xﬁ’x’t’x))V;’f ds] ,

~ (3.1)

where for any (t,%) € [0,T] x R? the function H® : [0, T] x R? x R? x 8% i R is such that
- . 1 N

H™*(t,2,y,2) = (b(t,2) = b(t, %))y + 5 (a(t,2) —a(t, 7)) : 2, (3.2)

Mi:f and V;’f are respectively the first and second order Malliavin weights associated with
the process XU that is using oy W = Wy — Wy

t,i g T 5t,sW

Se W VT — (s —t)I
MpE = (o, 7)) T 0t,s W, (s —1)

(s —1)?

, and Vf’f = (o(t,7)7h)
s — )

(3.3)

Proof. The proof relies on the uniqueness property of classical solutions of PDEs satisfying
the Feynman-Kac representation. Notice that under Assumptions u is the unique
classical solution of . Of course, thanks to equation , for any (£,%) € [0,T] x R? u
is also a C; 2 solution of the following linear PDE

Owu + L8y 4 pobE — ¢

Then one can use again Feynman-Kac formula to represent the unique solution u of the
above PDE as

T T o~ ~ 7~
u(t,x) = Elg(Xa™"") + / BB (5, XEBETY dg) (3.4)
t

Finally observe that

pobi (s, XEBbe) — [T (g XL Doy(s, XETY, D2y(s, XD0TY) | (3.5)

The equations relative to Dv and D?v are obtained by applying Elworthy’s formula, [10]
(which simply results here in the Likelihood ratio of Broadie and Glasserman [4]) in
and by using some technical estimates placed in the Appendix [§] to be able to differentiate
under the time integral.

O



Let 7 be a random time independent of the Brownian W following the density f supposed
to be strictly positive on [0, 00] and P[r > T'| > 0. One can rewrite representation by
using a change of measure to replace the time integral by an expectation according to the
random time 7.

E[Q(X%j’t’x)lrszt]

u(t, x)

1—-F(T-1)
H~’j(t + T, X:f;tx, Du(t + T, Xff’;_tvm), DQu(t 4 T, Xff”,—t,x))
+E[ 1T<T7t]
f(7)
Elg(X7" ") Myl
.D/u(t7 [,C) = )
1—-F(T-1)
HY (t+ 7, X5, Dult + 7, Xp5), D>ult + 7. XP5) | ia
+E Mt,t+7- 174
f(7)
2 E[g(XE" YW sp ]
D u(t’:,U) e )
1—F(T-1)
HY (¢4 7, Xy, Du(t + 7, X5, D2t + 7, X)) e
+E[ f(T) Vt,t+r 1T<T7t]

(3.6)

where F' is the cumulative distribution of f. We will now apply recursively this representa-
tion (3.6 by considering a sequence of i.i.d. random times (7).
Let us introduce a non regular (stochastic) mesh of the interval [t, T,

’/T::(T()::to<T1<"'<Tk"'<TNT<TNT+1:T), (37)

characterized by the Markov chain (T}) defined by

Ter1 = T+ 0Ty ,for k € N where (3.8)
5Tk+1 = Tg+1 A\ (T - (Tk + Tk+1))+ ,

where (73) is an i.i.d. sequence of random times distributed according the common proba-
bility density f. Notice that (7)) defines a Markov chain with an absorbing state, T. (T})
will define the so-called switching time.

The random integer N is defined as the following stopping time

Now notice by the law of large numbers that L >0, 7 — E[r] > 050 >0, 7 — o0
almost surely so Np is almost surely finite. In the sequel, we will consider an i.i.d. sequence
(1) of gamma variables with parameters (k > 0,6 > 0) recalling that the gamma density
with parameter (k > 0,60 > 0) is given by

Snflefs/a

0(s) = Toe

for all s >0, (3.10)



where I' is the gamma Fuler function.

For a given mesh 7 (defined as in (3.7)) (3.8])), we consider the following sequence (defining
a Markov chain conditionally to the mesh )

Y. yto.xo __
{ Xo=Xp, " =0 (3.11)

X1 = X + 0(Ti, Xi)0Tpi1 + 0 (T, Xi)Wip1

where Wy 1 := Wy, ., —Wr, . For the sake of simplicity, we will often note by, or oy instead
of b(Tk, Xk) or O’(Tk, Xk)

Using representation with (£,%) = (T, Xi) and 7 = 74 1, conditioning with respect
to (f, &) one gets for any integer k > 0

E[g(X7 )1, —7)

i Xe) = — —F(T —Tp)

+ E[Hk+1 1Tk+1<T] (312)

with XZ’“’X’“ = XZ’“’X’“’T’“’X’“ for s > T}, and

HToX%(Tho 1, X1, Du(Tiyr, Xiy1) D*u(Tiyn, Xiy1))
f(0Th41)

The derivatives Du and D?u in Hj, are given by applying the representation (3.6) with
(t,Z) = (Thy1, Xps1) and T = 749, conditioning with respect to (£,Z) one gets for any
integer k > 0

Hyyy =

STher1,X Tha1,X
E[g(XTk+17 k+1)MTk+1 k+11Tk+2:T]

. T Tyi1,X
Du(Tyy1, Xp+1) = = F(T j;kH) + B[ Ho My 7, ia<t]

S Ther1,X Tha1,X
E[g(XTk+1 k+1)V k+1 k+11Tk+2:T]

_ Tot1,T Tit1,X
Du(Tie1, Xie1) - = 1—-F(T i+1Tk+1) + E[Hk“VT::,T:LI 17p<1] -

Let us introduce the sequence of weights (Py)i>1 such that for k =1,--- , Np

o Mk+1+%vk+1
Pk+1 - F(Ty) ’
—1\T W, . .
Mgy = 6be(0y) Fpcs with 6bg = by — by (3.13)
o INT W1 W, 6Tl . .
Vigr = dag: (o) (5T:i)2 o, , with day:=ap—ap_1 .

Following the same lines as the proof of Theorem 2.2 in [16], one can derive by recurrence
a representation formula for u as the expectation of an exactly simulatable variable. Before
one has to introduce some new assumptions.

Assumption 3. The coefficients b and a are uniformly bounded i.e. there exists a finite
constant M such that for any (t,z) € [0,T] x R?

1be(2)[| < M, lag(z)]| < M-

Assumption 4. The function g is Lipschitz.



Proposition 3.2. Under assumptions[3, [3 and[{] , the following representation holds

(X
u(to, zo) = E[Q(X?’IO)]_E[ﬁHNTHP] (3.14)

with the convention [[c, = 1.

Remark 3.1. 1. Proposition proves that any v satisfying the equation (3.1) is given
by the above explicit equation (3.14]): this a posteriori proves the uniqueness of the

solution of (3.1)).

2. Using an exponential distribution for f, one recovers the representation given in [16].

3. Representation is very similar to the forward representation developed in [2]
and used in [1] for the same purpose of unbiased simulation of SDEs expectations.
The main interest of being that the coefficients b and a have no need to be
differentiable.

Proof. We will only give the sketch of the proof since it mimics step by step the proof of
Theorem 2.2 in [16], which proceeds into two steps.

1. First suppose that Assumption [l is satisfied, then the representation (3.14]) holds.
Indeed, Lemma applies and following the recurrence arguments developed in [16]

implies the representation (3.14]).

2. For the clarity of the paper we recall here the arguments developed in [16] to extend, by
smooth approximations, the representation proved at item 1. outside of Assumption I}
Since according to assumptions |2l and {4}, (b, o, ¢g) are Lipschtiz we can find a sequence
of bounded smooth functions (b¢,0¢, g¢) converging locally uniformly to (b,o,g) as
e — 0 such that Assumption [1|is verified when replacing £ by £¢ (the infinitesimal
generator associated to (b¢,0¢)) in the PDE (2.2). Let X¢ denote the solution of

dXE = bE(t, XE)dt + o (t, X)W,
and set u(to, o) := E[g°(X5)]. By item 1. The following representation holds

€/ VE Nr+1
g (XNT+1) -

u(to, m0) = ¥* = ElT—pom —

Bl
k=2

where (X§) (and respectively the weights (Pf)) are given by (3.11) (resp. the re-
cursion (3.13))), where X is replaced by X€¢. By stability of SDEs, and dominated

convergence theorem, u(to, zo) -7 u(to, zo) . Similarly one can prove that ¢ g
€E— €E—>

E[% HNTJrl Py] , which ends the proof.

