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Abstract

The efficiency of Monte Carlo simulations is significantly improved when implemented
with variance reduction methods. Among these methods we focus on the popular im-
portance sampling technique based on producing a parametric transformation through a
shift parameter 6. The optimal choice of 6 is approximated using Robbins-Monro proce-
dures, provided that a non explosion condition is satisfied. Otherwise, one can use either
a constrained Robbins-Monro algorithm (see e.g. Arouna [2] and Lelong [17]) or a more
astute procedure based on an unconstrained approach recently introduced by Lemaire
and Pages in [18]. In this article, we develop a new algorithm based on a combination
of the statistical Romberg method and the importance sampling technique. The statisti-
cal Romberg method introduced by Kebaier in [13] is known for reducing efficiently the
complexity compared to the classical Monte Carlo one. In the setting of discritized diffu-
sions, we prove the almost sure convergence of the constrained and unconstrained versions
of the Robbins-Monro routine, towards the optimal shift 8* that minimizes the variance
associated to the statistical Romberg method. Then, we prove a central limit theorem
for the new algorithm that we called adaptative statistical Romberg method. Finally, we
illustrate by numerical simulation the efficiency of our method through applications in
option pricing for the Heston model.

AMS 2000 Mathematics Subject Classification. 60F05, 62F12, 65C05, 60H35.
Key Words and Phrases. Stochastic algorithm, Robbins-Monro, variance reduction,
Central limit theorem, Statistical Romberg method, Euler scheme, Heston model.

1 Introduction

Monte Carlo methods have proved to be a useful tool for many of numerical computations in
modern finance. These includes the pricing and hedging of complex financial products. The
general problem is to estimate a real quantity E¢(X7), where (X;)o<:<r is a given diffusion,

*This research benefited from the support of the chair ”Risques Financiers”, Fondation du Risque.



defined on B := (Q, F, (Fi)i>0, P), taking values in R? and ¢ a given function such that ¢ (Xr)
is square integrable. Since the efficiency of the Monte Carlo simulation considerably depends
on the smallness of the variance in the estimation, many variance reduction techniques were
developed in the recent years. Among these methods appears the technique of importance
sampling very popular for its efficiency. The working of this method is quite intuitive, if we
can produce a parametric transformation such that for all # € R? we have

Ey(Xr) =Eg(0, Xr).

Then it is natural, to implement a Monte Carlo procedure using the optimal * solution to the
problem
0" = inEg?(0, X
arg min Eg*(0, Xr),

since the quantity Eg?(6, X7) denotes the main term of the limit variance in the central limit
theorem associated to the Monte Carlo method. But how to compute 6*7 To solve this problem,
one can use the so-called Robbins-Monro algorithm to construct recursively a sequence of
random variables (6;);en that approximate accurately 6*. Convergence results of this procedure
requires a quite restrictive condition known as the non explosion condition (see e.g. [5, 9, 15])
given by

(NEC) E [¢*(6, X1)] < C(1+6]?), for all § € RY.

To avoid this restrictive condition, two improved versions of this routine are proposed in the
literature. The first one, based on a truncation procedure called “Projection a la Chen”, is
introduced by Chen in [8, 7| and investigated later by several authors (see, e.g. Andrieu,
Moulines and Priouret in [1] and Lelong in [17]). The use of this procedure in the context
of importance sampling is initially proposed by Arouna in [2] and investigated afterward by
Lapeyre and Lelong in [16]. The second alternative, is more recent and introduced by Lemaire
and Pages in [18]. In fact, they proposed an unconstrained procedure by using extensively the
regularity of the involved density and they prove the convergence of this algorithm. In what
follows, these two methods will be called respectively constrained and unconstrained algorithms.
In view of this, a Monte Carlo method that integrates this importance sampling recursion is
recommended in practice.

The aim of this paper is to study a new algorithm based on an original combination
of the statistical Romberg method and the importance sampling technique. The statistical
Romberg method is known for improving the Monte Carlo efficiency when used with discretiza-
tion schemes and was introduced by Kebaier in [13]. However, the main term of the limit
variance in the central limit theorem associated to the statistical Romberg method is quite
different from that of the crude Monte Carlo method. It turns out that the optimal 6*, in this
case, is solution to the problem

0" = argmin & (¢(0, Xr) + (Vag (0, X1) - Ur)?)
where (Up)scpo,r) is a given diffusion associated to the process (X;)icjo,r) defined on an extension

B = (Q, F, (F,)e=0,P) of the initial space B (see further on). Moreover, we intend to study the



discretized version of this problem. More precisely, we denote X7 (resp. U}) the Euler scheme,
with time step T'/n, associated to X (resp. Ur and we consider the optimal 8% given by

0, = argminE (¢°(0, X7) + (Vog(0, X7) - UF)?) .
The convergence of 8" towards 0* as n tends to infinity is proved in the next section. In section
3 we study the problem of estimating ¢ using the Robbins-Monro algorithm. More preciously,
we construct recursively a sequence of random variables (07'); ,en using either the constrained

(2
or the unconstrained procedure. The aim is to prove that

lim A" = lim (lim 67) = lim (lim ") = 6*, P-a.s.

1,n—00 1—00 N—00 n—00 —00

This assertion is slightly complicated to achieve for the unconstrained procedure. In fact, for
fixed ¢,n € N, the term 67, | constructed with this latter procedure involves (X;:f;fy), U;Z(;f ZL)),
a new pair of diffusion, with drift terms containing 6. To overcome this technical difficulty
we make use of the #-sensitivity process given by (%X;’(_G), %U;’(_e)) and we obtain the an-
nounced convergence result (see Theorem 3.2 and 3.3 and Corollary 3.4). In section 4, we first
introduce the new adaptative algorithm obtained by combining together the importance sam-
pling procedure and the statistical Romberg method. Then, we prove central limit theorems
for both adaptative Monte Carlo method (see Theorem 4.2 and the remark below), and adap-
tative statistical Romberg method (see Theorem 4.3) using the Lindeberg-Feller central limit
theorem for martingale array. In Section 5 we proceed to numerical simulations to illustrate
the efficiency of this new method with some applications in finance. The last section is devoted

to discuss some future openings.