O]

We next define a second representation that will be interesting in order to get some
finite variance estimator for some given switching distribution, f. Following [16], one can



introduce antithetic variables to control the variance induced by the last time step. Let
gr .= O’(NT,Tk, AWklngTa k> 1). Observe that

E[Mny41167] = E[VNy11|97] = E[PNny111G7] =0 .

Hence replacing g(Xn,+1) by 9(Xnp11) —9(Xn,) in (3.14) does not change the expectation
since due to the tower property:

Np+1 Np

9(Xng) B 9(Xny) -
Bl Fatay ) LU= B pry, e [LRd =0

Notice that the following decomposition holds whenever Np > 1

Nr+1 M Nz 1 % Nz
% v Nr+1 % Nr+1
g(XN +1) Pk:g(XN +1)7 Pk"i_*g(XN +1) Pk .
0 11 w1 Ty 1L P+ 59w gn S T

Then using antithetic variables for the second term in the r.h.s. of the above equality yields
the following estimator.

Proposition 3.3. Under assumptions[3, [J and[{], the following representation holds

Nr

9(X1)
u(to,x0) = E[B | | Pelny>1] + E[——%=<1ny—0] , (3.15)
]};[2 = 1— F(oTy) V7
where [ := %(51 + B2) with
8 = 9 Xnp41)—9(XNg) Mnp1+5 Vg
LT IO g ) FOTng) (3.16)
By = 9 XNy 1) —9(XNy) —Mnpi1+5 Vg1 ’
2 T TI-F(Tnp11) F(6Tn,)

and for any n € N, Xn+1 =X, + bn0Thi1 — 0ndWhy1.

4 Variance Analysis in the case of Gamma distribution

The previous representation given by Proposition [3.3|is general but the variance associated
to the estimator is generally infinite as it is the case when f is an exponential density.
From now on, we will suppose that the density f = fF’e is the Gamma density with
parameters (r,6) with cumulative distribution F' = F{' 2

First, we will introduce the following assumptions.

Assumption 5. The following assertions hold
1. g is Lipschitz and g € C?.
2. k< aAN %

Now, we can state the following proposition.



Proposition 4.1. Under Assumption@ @ and@ the estimator defined by (3.15)) in Propo-
sition [3.3 has finite variance.

Proof. Let Fj, denote the sigma-field generated by the Brownian up to the random time 7},
and the random times up to the random time Tjyq i.e. Fi := (71, ..., Tir1, (Ws)s<raT,)-
Let us consider the second term on the r.h.s of (3.15)). Notice that E[(g(X1))?] can easily
be bounded by the boundness assumptions on b and ¢ and the Lipschitz property of g.
Let us consider the first term on the r.h.s. of .

E[(ﬁlNTZl ﬁ Pk>2] = iE[(ﬂ f[ Pk>2 |Np = n]P(NT = n)
k=2 n=1

k=2
(4.1)

The proof will be decomposed into several steps. We will first try to bound the general term

2
of the above series E[(ﬁ | Pk> |Np = n], then we will consider the sum.

1. Bounding E[32%|.F,,, Nt = n]
First considering My41 and Vj4; one easily obtains

E[M{, | |Fi, Nr =n] < CM
L = (0Tk41)?
_ day)?
4 — < (71“ ) )
E[Vk+1 |]:k’ Nr n] = C((STk+1)4 (4 2)

Notice that in the sequel, C' will denote finite constants that may change from line to
line that do not depend on k or n but only on the characteristics of the problem (T,
the bounds or Lipschitz constants related to g, b, o, a). Then consider the general

term of the sum .
n B n 2
BB [[ FZINr =n] = E|E[8|F,, Ny = n](H Pk> Ny = n] .
k=2 k=2
We get
E[Bz‘fn, NT = n]
C - 5 M2, -
< — B9 Xnt1) — 9(Xnt1)) =g —|Fn, Ne = n]+  (4.3)
(1 - F2(T))? FO(8T, )2
O Blp(Rue) + 9(Kunr) - 20K | F Ny =
(1= Fp(T))? fro (0T )?

Consider the first term on the r.h.s. of inequality (4.3]), by the Lipschitz property of g,
the boundness of b,0 and using the fact that ¢ is uniformly bounded away from zero,
we obtain

e M
Ellg(Xn+1) — 9(Xn+1)| (ff{’e((STn))Qy

150,
(fF(6Tn))2

ﬁn, NT = n]

<C < C||6by||? (6T )21 =) (4.4)

10



Consider the second term of (4.3). By Assumption 2 (g € C?) one can apply Ito
and obtain

’g(Xn—&-l) + g()_(n -+ bnéTn+1 — O'n(SWn—i-l) — 29()_(”)] < C’éTn+1 .

This implies still using the boundness of b, ¢ and using the fact that ¢ is uniformly
bounded away from zero :

2
E[(Q(XnJrl) + Q(XnJrl) - QQ(Xn))QﬁLfm NT = n]

05T, )2
2
< C(0Tn11)"— ”5?9” < COT)* = 6an|? . (4.5)
0T 1 fr (6T)?
Injecting and (4.5 into (4.3) finally yields
E[8 | P, Np = 0] < C(6T)20 7 (|6ba]? + ll6an?) - (4.6)

. Bounding ]E[C’,f | Fr_1, Ny = n], where the r. v. C}, is defined by
C = 160> + [[6ar? - (4.7)
Consider the term ||6bg]|,

E[||6bg||* | Fr—1,N7 = n]
= E[|b(Tk, Xi) = b(Th—1, Xp—1)||* [ Foer, Np = 7]
< 8E[[[b(Th, Xi) — b(Te, Xp—1) || *+
16(Th, X—1) — b(Ti—1, X—1)||* | Fre—1, Nr = n]
< C(1+ (6Tp)%)(0T})2 + C(6Tp)* < C(5T3,)4@"2)

using the fact that b is Lipschitz w.r.t. the space variable and a-Hoélder continuous
w.r.t. the time variable. With the same development on daj one finally gets

E[C?|Fi—1, Ny = n] < C(6T;,)* ") | (4.8)
. Bounding E[P}, , | Fj, N = n]
Using (4.2)), we obtain

E[P 1 | Fie,Nr = n]

1 _
= E[(Mgy1 + §Vk+1)4(5Tk)4(1_ﬂ)94HF4(“)64éTk/9 Fi, N7 = n]

Sag||* \ (6T;) =)
< C(||6bs]|* + |
- (H k” (5Tk+1)2> (5Tk+1)2
85T, )4(171~c)
< 2( k .
< O )7 )
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observing that 6711 < T < C and recalling that Cj is defined by (4.7). Using the
tower property of expectation and bound (4.6|) yields

n—1
E[ﬁz HPIE-H |Nr = n]

k=1
n—1
_ E[Ew? | Py Np = ] [[ P2y IN7 = n}
k=1
n—1
< CE[(6T,)207 (|16an* + 160al1?) T P21 IN7 = n]
k=1
n—2
< CE [E[((STn)Q(l_“)CnPg Fuet, Np = n] [[ P2y INr = n} .
k=1

By Cauchy-Schwarz, for any k and using (4.8), we have
E[CyP?|F—1,Nr = n]

( (C2|Fi_ 1,NTfn> ( [P} Fie 1,NTfn]>l/2

2(1—k)
< cmyHerbo,, P
(5Tk71)2(1 K)

<COCh41———F—+ .
>~ k 1(6Tk)2((17a)V%)

(4.10)

Hence, we obtain by recursion

2n_1 2 1 2(1— o (0T3,)2(1=")
E[8 IEPk+1 Ny = n] < C™HE[(6T;,)20—) 1 o oD SN =mn], (411)

observing that E[C}|Fo, Ny = n] < C((sTl)?(a/\*) < CT.

Then recalling that £ < o A 1 implies (67}) 2A(z=RINe=r) < TAG=RA k) finally
yields

n—1
E[B* [[ P21 INr =n] < CC™. (4.12)
k=1

. Convergence of the sum y 2 | C"P(Np = n). Let us introduce S, = > }_, 7% , notice
that S, ~ I'(nk, #) with cumulative distribution

s pnr—l —r/0
F, = ——d
Sn(s) /0 F(nl@)@”” r

Hence one can bound P(Ny = n) as follows

P(Np =n)

T Tnnfl Tns
< dr =
- /0 [(nk)ons " nkl(nk)omr



This implies that

) ) ém
; C"P(Np =n) < ; ()

with ¢ = C%. Using the generalization of the Stirling formula I'(z) ~ VY222

one proves that mg{; o~ é%% (C;Lie)”“+% which is the general term of a convergent

sum.

O]

Remark 4.1. The convergence of the series (4.1)) relies on two facts :

e The general term of the series has to be finite: E[(ﬁ [ Pk>2 INp =n| < oo,
for any fized number of switching times Ny = n. However, one can observe that our
bound on the r.h.s. of can possibly blow up to infinity when k > a A1/2. In
particular, in the case of an exponential density, corresponding to k = 1, it is well-
known that the conditional distribution, L(6Tx| Ny = n), is the uniform distribution on
[0,T], hence the expectation on the r.h.s. of is infinite. When k < a A1/2, we
observe that our bound is finite whatever the conditional distribution, L(6Tx| Ny = n).
Notice that using gamma switching times increases the occurrence of small jumps w.r.t.
the exponential case and hence the occurence of high numbers of time steps is also
increased. To better adjust the complexity and variance tradeoff, one could consider
other switching times densities with a smaller intensity of small jumps and rely on the
conditional law L(6T,|Nr = n) to ensure that the expectation on the r.h.s. of
s bounded.

e The sum Y poy C"P(Np = n) has to converge. By increasing the intensity of small
Jumps as explained at point 1., we expect that P(Np = n) will decrease more slowly with
n. This results in a tradeoff one has to achieve: increasing small jumps intensity to
be able to bound each term of the series but not too strongly to ensure the convergence

of Yop2 C"P(Np = n).

Consequently, the representation provides a Monte Carlo approach to compute
E[g(Xr)], by simulating the regime switching process instead of the SDE (|1.1)) which
would potentially require to implement a stochastic Euler discretization scheme. However,
even though our estimator is proved to have finite variance, one can observe in practice huge
variances due to the product of a random number of terms Py that could potentially take
values greater that one. This expectation of products is by nature not a good candidate
for Monte Carlo estimation. Hence, we propose to use a resampling procedure to change
this expectation of products in a product of expectations which is known to be much more
stable for estimation.

5 Resampling method for regime switching processes

In this section, we propose to introduce an interacting particle system (in the same vein
as those thoroughly discussed in the reference books [7] and [§]) to approximate u(tg, zo).
We will prove that the resulting estimator has finite variance under the same assumptions
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required to bound the variance of estimator (3.15)). However, in practice, the new estima-
tor relying on interacting particle systems will show better performances providing smaller
variances in many examples, as illustrated in Section [6}

5.1 A Feynman-Kac measure representation

First we have to express u(tp, o) as an integral according to a Feynman-Kac measure. Let
us consider the Markov chain consisting of the sequence of random variables Xy, := (T}, Xx),
where (7)) and (X}) are given respectively by the dynamics (3.8) and (3.11)). In the sequel,

we note X := (Xo, - ,Xk) the path valued Markov chain. Let us introduce, for any

integer k > 0, the real valued function G}, depending on the path &g € Ej = (Ry x Rd)k“
with the notations &g, := (Zg,- -+ ,4%) and &, := (t,,7,) € Ry x R? such that
1 ifk=0ork=1
y T (i 1y (4
(o) 1= { Mol taVellor) ¢ 1 > 9 and 5t 15t > 0 (5.1)
Jr7 (0tg—1)
1 elsewhere .

with 6tx11 := tx11 — tr and where the real valued functions Mk+1, Vk—H and 5Wk+1 are
such that for any Zg.x+1 € Frt1

M1 (Zops1) = (bt ) — b(tk—l’xk—l))'(a(tk’xk)_l)T%fw if 0t 41 > 0
' 1 elsewhere
. Brt1(Eoket1) s
Ver1(Fopt1) = (alts, zx) — altp—1, 2p-1)) * =g 5 i 0lrer >0 (5.2)
1 elsewhere ,

with

Bis1(Fomsr) = (o(tpze)™")' (5Wk+1(fozk+1)5Wk+1(§70:k+1)T - 5tk+1]1)0(tk, zp) !

Wit (Zoksr) = (tgxr) " (g1 — T — b(te, k) Stt) -

Observe that G’kH does not really depend on the whole path Zg.x+1, but only on (Zx_1, Tk, Tx+1),
for k > 0. Recalling (3.13)), notice that the following identity holds

Gr(Xox) =P, Pas. forall k=2,--- Np.

In the sequel, it will appear to be crucial to consider positive potential functions with uni-

formly bounded conditional variances, more specifically such that sup;, . c g, E[G3 1 (Xok+1) [ Xow =
Zo:k] < 00, thus we define the potential functions (Gy)r>0 (depending implicitly on T") such

that for any k& > 0 and for any &g.x € E},

1 itk=0
Culon) = |C?1(3?0:1)|(5t1)1_(’f1_/)61(j0:;t) - ?f k=1, 6t; >0 (53
Grlaoa) |y et () ik > 2, ot 0t >0,
1 elsewhere
where the real valued function ¢ is defined on Ey, for k > 1, by
cx(Zok) = 0tx] + [16(tr, 1) — b(tr—1, a1 [I” + la(t, zx) — alte—1, zx-1)||> (5.4)
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Notice that this definition of ¢; is such that ck()v(();k) = C} + 0T}, where C}, was defined

in (4.7, hence

Gz (XO:k:)

Cy + 0Ty 6Ty, >2(1_,¢) )
- P2, Pas forall k=2--- Np.
Cr—1+ 0T} <(5ka1 ko a.s. fora -, Np

Then observe that one can prove an inequality similar as (4.10]) with C} replaced by cg( Xo k)
Elex(Xox) PE| Fi—1, Nz = n]
5 — 1/2 _ 1/2
< <E[C%(X0:k)|fk‘—17NT = ’I’L]) (E[P]?LF/C—I?NT = ’I’L])
<5Tk71)2(17'{)

< Cepq(Xopoy) —rt 5.5
< Cep—1(Xok-1) (TR =) (5.5)

which yields as announced, that for any x < a A % and Zg.p—1 € Er_q
E[G%(Xo]c) ‘Xo;k,1 = i’o;kfl] < C <o0. (5.6)

Notice that HkN:Tz P, = Hyp1(Xo.Npt1) Hiv:TO Gr(Xo)Sk(Xox), P a.s. where for any
k > 0 and for any Zo. € Fg,

Sk(:i'();k) = Sign(Gk(i’();k)) , (5.7)
and
— 1 ifk>1and ity >0
Hip1(Fopgr) = 4 O Ver(@ow) (5.8)
1 elsewhere .
Let us introduce BTL+1 = %ﬁl,n+1 + %,BQJH»l defined on En+1 such that ﬁ:[’l(ﬂvjozl) =
Bo1(zoms1) = ——g——g(x1) and for any n > 1

T (1-FpY(st)

g(xn_H)fg(:tn Mn+1(20:n+1)+%‘7n+1(j0:n+1)