2 General Framework

Let X := (X;)y<;cp be the process with values in R?, solution to

q
dX, = b(X,)dt + Y o (X)dW/, Xo=z € R? (1)

j=1
where W = (W, ..., W) is a g-dimensional Brownian motion on some given filtered probability

space B = (2, F, (Fi)i>0,P) and (F;)i>o is the standard Brownian filtration. The functions
b:RY— R? and 0j: R? — RY, 1 < j < g, satisfy condition

q
(Hoo) W,y €RT [b(z) = by)| + D loy(2) = 0;(y)| < Coole —yl, with Cyp >0,
j=1

where |- | denotes the Euclidean norm. This ensures strong existence and uniqueness of solution
of (1). In many applications, in particular for the pricing of financial securities, we are interested
in the effective computation by Monte Carlo methods of the quantity Ei(Xr), where 1 is a
given function. From a practical point of view, we have to approximate the process X by a



discretization scheme. So, let us consider the Euler continuous approximation X" with time
step 6 = T'/n given by

q
j=1

It is well known that under condition (H, ) we have the almost sure convergence of X" towards
X together with the following property (see e.g. Bouleau and Lépingle [6])

K, (T
(P) Vp>1, X, X"eL” and E{sup |Xt—Xt"|p} < p(2), with K,(T") > 0.
0<t<T ne/

The weak error is firstly studied by Talay and Tubaro in [20] and now it is well known
that if ¢, b and (0;)1<j<, are in G4, they are four times differentiable and together with their
derivatives at most polynomially growing, then we have (see Theorem 14.5.1 in Kloeden and
Platen in [14])

e = Eb(X}) — Ed(Xr) = O(L/n).

The same result was extended in Bally and Talay in [3] for a measurable function ¢ but with
a non degeneracy condition of Hormander type on the diffusion. In the context of possibly
degenerate diffusions, when ¢ satisfies |¢(z) — ¥(y)| < C(1 + |z|P + |y?)|z — y| for C > 0,
p = 0, the estimate [e,| < = follows easily from (P). Moreover, Kebaier in [13] proved that

in addition of assumption (Hp), if b and (0)1<j<, are €' and 1 satisfies condition
(He) P(Xr ¢ Dy) =0, where Dy := {z € R?| f is differentiable at x'}

then, lim,, .o v/ne, = 0. Conversely, under the same assumptions, he shows that the rate of
convergence can be 1/n®, for any « € (1/2,1]. So, it is worth to introduce assumption

(H.,) forae[1/2,1] n%, — Cy(T,a), Cyu(T,a)cR.

In order to compute the quantity Ei(X7), one may use the so-called statistical Romberg
method, considered by [13] and which is conceptually related to the Talay-Tubaro extrapolation.
This method reduces efficiently the computational complexity of the combination of Monte
Carlo method and the Euler discretization scheme. In fact, the complexity in the Monte Carlo
method is equal to n2**! and is reduced to n?**'/2 in the statistical Romberg method. More
precisely, for two numbers of discretionary time step n and m such that m << n, the idea of
the statistical Romberg method is to use many sample paths with a coarse time discretization
step % and few additional sample paths with a fine time discretization step % The statistical
Romberg routine approximates our initial quantity of interest Euy(Xr) using two empirical
means

The random variables of the first empirical mean are independent copies of ¥(X7") and the
random variables in the second empirical mean are also independent copies of ¢(X7) — 1 (X7").
The associated Brownian paths W and W are independent. Under assumptions (Hy) and
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(He, ), this method is tamed by a central limit theorem with a rate of convergence equal to
n®. More precisely, for Ny = n**, Ny = n?>*~Y/2 and m = /n the global error normalized by
n® converges in law to a Gaussian random variable with bias equal to Cy (7, «) and a limit
variance equal to

Var (¢(Xr)) + Var (Vi (Xr) - Ur),

where U is the weak limit process of the error \/n(X" — X) defined on B an extension of the
initial space B (see Theorem 3.2 in Kebaier [13] ). More precisely, the process U is solution to

dU, = b(X,)Udt + Zo—] (X) U dW} —

7j=1

f Z 5;(X)oe(X,)dW,, (3)
jl=1

where W is a ¢®-dimensional standard Brownian motion, defined on the extension B, indepen-
dent of W, and b (respectively (¢;)1<;<,) is the Jacobian matrix of b (respectively (o;)1<;<q)-

In view to use importance sampling routine, based on the Girsanov transform, we define
the family of Py, as all the equivalent probability measures with respect to P such that

dP 1
Lf = d—I|;|]:t = exp (9 Wt — §|9|2t) .

Hence, Bf = W, — 6t is a Brownian motion under Py. This leads to
B (Xr) = B [U(Xp)e 210
Let us introduce the process X? solution, under P, to
q q ’
dx? = (b(Xf) +) ejaj(xf)) dt+Y "oy (X])awy,
j=1 j=1

so that the process (BY, X;)o<i<r under Py has the same law as (W;, X?)o<;<r under P. Hence-
forth, we get

E(Xr) =Eg(0, X0, Wr),  with g(0, 2,y) = ¢(2)e "V 27 vy e R? and y e R%.  (4)

We also introduce the Euler continuous approximation X™? of the process X? solution,
under P, to

prG:( (X"0) +Zeoj (X0 )dt+Zcr] ) AW,

Our target now is to use the statistical Romberg method introduced above to approximate

1 m n m
Zg ‘9 XTzeasz Zg 9 XTfule) _9(97XT,%07WT71')'



Of course the Brownian paths generated by W and W have to be independent. According
to Theorem 3.2 of Kebaier [13] mentioned above, we have a central limit theorem with limit
variance

Var (9(07 Xje“v WT)) + VEH‘ (ng(ea Xje“v WT) : Uﬂe")

where U? is the weak limit process of the error v/n(X™? — X?) defined on the extension B and
solution to

q q
dUf = (b(Xf) + Qjéfj(Xf)) Ufdt+ ) 6;(X))UL WY —

J=1

\[ Z 5,( X (X)dW, . (5)

Therefore, it is natural to choose the optimal ¢* minimizing the associated variance. As
Eg(0, X% Wr) = Ey(X7) and E(V,g(0, X2, Wr) - UY) = 0 (see Proposition 2.1 in Kebaier
[13]), it boils down to choose

0" = argminv(f) with v(0) := E <[¢(X§«)2 + (V(X5) - Ug)ﬂ e_QH'WT_w‘QT) (6)

OeRa

J=1

Note that from a practical point of view the quantity v(f#) is not explicit, we use the Euler
scheme to discretize (XY U?) and we choose the associated

0" = argminu,(0)  with v, (6) ::I~E<[@Z)(X;79)2+(V¢(X§fﬁ)-U}‘ﬂ)?] e—ze.WT—sz) (7)

n
0cRd

with U™? is the Euler discretization scheme of U?, solution to

n,0 n,0 n,0 n,0
du; :( (x%) +Z«90] X )Un(tdt

+ZO—J (XU AW — f Z 65 (X o (X0 AW, (8)

j.4=1

Theorem 2.1 Suppose o and b are in €' with bounded derivatives. Then for any 6 € R the
following property holds

~ ~ K,(T
(P) Vp>1, U U eclP and E l sup |UY — Uf’9|p} < p(Z), with K,(T) > 0.
0<t<T nr/

In particular, for 8 = 0 the above property holds for the processes U and U™.