Bin+1(Z0:nt1) =

)
1= F0 (3t 11) I (6tn), (5.9)
B (@ ) = 9(#n+1)—g(@n) =Mnt1(Eoin+1)+3 Va1 (Foint1) ‘
2n+1{Tomt1) = Teed T F50(5tn) ’

with T+l = Tn + b(tn, $n)6tn+1 — O'(tn, {En)(SWn+1(i'0:n+1).
Recalling (3.15)), observe that

Nt

- 9y
u(to, xg) = E[ﬂ/}_[QPklNT>1]+E[1Fg,e(éTl)lNFo]
= E[(Byps1Hnp 1) (Xo:ng 1) (So:vy Go:ng ) (Xovg )] (5.10)

where to simplify the notation Gp.q (resp. Sp:q) denotes the product Hq:p Gy (resp. HZ:p Sk),
with in particular G, ; = 1 when p > ¢, where 1 denotes the function which takes the unique
value 1. Now, we can define the sequence of non negative measures (y;)r>0 such that for

any real valued bounded test function ¢ defined on E, := (Ry x R)"*1 we have
k—1
(e) = Elp(Xox) [ [ Gp(Xoyp)] = Elp(Xow)Gosk—1(Xok-1)] , fork>1.  (5.11)
p=0
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We set by convention 7g := pig where pg denotes the probability distribution, £(Xy), of the
initial condition X = (to,zo) i.e. po := L(Xo) = O(tg,z0)- Gathering together with
the above definition one readily obtains the following proposition expressing u(tg, xg) as an
integral w.r.t. the non-negative measures 7.

Remark 5.1. The weights used in equation (5.3|) can be generalized with p € [%, 1—k| as

1 ifk=0
o (v ) ’Gl(iﬁo;lﬂ((stl)p\/Cl(i’o;l) ka‘ =1, ot1 >0 (5 12)
k\Zo:k) ‘= S c (0. L .
Grlon) |/ 5t (25)" ifk =2, dtadty >0,
1 elsewhere ,

Proposition 5.1. Under Assumptions[d and[3, the following identity holds for any n > 1
u(t07x0) = ’Yn((Pn) > (513)

where (on)n>1 15 a sequence of real valued functions such that for any n > 1 and %o, €
E, = (R, x R4+l
en(Fom) = E[(BNp+1 HNp+1) (XoNp+1) (S1:87.GrNg ) (Xo:Ng) [ Xom = Zoun) - (5.14)

Remark 5.2. Observe that for a given n > 1, o, is defined by as a conditional
expectation of a terminal payoff delivered at a future random time Np + 1, knowing the
state of the Markov chain from time 0 to n. Hence, evaluating p,(Zo.n,) is not trivial,
for a given Zo.,, since it requires to compute a conditional expectation. However whenever
T = (tn,xy) is such that t, > T, then the knowledge of X(];n = Zo.n, determines completely
both Ny = g < n and XO:NTH; which implies

on(Zon) = E[(Bnpt1HNp+1)(Xo:Np+1)(S1:87Gring ) (Xo:Ng) [ Xoim = To:)
= (Bq+1Hq+1)(fO:q+1)Slzq(j0:q) .

Now, let us introduce the sequence of probability measures (1) defined by normalization
of (Vk)k>1
_ (@) _ Elp(Xow)Go—1(Xow-1)]
V(1) E[Go:k—1(Xo:k-1)]
where 1 denotes the function which takes the unique value 1. Observing that for £ > 1,
Yk (1) = vk—1(Gk—1), we obtain by recurrence

() : , forany k>0, (5.15)

() = me(e)(1)
= k(@) 1-1(Gr-1)
= M(@)M—-1(Gr-1) - - 1m0(Go) - (5.16)
As announced, we have replaced the expectation of a product of functions by the product
of expectations of functions, since for any n > 1
u(to, 20) = Y (en) = Elen(Xom)] = 10 (@n)nn-1(Gn-1) - -n0(Go) -

Our objective is now to approximate the sequence of probability measures (n)r>0 by a
sequence of empirical measures (n,]fv )k>0 based on a system of N particles to finally end up
with an approximation of the type

u(to,z0) ~ 0} (pn)nh_1(Gn-1) -1 (Go) .
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5.2 The particle approximation scheme

The sequence of approximating measures (11 )x> will be defined by mimicking the dynamics
of (Mk)k>0. Hence, we begin by describing this recursive dynamics.

First let K, denote the transition kernel of the path valued Markov chain (X} := Xok)
from k — 1 to k for any integer £ > 1. Recall that K} can be considered both as an integral
operator on the space of measurable functions defined on E;, and on the space of finite
measures, M(FE}_1), such that

e for any measurable test function fj defined on Ej, Ki(fx) is a measurable function
defined on Ej_; such that for any z)_, € Ep_4

Kl 1)@ho1) = B 1Ky =] = [ Keleh s )
YL EEL

e for any finite measure my_1 on E,_1, mp_1 K} is a finite measure on E}, such that for
any . € Ej,

(mea K ) = | i1 (A Ky day)

y;cfl €EEL_1

In particular, let pj, denote the probability law underlying the random variable X} :=
Xo:x (we will often write py, = L(X})), for any k > 0. Then observe that p,Kj+1 =
i1 the probability law of X,’H_1 = Xo;k_l,_l. Besides, notice that if K}, denotes the
transition kernel of the Markov chain (X %) from k—1 to k, then the transition kernel K},
is obtained as the following cartesian product, for any (y,._,2}) := (Yo.k—1, dZo:k) €
Eyx1 X Ey

Ki(Yh_1,da}) = Kp(Yo:e—1, dxo:k) = Sy (dok—1) X Kp(yp—1,day) .

Now we can describe the dynamics of (n)r>0 with k. For any real valued test function fj
defined on E}, the following identities holds

Vi (fx)
V(1)

mw(fr) =

k
e (fkGre—1) / ;
= ———=— == where = L(X;) = L(Xo.) ,and Gy = G
i (Giik—1) i ) (Kow) o 19131 ’

(K G1p—
— Mk 1Kk (fr) Grr1) by the tower property of conditional expectation

pi—1(G1:k—1)

~1(K, .
= LK (f1)Grr) by definition (5.11)) of y5_1
Vi-1(Gr-1)

(K _
= 1Kk (fr)Gr1) by dividing the numerator and denominator by ~y;_1(1)
Me-1(Gr-1)

= ((Gk—1-me—1)Kr)(fr) ,
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where the - sign denotes the projective product between a non-negative function G defined
on E and a non-negative measure p € M™(E) returning the probability measure G - u such
that

(G- p)(dz) := G(x)u(dz)/W(G) - (5.17)
Hence, one can describe the evolution from 7g_1 to n into two steps

Mg —2On = Gy g O = 1 K (5.18)

In other words, the sequence of probability measures (1) satisfies the following recursion

M =po , where pg := L(X}) = L(Xo)
M :=Gr-mp, forall 1<k<n, (5.19)

N1 = MKy, forall 1<k<n.

An Interacting Particle System will be used to approximate the sequence of probability
measures (1)o<k<n DY a sequence of empirical probability measures (n,iv Jo<k<n, such that
for all 1 < k < n, n is associated with an N-samples (5;’]\[, . ,{,iv’N) approximately
distributed according to ng. To sunphfy the notation, we will often drop the exponent N
and write (§k)z_ . instead of (&7 i )Z 1,--.N- The recursive evolution described by - is
approximated by the following dynamics:

ny = po
e =SSN Kg) , forall 1<k<n,

where S™(u) denotes the empirical measure associated to an N-sample (£4,---,¢V) iid.
according to u, that is

Zégz, where (¢, &V)iid. ~ p .