Proof: Following the steps of the proof of the strong rate convergence of the Euler scheme,
especially the helpful Gronwall inequality, we obtain the announced results by tedious but
standard evaluations. OJ

The existence and uniqueness of #* is ensured by the following result.

Proposition 2.1 Suppose o and b are in €' with bounded derivatives and let 1) satisfying
assumption (Hy) such that P(y(Xr) # 0) > 0. If there exists a > 1 such that E [¢**(X7)] and
E [|[V(X7)|??] are finite, then the function 6 — v(0) is €* and strictly convexr with Vv(0) =
IEH(G, X, Up, Wr) where

H(0, Xp, Up, Wr) := (0T — W) [(X1)? + (Voo (X7) - Up)?] e OWrtslol’T, (9)

)
Moreover, there exists a unique 8* € R? such that mingerav(0) = v(6*).



Proof: First of all, note that according to Girsanov theorem, the process (B, X, U) under Py
has the same law as (W, XY U?) under P. So, using a change of probability, we get

0(9) =F ([¢(XT)2 + (VID(XT) . UT)2] 679~WT+%|‘9‘2T> .

The function 0 — [(X7)? + (Vo (X7) - Up)?] e ®Wr+2l0PT ig infinitely continuously differen-
tiable with a first derivative equal to H (6, X1, Ur, Wr). Note that, for ¢ > 0 we have
sup | H (0, Xp, Up, Wr)| < (cT + |Wr|) [(X7)? + (Vip(X7) - Up)?] ecWrHae’T,

6]<c

Using Holder’s inequality, it is easy to check that Esupw‘gc |H(0, X7, Ur, Wr)| is bounded by

1.2 c c
ez’ (!W(XT)HaHe T + W)l ey + NIV X7 Pllall U] 22 ™ (T + IWT\)H%) :

Since E¢?*(X7) and E|V(X7)[** are finite we conclude, thanks to property (P), the bound-
edness of ESUP\GISc |H(0, X7, Ur,Wr)|. According to Lebesgue’s theorem we deduce that v is
%' in R? and Vo(f) = EH(0, X7, Up, Wr). In the same way, we prove that v is of class C in
R?. So, we have

Hess(v(6)) = E

1

(6T = We)(OT = We)* + TI,) (¢*(Xr) + (V(Xr) - Up)2)e et
Since P(y(X7) # 0) > 0, we get for all u € R\ {0}
u* Hess(v(0)) u=E [T|u|2 + (w.(0T — Wp)2(V*(X7) + (Vo(Xp) - Up)?) e—e-WTJr%\@IQT] <> 0.

Hence, v is strictly convex. Consequently, to prove that the unique minimum is attained
for a finite value of 0, it will be sufficient to prove that limjg.. v(f) = +o00. Recall that

v(0) = E |:(1/}<XT)2 + (V(Xr) - UT)2)6*9'WT+%|9‘2T} . Using Fatou’s lemma, we get

6] —o0

+oo=E {lim inf (v (X7)? + (V(Xr) - UT)z)e—e.WT+§|02T]

< liminf £ (WX + (V(Xr) - Up))etWoraloPT]

This completes the proof. O]

The same results can be obtained for the Euler scheme X™.

Proposition 2.2 Suppose o and b are in €' with bounded derivatives. For a given n € N,
let ¢ satisfying assumption (Hy) and such that P(y(X7}) # 0) > 0. If there exists a > 1 such
that B [¢**(X})] and E[|[Vip(X7)[**] are finite, then the function 6 — v,(0) is € and strictly

convezr with Vv, (0) = EH (0, X3}, U}, Wr). Moreover, there exists a unique 8% € R? such that
mingeravn(0) = v, (6;,).

Further, we prove the convergence of 8" towards 6* as n tends to infinity.

Theorem 2.2 Suppose o and b are in ¢ with bounded derivatives. Let ) satisfying assumption
(Hy) such that P(¢(X7) # 0) > 0 and for alln € N, P(y(X7}) # 0) > 0. If there exists a > 1
such that E [1**(X1)], sup, ey E [?*(X})], B[V (X7)|*] and sup,,cn E [| VO (X3)|?] are finite.
Then,

0 —0", asn — oo.



Proof: For the sake of clearness, we give the proof for d = ¢ = 1. First of all, we know that
v'(0*) = 0 and also v/,(0%) = 0. Then, using the mean value’s theorem, there exists pj between
0* and 6 such that

V(07) = v (0) = v'(07) — v (67) + v () (07— 07) = 0.
Hence, as v, is strictly convex satisfying v/(py) > 0, we have
v (07) — '(0%)

o° —0F =
vy (py)

The numerator is equal to
B [(6°T = Wr)(2(X7) + (' (XP)UR)? = 0*(Xr) — (¢ (Xg)Up))e " WrtdloPT]

Now, let 1 < a < a, applying Holder’s inequality several times it is easy to check that there
exists Cir > 0 such that, |[v],(0*) —v'(6%)| is bounded by

Car {!W(X?) — 2 (Xr)lla + 19" (XF) = & (X0 lall URl 22, + 107 (Xo)llallUF: — UTH%} :

Since conditions (Hy,) and (H;) are satisfied, we have the almost sure convergence of 1)?(X71)
towards 12(X7) and ¢"*(X2) towards ¢'*(X7). These both convergences hold also in L® thanks
to the uniform boundedness in L of both quantities 1/*(X7) and ¢’ ?(X2). Consequently, thanks

to property (P) the error |v/ (6*) — v'(6*)| vanishes as n tends to infinity. Now, it remains to
bound from below the denominator uniformly with respect to n and we have

un(pg) = BT + (o — W) ) (W*(XF) + (¢ (XF)UR)?)e W20 ) > T, (o) = Toa(07).
Let us assume for a while that liminf v,,(6}) = 0 then by Fatou’s lemma we get

lim inf (V2(X3) 4 (¢ (X2 UR))e " Wrtal"PT — o P,
So, on the event {)(X7) # 0} we have lim inf,,_o, e~ Wr+3l6"*T = () which is impossible. This
yields inf,en v, (67%) > 0, which completes the proof. O

3 Robbins-Monro Algorithms

The aim now is to construct for fixed n some sequences (6!");en such that lim; ., 07 = 6% almost
surely. It is well known that stochastic algorithms can be used to answer this issue and find an
accurate approximation of 0 = arg mingeg v,(#). Indeed, using the Robbins-Monro algorithm,
Mien in R? given by

we construct recursively the sequence of random variables (6!

zn—i—l = ezn - %-l—lH(ezn?X%i—Hv U’;J—f—l? WT,Z'-H)v i Z 07 08 € qu (10)

where H is given by relation (9), the gain sequence (7;);>1 is a decreasing sequence of positive
real numbers satisfying

ifyi:oo and ifyz~2<oo. (11)
i=1

i=1



Here (X7,,Uf;)i>1 is a sequence of independent copies of the Euler scheme associated to
(X7, Uz) adapted to the filtration Fr; = o(Wyy, Wyy,l < i,t < T), where (W;, W;);>; are
independent copies of the pair (W, W) introduced before in equation (3). To obtain the almost
sure convergence of the above algorithm to 6 = arg mingeg v,,(0), we need to check a first con-
dition: V0 # 67, (Vv,(0),60 — &%) > 0, which is satisfied in our context thanks to the convexity
property of v,. Secondly we need also a sub-quadratic assumption known as the non explosion
condition

(NEC) E(|H(0, Xz Upr, W2 <C(1+|0)?),  forall § € RY.

Unfortunately, this condition is not satisfied in our context and we will study two different
stochastic algorithms using the Robbins-Monro procedure and avoiding the above restriction.

3.1 Constrained stochastic algorithm

The idea of the “Projection a la Chen” is to kill the classic Robbins-Monro procedure when it
goes close to explosion and to restart it with a smaller step sequence. This can be described
as some repeated truncations when the algorithm leaves a slowly growing compact set waiting
for stabilization. Then, the algorithm behaves like the Robbins-Monro algorithm. Formally,
for a fixed number of discretization time step n > 1, the repeated truncations can be written
in our context as follows. Let (K;);eny denote an increasing sequence of compact sets satisfying

UL, Ki = R4 and K; € Kiy1,Vi € N. For 67 € Ko, af = 0 and a gain sequence (7;)ien
satisfying (11), we define the sequence (0, al');en recursively by

if HZ" — ’}/Z‘_HH(@in, Xin“,i-i-h UYQ,i-i-l? WT,z‘—f—l) € lCa;L, then
0rq =07 — Yir1 H (0}, X%z‘—i—lv U?,Hla Wr,iy1), and aly = (12)
else 07, =07 and o', = of + 1,

where the function H is given above in relation (9). For i € N, o! represents the number
of truncations of the first i iterations. In fact, as we can see, if the (i + 1) iteration of
the Robbins-Monro is in the compact set Kyr, then the algorithm will behave like a regular
Robbins-Monro. However, if the (i + 1) iteration outside the compact set Kap, it will be
reinitialized. Then, we increase the domain of projection, so we consider the new compact set
Karii.

Theorem 3.1 Suppose o and b are €1 with bounded derivatives and v satisfying assumption
(Hys). Assume that for all n € N, P(¢(X}) # 0) > 0 and there exists a > 1 such that
E [¢(X%)] and E[|[VY(XR)[*] are finite, then the sequence (01')i>o given by routine (12),
satisfies

1. For alln € N, we have 0} — 07, almost surely where 0} is given by relation (7).

1— 00

2. Reversely, for all i € N, we have 0 — 0;, almost surely, where the sequence (6;);>0 is

n—0o0

obtained by replacing in routine (12), (X7, Ur,) by their limit (X1, Ur;), i > 1.



Proof: At the beginning, note that for n € N the existence of 8 is ensured by Proposition
2.2. Concerning, the first assertion, we have to check both assumptions of Theorem 3.1 in [16].
The first one given by

VO #6;, (Vu,(0),0—6") >0,

is satisfied in our context thanks to the convexity property of v,. So, it remains to check the
second assumption given by

Ve >0, supE [[H(6, X2, Up, Wr)?] < oc. (13)

o]<c

This assumption relaxes the usual (NEC) condition on function H used to run the Robbins-
Monro algorithm. Let ¢ > 0, we have

sup |H (0, X2, Uz, Wr)|? < 2(cT + [Wrl|)? [@[)(X;)At S+ (V(XR) - Ur}‘)ﬂ o2l Wr|+62T

6]<c

Using several times Holder’s inequality together wit property (P), it is easy to check assumption
(13), since E¢4(X2) and E|Vy(X7)[* are finite.

The second assertion follows easily by induction on (67, '), using that for all ¢ > 1, the
pair (X7, Uz,) converges almost surely to (X7, Ur;) combined with the continuity of ¢. [

Now, by replacing (X7, U%) by their limit (X, Ur) in the proof of the first assertion above,

we easily get the following result.

Corollary 3.1 Suppose o and b are €1 with bounded derivatives and v satisfying assumption
(Hy). Assume that P(Y(Xr) # 0) > 0 and there exists a > 1 such that E [**(X7)] and
E[|Vy(Xr)[*] are finite, then the sequence (0;)i>o introduced in the above theorem satisfies

0, — 0 a.s.,
1—00

where 0% is given by relation (6).

The following corollary follows immediately thanks to theorems 2.2 and 3.1 and Corollary 3.1.

Corollary 3.2 Under assumptions of Theorem 3.1 and Corollary 3.1, the constrained algo-
rithm given respectively by routine (12) satisfies

lim 0 = lim (lim 0') = lim (lim 0}') = 6%, P-a.s.,

1,M—00 1—00 N—00 n—00 1—00

where 0* is given by relation (6).