Hence, the algorithm proceeds as follows. Recalling that Gy = 1, we initiate the algorithm
by generating N i.i.d. random variables (&1, --- ,£V) according to po, then we set

m' = SM(Go - po) = 5™ (o) = 2551 (5.21)

The evolution of the discrete measures, (U;JCV Jo<k<n, (Where N denotes the size of the particle
system) between two iterations k and k 4 1, consists into three steps:

1. Weighting: each particle is weighted according to the value of the current potential

. G (&
function Gy. For all i € {1,---,N}, we compute wj, = Nk& and we set
J
23:1 Gk(fk)

N
~ N _ 3 .
M = Zwlzc—i-l 55;“-

i=1
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2. Selection: N i.i.d. random variables (é,i, - ,f}j ) are generated according to the
weighted discrete probability distribution f],]cv = Zw}€ 552 . More specifically, for all

=1
ie{l,---,N } an index I € {1,---, N} is generated independently with probability
P(I = j) = wj and we set fk = §k

3. Mutation: FEach selected particle evolves independently according to the dynam-
ics Kg41. This produces a new particle system (f,}: 1 ,5,2\;1). More specifically,
for all i € {1,---, N}, we generate independently ¢  ; according to the conditional

distribution £(X;_,|X}, = £), then we set

N
1
N
Tl = Z5€i+1 : (5.22)
i=1

For all £ > 1, let us introduce vév , the particle approximation of ~; based on 7711<:V defined by
recursion (5.20) and such that for any real valued measurable test function f; defined on
E,
W) =m () T ' (Gy) - (5.23)
0<p<k—1
We begin by stating a Lemma that will be crucial to prove the convergence of our new
estimator.

Lemma 5.2. Let (X])n>0 be a Markov chain (with initial distribution po and transition
kernel Ky,) defined on a sequence of measurable spaces (Ey, En)n>0 and (Gp)n>0 be a sequence
of positive measurable functions defined on (Ey, £,)n>0 such that there exists a finite constant
A > 2 such that

sup Go(zp) <A, and sup E[G ( X,y =a, 4| <A, foranyp>1.
w6€E0 (E;iléEpfl
(5.24)

We consider the sequence of Feynman-Kac measures () such that for any measurable real
valued function f, defined on E,,

n—1

Yu(fn) = E[fn(X3) H Gr(Xp)] - (5.25)

k=0

Let (YY) be a sequence of particle approzimation measures of (v,) defined similarly as

in (5.23)), with (név)ogp defined by (5.20). For a given n > 1, let us consider a real valued
measurable function f, defined on E, such that there exists a finite positive constant B such

that

sSup | [f2(X/ )Gpn 1( ;:n)’X;&Hl - ,pfl] < B fO’f’ any p = 17'”” : (526)

’
:DpiléEp71

Then the particle approzimation .Y (f,) is unbiased with finite variance, more precisely

n+2

ENY (f)] = a(fa) + and  E[(vY (fa) — m(fn))?] < 2B for N> A"+ (5.27)
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The proof of this Lemma relies on the formalism developed in the reference books [7, [§].
However, we had to carry out an original proof to take into account our specific framework
where the potential functions G, are unbounded which is not considered to our knowledge
in the existing literature. The proof is placed in the Appendix [7]

We are now in a position to state the main result of this section.

Theorem 5.3. Suppose that Assumptions [, [3 and [ are satisfied. For any n > 1, the
resampling estimator v (p,) defined by (5.23)) is unbiased with finite variance. More pre-
cisely,

Cn+2

2
Elvn (¢n)] = ulto, z0) ,  and E[( (pn) — ulto, z9))°] < for N> O™ (5.28)
where (¢n)n>1 i a sequence of real valued functions defined on E, by (5.14) and C is a
constant depending only on the characteristics of the problem (T, the bounds or Lipschitz
constants related to g, b, o, a).

Remark 5.3. 1. Computing v (p,) reduces to compute the following product of empir-
ical means

W (en) = my (en)1(Gn1) -1 (Go)
N
= <]1VZ%<§:;)) (NZGn (€ 1) < ZGO fo) ,
i=1

where (5,2)1§i§N is the particle system at the kth iteration of the algorithm as stated
by . This in particular requires to compute o, (&) for each particle of the fi-
nal particle system (ﬁ%)i:l,mN- Recalling Remark this may require to compute
a conditional expectation. In practice, one chooses n large enough such that most of
particles have already reached time T after n iterations implying that for most parti-
cles ©n(€1) can be computed explicitly. In the rare cases of particles &' that have not
reached yet time T, the computation of (&) that should normally require to compute
a conditional expectation is approximated by one simulation according to

L((Br+1HNyp180:87+1) (Xoivg +1) Grsng (Xoovy ) [ Xowm = €7) -
Notice that it would be interesting to consider the estimator
fy,]LVN(@nN) . with ny =inf{n|€& has reached T for alli=1,---N} .
This will be left for future work.

2. Another approach to avoid this problem would consists in doing the resampling proce-
dure only on the space variables. First simulate a sequence of random switching times
(Th,- -+ ,Tn,) and conditionally to this time mesh run an interacting particle system
on the Markov chain X (3.11)). The estimator would then be given as an empirical
mean of the resampling estimates over i.i.d. time meshes.

Proof. Theorem|p.3|is a direct consequence of Proposition[5.1|stating that v, (¢n) = u(to, o)
and of Lemmal[5.2)after having verified that there exists a finite positive constant C' for which
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the bounds ([5.24) and (5.26) are verified. Observe that (5.24)) is automatically implied
by (5.6)). Let us consider ([5.26)), similarly to the proof of Proposition one obtains

E[@n(XO n)Gpn 1 vp n)|X0:p—1 = Zo:p—1]

= Zq:O [(Pn(XO n)Gpn 1( Vp:n)’XO:p—l - jO:p—lvNT = Q]P(NT = q) . (5.29)

Now considering the general term of this sum for ¢ > p > 2

E[(BZQVT+1H]2VT+1)(XO NT+1) H]]{;V_p G2 (XOZIC) |X02p—1 = j:‘O:p—ly NT - CI]
2 1 p2 % -
=B e 1>2<1 2 Hq—p 1 Py [Xop ZfCOp 1, Nv :Vq]
< CE[(5T )2(1 *) o 1(X0<,, 1) (0T, )2(1 ) cq(XO q)P2 ch =p—1 P13+1 ‘XO:p—l = Top-1, N7 = ql

where C' is a constant that may change from line to line. Recalling (5.5)) finally gives

B8y 1HE, 1) Koy +1) [TE, Gi(Xok) [ Xop-1 = Fo:p-1, N = ]

+1 2(1—k) ¢p—1(Xo: 1) 1 (0T)%(1 ") _
< CrPREIOT) M R e i G ey (N7 =)

< ca—r+1

We proceed similarly when p = 1. We conclude by observing that the sum (5.29) is finite
by the same argument as in the proof of Proposition O

6 Numerical simulations

In this section, we begin by an empirical analysis of complexity then we analyse and compare
the performances of the three approaches described previously

1. Switching Monte Carlo method with exponential switching times;

2. Switching Monte Carlo method with gamma switching times (with parameter x <

1/2);

3. Resampling and Switching Monte Carlo method with gamma switching times (with
parameter kK < 1/2).

On one test case, we compare numerically the Switching Monte Carlo method with gamma
switching times with the Euler Monte Carlo method.

First, we consider a simple example for which all assumptions of Proposition are satisfied.
Then we consider simulations involving a more standard payoff function g occuring in finance
(corresponding to the call option) that does not fulfill Assumption However, this offers
the opportunity to check the robustness of our approach out of theoritical assumptions.

In all cases, we consider

e a drift coefficient b(t,z) = —10V (1 — x) A 10,
e an initial condition zg = 1,

e a terminal time T = 1.
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The parameters of the switching time distributions is A = 0.4 for the exponential distribu-
tion. Even if the exponential distribution gives a theoretical infinite variance (in cases we
consider here), the numerical variance observed is finite so it is interesting to compare the
results obtained by the gamma distribution and the exponential distributions.

To implement efficiently the different methods on a computer using many cores (96 on our
computer), we allocate N particles to each core such that the total number of particles
used is npary = 96/N. When resampling is used, a resampling estimator 7]]7\] 7 (pp) is sim-
ulated independently on each core j = 1,---,96 and we return the average estimator :
% Z?il vév 7 (¢p). Then the procedure is repeated independently for 1000 estimations, so
as to approximate empirically the expectation and the variance of each estimator by the
empirical average and variance computed on the 1000 estimates.