3.2 Unconstrained stochastic algorithm

In their recent paper [18], Lemaire and Pages proposed a new procedure using Robbins-Monro
algorithm that satisfies the classical non explosion condition (NEC). In fact, a new expression
of the gradient is obtained by a third change of probability. Recall that by Proposition 2.2 we
have

Vo, (0) = E ((9T — Wr) [W(X3)? + (Vi (XF) - UR)?] e*G-Wﬂ%\GIQT) .
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The aim now is to use their idea in our context. To do so, we apply Girsanov theorem, with
the shift parameter —6. Let B( 9= W, + 6t and L . dP —Ay =" Wi=3101% | \we obtain

Vo, (0) = gy (207 = BS ) [0(X7)2 + (Vo(X7) - U] 7]
As (BE9 X U™) under ]f"(_g) has the same law as (W, X9 ™(=0) under P, we write
Vua(6) = E (207 = W) [0(X7 )2 4 (T (xp0) - o2 el

We need in our context to control the growth of V. So, let us assume that function V
satisfies for a given A > 0

IVp(z)| < Cy(1+ |z|) for all z € R

Miming the algorithm proposed by [18], we introduce for a given n > 0, a new function
11,0, X570, U0 W) = T (20T — W) [w(X )2 o (T (X - U2

Then, we introduce for a gain sequence (7;);en satisfying (11), the algorithm

n n n n7 —0? n,(=07
01y = 07 — v Hy (00, X0 U W), 60 € R (14)

This algorithm would behave like a classical Robbins-Monro one and does not suffer from the
violation of (NEC). Our aim now is to establish the same results satisfied by the constrained
routine (12) and given by Theorem 3.1. This is splitted into two different theorems.

Theorem 3.2 Suppose o and b are € with bounded derivatives. Let 1) satisfying assumption
(Hs) and such that for and for all n € N, P(¢(X}) # 0) > 0. In addition, assume that for
A > 0 we have

IVp(z)| < Cy(1+ |z*)  for all v € R and Cy > 0.

Then, the sequence (0F);>o given by routine (14), satisfies

VneN, 60'—20, a.s.
1—00

where 0% is given by relation (7).

Proof: To prove the almost sure convergence we will use the classical Robbins-Monro theorem
(see Theorem 2.2.12 page 52 in [9]). Let n € N, under our assumptions the existence of 7 is
ensured by Proposition 2.2 and we have to check first that

VO £ 05 (h(6),0 —62) >0, where h,(0)=EH, (6, Xr"" UrO wy).

This is immediate since h,(0) = K,,(6)Vv,(0) with K, > 0 and v, is a strictly convex function.
Now it remains to prove that supy.g, E [\Hn(ﬁ, X;’(ﬂg), U;’(ﬂg), WT)|2] < 00, which guaranties
the (NEC) condition. By Cauchy-Schwartz inequality we obtain

B (18,0, X737, Up 0, W) | < e 10T || 207 — WT|2H2
(e

11

n( 9)) U;"v(*'g))Q

)



Using both assumptions on Vi, the second and third term in the right side of the above
inequality can be bounded respectively up to a standard positive constant by

14 H‘X;,(*G)P()Hrl)

and 1+ H|X;’(79)\4’\

n,(—0
e

2 2

In the following proof, C' denotes, a positive standard constant that may change. Let A\; =
4NV 2(A + 1), using the identity (1 4+ z)? < C(1 + ) for z > 0 and p > 1, then we have

42>.

Recall that according to properties (P) and (P), we have the boundedness in L?, ¥p > 1, of
the processes X™ and U" independently of n. So, it follows that

B (1,6, X370, Up 0, W) 2| < Cen T4 o) (14 || 1xp O

e

fE [|Hn(0,X;7(_G), U;7(_G), WT)|2] S CG_QUIG‘QT(I + |0|2)

(1| —

-

)

Using the same techniques as in the proof of existence and uniqueness for stochastic differential
equations with Lipschitz coefficients (i.e. Gronwall inequality), we obtain that

T 21

o (X)) ds

~ 2A1
E ’X%(*” ~xn T < cjgpm ZE

and

- 8 . T 8
E‘U}L’H) —Up| < C|9|8E‘/ U™=9|ds
0

As (BE9, X" U™) under P(_g) has the same law as (W, X™(=9) U9) under P, we write

21 2M1
03 (X0 ds & ( WI)

- T T T 8 ,
IE/ U9 ds / \U™|ds e O Wr—3l0’T )
0 0

U |ds
Now using Holder’s inequality, with % + % = 1, the linear growth of (0;)1<;<,, properties (P)
1
and (P) and (Ee’TG'WT’%WZT) " =¢"2 I°T e obtain

21
= E g

T T

|0 (X$)|ds

and
8

- I~E(*9)

B 1H, (0, X757, U OO W) P < Cen T (14 10]2) (1+ (101 + J6]*)e 71T ).
We complete the proof by choosing r €]1, 1 + 8. O
In the same way as in the constrained case, we deduce the following result if we replace

(X7, UF) by their limit (X, Ur) in the above proof.

12



Corollary 3.3 Suppose o and b are €' with bounded derivatives. Let 1) satisfying assumption
(Hy) such that P(¢(X7) #0) > 0 and

IVp(z)| < Cy(1+ |2Y)  for all v € R and Cy, A > 0.

Then, the sequence (0;)i>o, obtained when replacing in routine (14) (X7;, Uf i1 by their limit
(X710, Uryi)is1, satisfies
0; — 0%, a.s.

where 0* is given by relation (6).

The aim now is to prove that the same property 2. in Theorem 3.1, is satisfied by the uncon-
strained algorithm (14). This task looks more complicated to achieve, since for a fixed i > 0 the
stochastic term 0] also appears in the drift part of the pair (X;:f;fy), U;’i(;f?)). To overcome
this technical difficulty we firstly strengthen our hypothesis on ¢/ and secondly make use of the
so called f-sensitivity process given by (%X;’(fe), %U;’(ﬂg)).

Theorem 3.3 Suppose b and o are €* with bounded first and second derivatives. Let Vi)
satisfying assumption (Hy) and such that for alln € N, P(¢(X7}) # 0) > 0. Assume also that

for A > 1, function v satisfies
[Hess 1 (x)| < Cyp(1+ |z|*Y)  for all v € RY and C,, > 0.

Then, for all p > 1, there exists C' > 0 such that

. « = on C
VieN,Vn e N, ElfR, —finl? < —.

Moreover,
VieN, 6'— 60, a.s.

(2
n—0o0

where the sequence (0;);>0 is introduced in the above corollary.

Proof. We give the proof in the case of dimension one for simplicity of notations only. The
below proof is constructed so that it works for any dimension. We first proceed by induction
on ¢ € N to prove the first assertion. The case when ¢ = 0 is trivial since 6, € R. We now
assume the assertion holds for a fixed integer ¢ and show that it also holds for ¢ + 1. In the
following proof, C' denotes, a positive standard constant that may change from line to line. In
this proof the constant C' depends essentially on p, A and T

For all p > 1 relation (14) yields

E(07,, — 0u1) < CE(O7 — 0,)”

= n n,(—07 n,(—07 —0; —0; 2p
+CyR (Hn(ei ,XT,Z'(H g UT,E+1 ) W) - Hn(eiaX’},i-}—%?Ui(“,i-i-%?WT,i-i-l)) . (15)

Using the induction assumption we only need to control the second term in the right hand side
of the above inequality.
= n n,(—0" n,(—0" —0; —0; 2p ~ ~
E (Hn(ei 7XT,z‘(+1Z , UT,Z'(HZ | W) — Hy(;, XI(“,iz-iv U’},ii—iv WT,z‘+1)) < C(EH + EH)
(16)

13



where

o, = e—n\GZ‘lQT(Z@fT - Writ)

n,(=07) n,(=07)\ r . (=07)

X 2 xCI2 x e N I NS TN
x| ( T,i+1 ) ( T,i+1) + (( Ti+1 ) T,i+1 V' T,i 1) Ti+1

I o O ET (g (P2 (X IO o)
2= € (20; Tit1) |( T,i+1) + (( T,i+1) T,i+1
2 —_f0. —_f. _0. 2
— e ML (20, T — Wri1) [w(X%fH)Z + (w'(X%iﬁfi)U%,i?ﬁf) } :

: Using that 67" is ]:"Tﬂ-—measurable, Wrip L ]}Tﬂ- we write EH 12p = IEA(H?) where
for all 6 € R

A(f) := e 21OPTR [(29T — W)

2p
QRO - w xR (o o) - (e u)'

Since (B9, X" U™, X,U) under If”(,g) has the same law as (W, X™(=0) (=0 X (=0) [j(=0))
under P for all # € R, we obtain by a change of probability measure

A(9) = o(—201=3)I0PT R {(QT _ WT)Zpe—GWT

2p
< {wxp? — wn )+ O - )|
By Hélder’s inequality, we obtain Vry, 7 and 73 € (1,00) s.t. % + % + % =1,

A(9) < Cle(—201=5)0P°T [Ee—nGWT} ™ [E(QT _ WT)ZW} L
x (N(XF)? = (X2 |y + N (XRUR)? = (0 (Xr)Ur)17 )

Using assumptions on ¢, ¢ and 9" together with assumptions (P) and (P) we get by standard
evaluations, for all § € R

C
np

(14 620)e(F-2n-horr < €
n np

A(f) <

since one can choose 1 € (1,1 + 4pn). So, we deduce easily that ¥p > 1, we have

~ C
2p ~
EH{" < — (17)
: Here, we need first to introduce, for all u € R, the couple of u-sensitivity processes
(Y;(iu), Zt(im)te[QT} given by

ox; " U
Zt  and Zt( w2t

Y, =
t U ou '’

te0,7T]
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solutions to the following system of SDEs

dy;(*u) _ —O(X(iu)) Y(*U)b/(X(*u)) o uy(*u) /(X(*u))] dt+Y(7u) /(Xt(*u))dm’
Az = |—o/(XT) + v (x ) — uyTYe (X )] U dt
+ [b’(X; ) — uo’ (Xf*“’)] Z M+ YU o (XYY + 20 el (X)) | dw

\ — 5 [ (X (x) + o' (xR |V ai,

Our assumptions on b and ¢ ensure existence and uniqueness of (X% U y(=w z(=w),
Note that all theoretical results known for the tangent process of a given SDE, that is the
differentiation of the flow of that SDE with respect to its initial value, can be extended to any
parameter. Thus, following Theorem 10.3 of section I in [4], we have the differentiability of

0 — (X, U5 and it follows that for all (4,6') € R2

x50 - x = / Y\ ™du and U — Ul = / Zy"du, P-as.
(0",6) (6',0)

Therefore, since 07, ; are both fT,i—measurable and Wr ;41 L }:T,i , we write fETng —EB (08, 6;)
where for all (0,6') € R?

B6,0") =& { /( » a% {e"“'QT(QuT — W) [zp(xg“’)? + (w’(X;“))U}”)z} } du} Zp.

Now, we can make explicit the derivative within the above integral and get easily that B(6,0") <

CY1 | Bi(6,0) where B,(6,0) =

E { /( » {[QT — 20uT (2uT — Wy)]e "l T {w(xéu’f + (w’(X;“))U}“)ﬂ } du] !

- [ ) 2p
By(0,0) = E / {20201 — wr)e T(U;—”)z@z)'(x;—“))YT<—“>¢"(X;—“>)}du}
(6,6)

2p
By(6,6/) = E /< ,@){2<2uT—WT>e—”“'QTU;“’w’<x§“’>22é“’}d“}

- [ 2 —u —u —u 2
B.6,¢) = E /(,6){2(2uT—WT)e"”| Ty 0y (X ) (X ))}du] .

In the following, we choose to treat only the term Bs(6,6'), since the others are totally
similar. By means of the Jensen inequality we get for all (9,6') € R?

Ba.0) < Clo -0 |

E [(ZUT _ WT)2pef2pn\u|2T< )pr ( )4p(Z( u))2p} du
(¢",0)

Note that the same probability change leading to cancel the u-term in the drift part of X (%
operates in the same way for the other processes U™, Y(=%) and Z(=%). Let (Y, Z) be solution
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to the following system of SDEs

d}/; = [—O’(Xt) + }/;Eb/<Xt)] dt + }/;UI(Xt)th,

dZt = [—U,(Xt) + Y;fb”(Xt)] Utdt + b/(Xt)tht + [YtUtU”(Xt) + ZtO'/(Xt)] th (18)

1 " / 2 T
— — 0" (Xy)o(Xy) + 0 (Xy)* | YidW,.
\/§[<t><t) (X)?] YedW,
That is by applying Girsanov theorem and using that (B™%, X,U,Y, Z) under ]f"(,u) has
the same law as (W, X(=0) () y(=v 7)) under P for all u € R, we get

B.0) < Clo— o |

E [(uT N WT)2p€72pn|u‘2T(UT)QPQ//(XT)4P(ZT)2pe’“WT*%\u|2T] du.
(6",0)

By Holder’s inequality, we obtain for all ¢;, g2 and g3 € (1, 00) such that q% + q% + q%) =1

Bs(0,0") < C10 — 0" / (14 w?P)el s =272 (Ug) P (X)) P (Z) 7| .
©.)