The whole procedure is then repeated for different values of npary = 4919 from g = 0 to
q = 5, with ng = 10*. We reported on the graphs the evolution of the estimator expecta-
tion as a function of log(npart) and the related standard deviation is represented on log-log
graphs. On each figure devoted to the standard deviation, the theoretical decrease at a rate
1/ (npart)l/ 2 is represented by the plot of a line with slope —0.5.

6.1 Complexity analysis

The Switching Monte Carlo method requires to simulate, for each trial, a random number of
time steps, Np, before reaching T'. In order to analyze the impact of the parameters x and
0 on the complexity of the algorithm, we consider Ny := E[N7] as a function of (,6). As
we couldn’t derive any analytical approximation, we have computed a numerical estimate
which is reported on Figure [I] for different values of x and 6.

Average of N for T=1

12.0
10.5
9.0
715
6.0
4.5
3.0

0.1 ;
?’-2%.2:5.3 5
X %'3%.4%_4% o1 2

Figure 1: Ny for different values of x and  and T = 1.
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One can observe that the expected number of time steps increases as 6 or k decreases.
More precisely, Ny (k,6) can be accurately estimated by the following polynomial approxi-
mation:

Nr(k,0) = 15.84 — 1.630 — 46.16% + 46.36x% + 1470k

for k € [0.2,0.5] and 6 € [1,10], recalling that we are only interested by values of x < 1/2.
Besides, at each switching time of each trial the computational complexity is given by

Cswitch(ﬂ, 9) + d(CGauss + 02) + Cld2‘3727

where ¢, cg are given constants, Cyyiten (K, ) is the complexity of generating the switching
time (according to an exponential or a gamma law depending on the approach), Caauss
is the complexity for generating a Gaussian r.v., and the term in d?37%7 is the theoretical
optimal cost for ¢ inversion by a LU method.

The global complexity of the algorithm without resampling for np,.¢ simulations is in high
dimension:

2.3727
cd Npart

Remark 6.1. Notice that, based on our numerical tests, the cost, Cgyiten (in the gamma
case), of generating a gamma r.v. with a rejection method is on average between 300 and
500 floating operations, whereas the cost, Caauss, 0of generating a Gaussian random vari-

able requires around 10 floating operations. Hence, for low dimension, the leading term
corresponds to Ceyitch -

With resampling, we have to add some operations independent of the dimension of the
problem: using the order statistics of the exponential law, we are able to generate some
sorted uniformly distributed random variables that are used to select the particles during
the selection step with a cost linear with npart.

Remark 6.2. The resampling method, by imposing to store the states of all simulations
simultaneously, gives a computational cost (including the memory access time) increasing
slightly more than linearly with n (see Fz'gure below). The advantage of the method without
resampling comes from the fact that the memory access time is weaker so that the computa-
tional cost is strictly linear with the number of particles.

6.2 An example with g(x) = cos(z), o(t,z) = 0.5+ 0.2(z* A 1).

In dimension 1, we give on Figure [2| the convergence observed with the exponential law and
the gamma law with and without resampling.
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Figure 2: Estimation and standard deviation observed for case 1 (dimension 1).

The method converges easily with the gamma laws. Using the exponential distribution,
the empirical standard deviation seems to decrease to zero but the rate 1/4/n cannot be
diagnoseds: this is the consequence of an infinite theoretical variance.

On this case, the resampling doesn’t improve much the results because of the small variation
of the o function. With the gamma laws, the linear decay of the log of the standard deviation
follows the theory with a slope equal to —% with respect to log(npart)-

6.3  One dimensional tests with g(z) = (z — 1)*.

With this kind of g function assumptions of Proposition are not satisfied. We will show
nevertheless that the method gives good results. Because the variance of the results is
closely related to the diffusion coefficient variation, we will consider various examples with
o getting more and more space dependent.

6.3.1 o(t,z) =05+0.2(z% A1)

This second case shows some quite small variations of . The reference value is 0.17466.
Evolution of the global estimate and the standard deviation are given on Figure 3] for gamma
and exponential laws.
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Figure 3: Estimation and standard deviation observed for case 2.

In this simple case easily converging as in the first case, resampling doesn’t improve the
standard deviation.

We are interested in comparing numerically the Switching Monte Carlo method (SMC)
with the Euler Monte Carlo method (EMC). It is well known [21] that the error due the EMC
method with a time discretization step, h, and a number of particles, ng, can be decomposed
into a bias term, Cgh, and a standard deviation term, S/ /ng. To achieve a fixed level of
accuracy, € by balancing the two types of errors we quasi-optimally chose h(e) := ¢/ (2@5)
and np(e) == (25/¢)2, where S and respectively C'r have been estimated using a reference
calculation with 30 x 10° particles and 1000 time steps and respectively using 100 time
steps. Using the empirical variance computed on 1000 SMC estimators, we have estimated
the error, €, of the SMC method for different numbers of particles npari. For each, error ¢,
we have used an Euler Monte Carlo (EMC) with a time step h(e) and ng(e) simulations
to achieve the same error e. On Table [I| we have reported for each error, €, and for each
approach, SMC or EMC, the associated computing time (Time), mean estimate (Mean),
number of particles (npart, ng), and for the EMC approach, we have further reported the
number of time steps.

Table 1: Comparison of the Switching Monte Carlo method (SMC) 6 = 2.5, k = 0.5 without
resampling and the Euler Monte Carlo method (EMC). The Reference value is 0.17466.

y € | 8e-4 ]0.000398 [ 0.000219 | 1.02 e-4 | 5.42e-5 | 2.67e-5 | 1.34e-5
SMC Time 0.65 2.11 8.88 34.76 125.85 502.49 | 1991.43
SMC Mean | 0.173861 | 0.174482 | 0.17415 | 0.174633 | 0.174583 | 0.174646 | 0.17466
SMC npart 10000 40000 160000 640000 | 2560000 | 1024e4 | 4096e4

EMC Time 0.11 0.93 5.62 55.5 369.67 3096.63 | 24429

EMC Mean | 0.175225 | 0.174888 | 0.174615 | 0.174613 | 0.174674 | 0.174667 | 0.17465
EMC ng 432025 | 1779528 | 5879543 27¢e6 96¢e6 396e6 1.579¢9
EMC T'/h 145 295 536 1151 2167 4402 8763

One can observe on Table [1] that for errors € up to 10> the SMC method appears to be
slower than the Euler scheme by a factor between 1.5 and 4 whereas for very high precisions
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it begins to be more effective in the considered case.
On Figure [4] we give the computional time of each method depending on the switching laws
and their parameters.

2500

— exp
- k=0.3,0=2.5
2000} - K=0.56=2.5

—— Resampling k=0.3,6=2.5

-~ Resampling k=0.5,60=2.5

1500 -

1000 -

Computation time

500 +

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 4.5
n le7

Figure 4: Computational time as a function of the particle number, for different Switching
Monte Carlo approaches (exponential, gamma, gamma with resampling) and parameters.

One can observe on Figure [4] that indeed the computational time of the Switching Monte
Carlo method is proportional to the number of particles. Of course, using a gamma dis-
tribution instead of an exponential one increases the number of switching times and hence
the computational time. One can observe that with resampling, the computational time
increases slightly more than linearly with the number of particles.

On Figure |p| for different levels of accuracy, we compute the computational time needed for
the SMC method with gamma switching times to reach a given accuracy, depending on the
x parameter (6 being fixed to 2.5).

-~ Log of error = -5.52146091786
Log of error = -4.8283137373
Log of error = -4.42284862919
Log of error = -4.13516655674 |
Log of error = -3.91202300543

Log of cost for given accuracy

ol ;\\.

=1
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Kappa values

Figure 5: Computional cost as a function of x for different levels of accuracy.

Clearly the optimal parameter is k = 0.5. In fact using a parameter x = 0.5 doesn’t
improve much the accuracy of the result but the computional time required is smaller.
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6.3.2 o(t,z) =0.5+0.4(x%A1).