By choosing ¢; € (1,1 + 4pn) and using our assumption on 1’, it follows that

BB<97 9/> < C|9 - 9/‘2])7

this is immediate, since X and U satisfy properties (P) and (P) and Z is a diffusion process with
enough smooth coefficients satisfying likewise the same type of properties. Now, as mentioned
above, similar arguments hold true to get the same upper bound for B;(6,6'), By(6,0'), and
B,(0,0"). So that, we obtain for all p > 1

B(6,0") < C|6 —0|*.
Now, since EH? = IEB(G;‘, 0;), it follows for all p > 1

N C
EH," < CE|6} — 6, < —,
n

By the induction hypothesis. Combining this inequality together with relations (15), (16) and
(17) give us the first assertion of the theorem.
The almost sure convergence, for all : € N, of 0 towards 6; as n tends to oo is a classical
and immediate consequence of the first assertion shown above, based on Borel-Cantelli lemma.
O
The following corollary follows immediately thanks to theorems 2.2, 3.2 and 3.3 and Corol-
lary 3.3.

Corollary 3.4 Under assumptions of Theorem 3.3 and P(¢(Xr) # 0) > 0, the unconstrained
algorithm given respectively by routine (14) satisfies

lim 6 = lim (lim ') = lim (lim 0') = 0*, P-a.s.,

1,M—00 1—00 N—00 n—00 $—00

where 0* is given by relation (6).
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4 Central limit theorem for the adaptative procedure

In this section we prove a central limit theorem for both adaptative Monte Carlo and adaptative
statistical Romberg methods. Let us recall that the adaptative importance sampling algorithm
for the statistical Romberg method approximates our initial quantity of interest Ei(Xr) =

E [i(Xg)e0Wr-30PT] by

N1 N2
1 o om0 2 1 n n,or n m, 0"
w2 9O T W)+ 5 3 (0008 Xl W) — (68, X2 Wria)) - (19)
=1 =1

where for all # € R?andy € RY, g(0,z,y) = @Z)(x)e*("y*%w‘%. Here the paths generated
by W and W are of course independent. In order to prove a central limit theorem for this
algorithm, we need to study independently each of the above empirical means. This is the aim
of subsections 4.2 and 4.3. We need first to recall some useful results.

4.1 Technical results

Let us recall the Central Limit Theorem for martingales array (see e.g. [9]).

Theorem 4.1 Suppose that (2, F,P) is a probability space and that for each n, we have a
filtration F,, = (F")k>0, a sequence k, — 00 as n — oo and a real square integrable vector
martingale M™ = (M})g>o which is adapted to F,, and has quadratic variation denoted by
((M)2)k>0. We make the following two assumptions.

Al. There exists a deterministic symmetric positive semi-definite matriz I", such that

k}n
(g, = SB[ - ML PEL) T
k=1

A2. Lindeberg’s condition holds: that is, for all € > 0,

kn

n n n P
Y E [|Mk - Mk_1|21{|Mg—M£_1\>e}|ﬂ—1] —. 0.
k=1

Then
M L5 NO,T)  as n— .

Remark. The following assumption known as the Lyapunov condition, implies the Linde-
berg’s condition A2.,

A8. There exists a real number a > 1, such that

kn
S OE[IM - M = 0.
k=1
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As a prelude to the results of this subsection, we give a double indexed version of the Toeplitz
lemma that will be very helpful in the sequel.

Lemma 4.1 Let (a;)1<i<k, a sequence of real positive numbers, where k, T oo as n tends to
infinity, and (x});>1n>1 a double indexed sequence such that

(i) nhjglo D 1<ich, Gi = OO

(i) lim 2 = lim(lim 27) = lim (lim 2?) =z < 00

Z'I’LHOO 1—00 N—00 n—oo 1—0oo

Then

anl Ty

lim =z
n——+o00 Zz L

Proof. For all € > 0, there exists N;(e) such that for all n > Nj(e) and ¢ > N;(e), we have
that:

€
|z} — 2| < 3

As k,, goes to infinity, there exists Ny(¢) such that for all n > Ny(e), we have k, > Ny (e).
Therefore, for all n > sup(Ni(g), Na(e)) = N(e), we can write:

kn Nl(a)_l kn
Zai|x?—x|: Z a;|x} — x| + Z a;|x} — x|.
=1 =1 i:Nl(g)

For the second term of the expression above, we have:

kn kn kn

Z ai|x?—x|§% Z aiggz:ai.

i=N1(e) i=N1(e) i=1
On the other hand, by assumptions (i) and (i) there exists N(¢) such that for all n > N(e)

SUP1<i<Ny(e)—1 SUPp>1 |z} — | Zl<z<N1(5) a;

€
< —.
219‘31% a; — 2
Therefore, for all n > N(e)
kn n
Zi:kl airy <c
Doily
This completes the proof. O]

Let B = (Q, F, (th)t>07 P) be the extension probability space introduced in Section 2 en-
dowed with the filtration Fr,; = o(W,,, W, 1,1 <i,t <T) given in the very beginning of Section
3. In what follows, let (67');>0, n € N and (6;);>¢ a family of sequences satisfying

i

For each n € N, (67

7

)io and (6;);>0 are (ﬁT7i)i20—adapted

(Ho) 8
lim (lim 67) = lim #;, = lim (lim 0?) = lim 0} = 0%, P-a.s.,

1—00 N—00 i—00 n—oo 1—0o0 n—oo

with deterministic limits * and 6.
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4.2 The adaptative Monte Carlo method

Let us recall that the statistical Romberg algorithm (19) runs successively two independent
empirical means. The first one is a crude Monte Carlo simply depending on the Euler scheme
with the coarse time step T7'/m. However, the second empirical mean involves the functional
difference between the fine Euler scheme with time step 7'/n and the coarse one constructed
from the same Brownian path. The task now is to prove a central limit theorem for the first
empirical mean.