With this more difficult case, we report results obtained with 6 = 2.5, k = 0.3, x = 0.5 with
and without resampling for the gamma distribution and for the exponential distribution.
The reference value is 0.21408. Evolution of the mean estimate and the standard deviation
are given on Figure [0
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Figure 6: Estimation and standard deviation observed for case 3.

With or without resampling, the standard deviation is decreasing steadily while using
gamma distributions. As we quadruple the number of simulations, the standard deviation
is roughly divided by two which is coherent with the theory. The convergence with the
exponential law is erratic once more.

In the case of gamma distribution, the standard deviation with resampling is nearly
half of the one without resampling clearly showing the interest in this method. Results
with kK = 0.5 and kK = 0.3 are very similar especially with resampling, but the number of
jumps increases as k decreases and the computational time is nearly doubled with x = 0.3
indicating that the optimal choice is to take k = 0.5.

6.3.3 o(t,z)=05Va?Al.

This case is more difficult than the two first ones. The reference value is 0.2100. We keep
6 = 2.5 and we use £ = 0.3 and k = 0.5. Figure[7] reveals that without resampling the SMC
method shows difficulties to converge, while the resampling SMC method is always converg-
ing with a standard deviation decreasing at the rate 1/,/Mpar;. Besides the exponential case
doesn’t seem to converge at all.
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Figure 7: Estimation and standard deviation observed for case 4.

6.4 Some four dimensional cases with g(z) = (3 S — 1)t

The diffusion coefficient is such that o(¢,2) = 0.5 4+ a((Zle 2;)* A1)1q for any 2 € R* and
for a given positive real, a.

6.41 a=04

The reference solution is 0.11806. We keep 6 = 2.5 for the gamma distribution. For this
first case, we plot on Figure [§| the results obtained with the exponential distribution and
the gamma distribution with and without resampling.
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Figure 8: Estimation and standard deviation observed for the first 4 dimensional test case.

factor rougly equal to 2 and by stabilizing the results.

On Figure[8] one can observe that for the resampling SMC method with gamma switching
times, the log of the standard deviation decreases linearly, whereas without resampling, the
decrease of standard deviation is not regular either with gamma or exponential switching
times. On this test case, resampling is effective by reducing the standard deviation by a



6.4.2

a=20.6

We give the results obtained without resampling on Figure [ The method doesn’t seem
to converge when a gamma distribution is used without resampling or when an exponential

distribution is used.
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Figure 9: Estimation and standard deviation observed for the second 4 dimensional test
case for gamma distributions without resampling.

Global estimate

Figure 10: Estimation and standard deviation

On Figure we only give the results obtained with resampling and the gamma dis-
tribution taking different parameters for 8 and x. We notice that the standard deviation
calculated are far higher than in the previous case. We have difficulties to get the theoretical
linear reduction in the standard deviation. The influence of 6 parameter is not clear on the
curves, but because higher 6 gives higher jumps, it gives smaller computational times.
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7 Appendix: Usefull notations and proof of Lemma

7.1 Classical notations and results

Let us recall somme classical notations and results stated in [7, 8]. We consider a Markov
chain (X)) (with initial probability uo and transition kernel K}) taking values on a sequence
of measurable spaces (E,,&,) and a sequence of positive potential functions (G,,) defined
on (B, &).

e For all 0 < p < n, we define the sigma-finite measure v, € M(E,) such that for any
real valued bounded test function f, defined on F,,

W(fp) = E[ fp(X}) H Gr(Xp) ]

0<k<p—1

e For all 0 < p < n, let us define the probability measure 7, obtained by normalization
of 7, and such that for any real valued bounded test function f, defined on F,,,

T (fp)
Mp(fp) = :
P( p) 7?(1)
Notice that «, can be written as the following product involving the probability mea-

sures m, - "p,

(fp H 77k sz

0<k<p 1

e For all 1 < p < n, let us introduce the nonlinear operator, ®, defined on the space
of sigma-finite and non-negative measures M*(E,_1) and takmg values in MT(E),)
such that

®,(mp-1) := (Gp—1-mp-1)K, , forany my_1 € MT(E,_1). (7.1)
Then the nonlinear evolution of (7,) can be summarized by
Mpt1 = Ppr1(np) (7.2)

e For all 0 < p < n, let us define the Feynman-Kac semi-group @, associated to the
distribution flow (7,)1<p<n such that for all x;, € F, and any real valued bounded test
function f, defined on E,,,

Qpalfa)(2y) =E[fu(X) I Ge(XD) X, =a}], with Quu=1d, (7.3)

p<k<n—1
Notice that for all 0 < p < n, v, can be written as the transformation of v, via @p»,
Yn = ’Vpr,n . (7-4)
Moreover, for any sigma-finite non-negative measure u € M*(E,),

MQp—l,p )
(MQP—Lp)(l)
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e We introduce (7)) the particle approximation sequence of measures as defined on
Lemma Notice that by definition ([5.23]) of ny the following relation holds

Tp (fp)
(1)

e Let f,, be a real valued test function defined on E,,, then the error between 2 (f,,) and
Yn(frn) can be decomposed as the sum of n "local errors” as follows, using relation ([7.4])

' (fp) = (7.6)

n

(r)/?JIV - ’Vn)(fn) = Z[’YZJ)VQp,n - ’ng;v—lQp*l,n](fn) (recalhng that ’Y(J)V = 70)
p=1

= > Y = Q1) (Qpn(fn)

p=1
Then using relations |D and 1' and recalling that %17\7 (1) = fyI]JV_ 1(Gp-1) yields

(Ve =) (fn) = val o)1y — ()] (Qpan(fn)) - (7.7)

e Let us introduce the following notations

Fév(fp) = (’Y;J;V Vp)(fp),
AY(fo) = Iy = @)l ))(fo) = & ity Fo(6h) — Bp(m)_1)(f) -

e For any p > 0, let us introduce the o-algebra G, generated by the particle system until
the p-th generation, observe that since

:SN( 77p 1) = 2552

where (f;, e ,§}],V) are i.i.d. according to ® (np_l) conditionally to G,—1. Thus

(7.8)

E[A (fp ‘gp 1 N ZE fp §p ‘gp 1] — (Uﬁl)(fp) =0, and E[Fév(fp)] =

(7.9)
e Moreover one can bound the conditional variance of A (f,) as follows
EIAY (F)* 1 Gp1) = BI(( = B 1)(£)’ Gp-1]
- }Vif (&)~ @y 1)) 1G]
- %@p(nﬁl))(fp) ~ (@ ))()
< B0
= G () (7.10)

We are now in a position to prove Lemma
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7.2 Proof of Lemma 5.2

Let us introduce the notation Gy, := Qp(Gp) for any p > k > 0. Recalling (7.7) and
notations (|7.8]) gives

k
Fl]qV(Gk,p) = Z'Yév—l(Gq—l)[név_(I)q(név—l)](Qq,k(Gk,p))
q=1

k—1
= W (Gr)AY (Quk(Grp)) + Y A1 (Ga1)AY (Qqi—1(Qr-1.4(Grp)))

q=1
= 7119\[—1(Gk—1)Aév(Gk,p) +F],§V_1(G,€_1’p) -

Using (7.9) stating that E[AN(Gy.,) | Gr—1] = 0 gives
2 2 2 2
E[(TR (Grp))” | Gr1] = (W21 (Gro1)) EI(ALY (Gryp)) | Gri] + (Til1 (Gro1p)) -
Recalling assumption ([5.24)), observe that for any z)_; € Ex_;

Ki(Gip) (k1) = E[(B[Grp(Xp)|XE])?[ X}y = )]
< E[Gip(X;,)”Xllc—l = $;c—1]

APTRHL oo

IN

Then using the bound (7.10), with p = k£ and G}, as a test function implies

Ap—k+1

E[(A/{cv(Gk,p))Z | Gr—1] < N

Using the above inequality and recalling that ’y,]gv_l(Gk,l) =Yk—1(Gg—-1) —i—chV_l(Gk,l) yields

N 2 Ap—k+1 2 N 2 N 2
E[(Ty, (Gip))” |Gr] < N [(Yh-1(Gr-1))" + (T3=1(Gr1)) T+ (Tp—1(Gro1p))” -

Again recall that by assumption (5.24))

Ve-1(Gr-1) := E[Grr-1(X}_1)] < (E [le 1(X1271>])1/2 < AF < o0,

which finally yields

p+1

B[ (Grp) ] < 5 (L EITY1(Cion)) ) + BITE L (Grop) -

Adding the above inequality from & = 1 to k = p gives for any p < n

Ap+1 P Antl P

E[(TY(G,)?) Z 1+E[(TY (G 1)) - < Z (1+E[(TY,(Gr1)?]) -
k=1 k=1

We obtain by recursion

E[(TY(Gy))%] < (1 + P—1. (7.11)



Now let us consider a test function f,, verifying assumption (5.26]). Using again ([7.9) stating
that E[AN(Gy,) | Gr—1] = 0 gives

B[N (£)") = Bl 1(Gpe1))* (AN (Qpon (£2)))7] -
p=1

By (7.10) and Assumption ({5.26)), we obtain E[( N(Qpn(f ))) |Gp—1] < B/N which yields
B n

E[(TN (f)"] < P E[(71(Gp-1))’]
=1

< %Z( (-1 (Gpm)? + BT 1 (Gpe)?)
p=1

< Z (Ap + E (Gp—l))Q]) since (’7p—1(Gp—1))2 < AP
p:l

By we finally get
An+1 n

B
Pl 1) <22 APl <2 AP+2 )
vr)sagyasag

B n
N
S ) < 23 (4 +
as soon as N > A"t and A > 2.

8 Appendix: Technicalities related to the proof of Lemma

This section provides technical arguments allowing for differentiating under the integral sign
that are necessary to prove the second and third identity of (3.1)).

8.1 Concerning the second identity of (3.1))

Assume the first identity of (3.1)) is verified. Let us introduce the real valued function such
that for any (s,t,Z,t,2') € [t',T] x [0,T] x R% x [0,T] x R?

¢ (5,1, 2') i= B[RSH (5, XEB)] | (8.1)

where (X g’j’t/’x/) is the Gaussian process defined by (2.4) and h*7 is the real valued function
defined on [0,7] x R? by (2.5). Recalling identity (3.4) and using Fubini’s lemma gives

Tl ot T o
u(t' ') = Blg(X350")] + / ¢ (s, 2 ) ds . (8.2)
t/

Notice that by a simple application of Elworthy’s formula [10] (which simply results here in
the Likelihood ratio of Broadie and Glasserman [4]), we get

D (st a') = E[h*H(s, X’E’j’t"x/)/\/lf}i]



where p denotes the centered and standard Gaussian density on R? and M;,i is the Malliavin
weight defined at . Recall that b and a are Lipschitz w.r.t. the space variable and 1 /2-
Holder continuous w.r.t. the time variable as stated at item 2. and 3. of Assumption [2]
and that Dv* and D?v* are bounded as stated in Assumption [I| Thus there exists a finite
constant C' depending on 7" and that may change from line to line such that

157 (s, 2" + b(EE) (s =) + Vs —toE,@u)| < COL+ (=o' + [|bE )| + o E2)][|ul]) -
Thus for any 2’ such that ||z — /|| < C.

lo(Z, )~
Vit

Since the term on the r.h.s of the above inequality is integrable w.r.t s on [t/,T] one can
differentiate under the integral sign in (8.2) which ends the proof of the second identity

of .

|Dg (s, 2")| < © (1+ 16 D) + 1o, 2)1). (8.4)

8.2 Concerning the third identity of (3.1)

Let us introduce the RY valued function ¥ such that for any (¢,%,t,2') € [0,T] x RY x
[0,T] x R?

where (s, t,Z,t,2") == 1(s,t, &, ', 2') + 1ba(s, t, 2, ¢, 2") with

Observe that ¢ = (!, - ,9%) is differentiable w.r.t. the variable 2’ and for any j =
l,---,dandi=1,---,d

J Jj o Jj o
?f, (5,8, 2,1, 2") = gw} (5,8, 2,1, 2") + gw?( bt al)

where

opd ,E,t T\ b
ot (5,1, 0') = (PE0(KE " )VA)

gﬁ% (s,1,,t,2") = <E[h*’t~’j(37 Xﬁ’i’tlwl)vgi])i,j

Notice that ¥ does not depend on the pair (£, %), hence one can fix t = ¢ =t € [0,7].
Let us consider a fixed point z € R, two indexes i,j € {1,---d}, and a point Z € R? such
that each coordinate Z, = xy for any ¢ # i and Z; is fixed at a given value. We want to
prove that %%(t,i“,t,x) exists and is continuous (which implies the differentiability of W)
and to give an explicit expression for it. By the mean value theorem, there exists a real
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07 (t,%;,z,h) € [-1,1] (to simplify the notations we will forget the dependence on t) such
that for any i =1,---d

1. .
%[\Iﬂ (t,Z,t,x + he;) =W (t,Z,t,x — he;)]

T
1 .
=/ Qh[w(stacta:—i-hez) W (s,t,Z,t,x — he;)| ds
t

T oy j
= 5 - (t,Z,t,x +07(Z;, v, h)he;) ds (8.8)
t

where e; denotes the vector of R with zeros coordinates except for the i* coordinate that
equals 1. Observe that in full generality the real 67(Z;, z, h) resulting from the mean value
theorem depends on (Z,x,h) and not only on (Z;,x,h). However, since we consider the

specific situation where ; = x; for all j # 7 one can express this real as a function of
(Zi,x,h). Consider the following equation w.r.t. the variable &; € R

N (#) =0, where N (%) i= @+ 07 (0, h)h — & .

One can check that there exists a solution Z;(x, h) to this equation. Indeed, taking z; = z;+h
and Z; = x; — h and recalling that 67 (Z;, z, h) € [—1, 1], we obtain

A (@i +h) = h(07 (2 + by, h) —1) <0, and AL (@ — h) = (07 (2 — h,2,h) +1) > 0

which, by contmulty of >\ 5, implies the existence of a solution. Now we choose to take in
equation (|8 , T as the vector having the same coordinates as x except that Z; = &;(z, h),
this vector will be denoted by Z(x,h). Observe that by construction choosing & = Z(z, h)
implies

T = x4+ 07 (%, x, h)he; .
We are now interested in the limit of as h — 0. The technical point will consist in

applying Lebesgue theorem to permute the limit with the integral sign. First, by Lebesgue
theorem, and observing that Z;(z, h) — x; when h — 0, we have

,] T J
lim/ ot (5.1, ). 13 ) ds = /t im 9L (s, ¢, &z, h), 1, & (x, b)) ds

h—0 h—0 O:L'

/ 8 ,x)ds .

Considering the integral term involving 1/1%, using the Lipschitz and a-Hélder properties of
b and o, we get

) (5, KL < C (i, ), 1)[(s = 0 + [ Ws = W]

SO

(?;?( t,&(, ).t 2(z, h))| < (S(_t()l“l ]2/\1;2
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where C(Z(x, h),t) is locally bounded due to the non degeneracy hypothesis and the Lips-
chitz properties in assumption [2] The rhs of the previous equation is integrable so that we
can use the Lebesgues Theorem,

lim ' aw% (s,t,&(x,h),t,z(x,h))ds = /T lim 3¢% (s,t,&(x,h),t,z(x,h))ds
h_>0 ' ax; T ) b ) - . h_>0 ax; P ) b )
T 9]
= t 8622 (s,t,x,t,x)ds .

We finally obtain

T
+ / (E[h*’t’w(s, Xé’m’t’x)ny’f])i ~ds
t 2.

(7,3, t,2) = (Elg(X5)v)5) ;

27‘7

oz}
which ends the proof.
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