Theorem 4.2 Let (67);>0, n € N and (6;);>0 be a family of sequences satisfying (Hg). More-
over, assume that b and o satisfy the global Lipschitz condition (Hy) and the function ¢ is a
real valued function satisfying assumption (He, ), with o € [1/2,1] and Cy € R, such that

[¥(z) =) < CA+ [’ + |y[")|lz —yl, for some C,p >0,

then the following convergence holds

« 1 = n n,0" L
n <@ Zg<9i 7XT,ijrl7 Writ1) — Eiﬁ(XT)) SN (va 02) )

i=1

where 02 ;=& (w(XT)%*@*'WT*%'@*'QT) —[E(X7)]? and for all z € R? and y € RY, g(6, x,y) =

w(x)e_e'y_%W'QT. Furthermore, we have also for all a,, 3 > 0

n? on”

1 n2a
nO‘ (ﬁ Z g(@fﬁ, XT7Z-+1 s WT,Z‘+1) — EQﬂ(X%B)) i N (O, 0'2) .
i=1

Proof. At first, we rewrite the total error as follows

n2a

1 n n,0™"
n2a Z 907, Xp'it1, Wriga) — Ep(Xr) =
i=1

n2a

1 1 n om0 n
@ (g<9i aXT,z'jrla WT,HI) - E9<9i aXT,z‘jrp WT,HI)) + Ew(XT) - Ew<XT)-
i=1
Note that Eg (67, X;:fjrnl, Wri) =E (IE (g(@f, X;ijrnl, WT,¢+1)|fT,i)> = E¢(X}). Assumption
(H.,) ensures that n*(Ey(X}) — EyY(Xr)) — Cy as n — oo. Consequently, it remains to
study the asymptotic behavior of the martingale array (M}'),>1 given by

k
n 1 n Ol n R
M = e Z (g(ei aXT,ijm WT,z‘+1) - Eg(&i vXT,iJZrD WTJH)) :
i=1
To do so, we split the proof into two steps devoted to apply the central limit theorem for
martingales array (see Theorem 4.1 and comments their).
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Step 1. We need first to study the asymptotic behavior of the quadratic variation of the
martingale array (M) ")k>1 given by

n ”‘9 T n n,0 2
n2a = ZE |:( Tz—l—l’WTH'l) Eg(ez 7XT1+17WTZ+1)) |FT7Z‘:| .

Since 67 is fm—measurable and Wrp,;11 L fm, we obtain easily that

n2a

n 1 n n
(M)p2a = e va(6) — [Ep(XT))? (20)
i=1
where for all § € R¢?

va(0) = <w<X;,€)26729.WT7\6|2T) _E (¢(X?)2e*9'WT+%‘9|2T> _

It is clear that by assumption (H.,), the last term in the right side of the relation (20)
converges to [Ei(Xr)]®, as n tends to infinity. Concerning the first term, we introduce

v(0):=E (@Z)(XT)%_G'WTJF%‘GPT) and we get for all # € R

0(6) = v(6)] < E (|0(X5)? = v(0X0)*| e #VrHITT) < BT () — (X))l
Under the condition on ¢ together with property (P), there exists C' > 0 such that
va(6) — v(6)] < %' VO € RY.

By similar calculations, we check easily the equicontinuity of the family functions (v,),>1 and
we deduce thanks to property (Hp)
lim v,(07) = v(0*) P-a.s.

7 ,N—00

Therefore, Lemma 4.1 applies and we deduce that (M)",, — o2

n—oo

Step 2. We will check now the Lyapunov condition, that is assumption AS3., which implies
the Lindeberg condition A2. Let a > 1, we have

2

SR [ - M2 el Fr] = ZE[\g n Waiss) — BO(XP)
=1

n2ao¢

2a .
|fT,z]

921 n>e 2a—1 )
> van(07) + W[E@/}(X?)] ¢

i=1

n2ao¢

where for all § € R?, v, ,(0) = E <w(X%)2“e*(2“*1)9'WT*(“*%WFT) . Following the same argu-

ments detailed in the first step, we prove that

o Zl/an n—> Vo (0%) P-q.s.

where for all § € R?, v,() = E (w(X )2ae~(2a—1)0-Wr = (“")W‘QT) . The second assertion is easily

obtained following the above proof with «, 3 > 0. This completes the proof. U
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Remark. If one have in mind to reduce the variance by using an adaptative crude Monte
Carlo method, it appears clear that the natural choice is

0" —arggxelﬁgE( g*(0, Xr)) and 6 _arg(ralel%&%E( g*(0,X7)) forn > 1.

Under suitable conditions on ¢, b and ¢, one can of course construct sequences (0');>p, n €
N and (6;);>o satisfying (Hp) by either the constrained or the unconstrained Robbins-Monro
algorithm.

4.3 The adaptative statistical Romberg method

As we pointed out at the beginning of the above subsection, the statistical Romberg algorithm
(19) consists of two empirical means. So our task now is to study the asymptotic behavior of
the second one in view to establish a central limit theorem for the method.

Theorem 4.3 Let (01);>0, n € N and (6;);>0 be a family of sequences satisfying (Hg). More-
over, assume that b and o are C' functions satisfying the global Lipschitz condition (Hy,) and
Y is a real valued function satisfying assumptions (Hy), (He., ), with constants a € (1/2,1] and
Cy € R, such that

[¥(z) =) < CA+ [’ + |y[")|z —yl, for some C,p> 0.

If we choose Ny = n?*, Ny = n** 8 and m = n?, 0 < B < 1 then the statistical Romberg
algorithm denoted by V,, in (19) satisfies

n® (V,, — Ey(Xr)) 5N (Cyp,0*+5%)  asn — oo,

where 02 = E [@Z)(X )2e " WT"W‘QT} — [E@/)(XT)]Q, 72 =K [[V@Z)(XT)- ]2 —0"-Wr—50* \QT]

and U s the process introduced from the beginning by relation (3).

Proof. First of all, note that we can rewrite the normalized total error as follows
n® (V, — Ey(Xr)) := AT + A3

with A7 = n? (V, — Ep(Xp") — E[w(X}) — $(X3")]) , and A3 = n® (E[U(X}) - (X))
So, assumption (H.,) yields the convergence of the second term A% towards the discretization

constant 'y, as n tends to infinity. The first term A} can be also rewritten as follows A} :=
AT, + AT, where

n n nﬁe n
A1,1 = ( ‘9 ’ Tz+1 aWTerl) Ew(XTB)),

n o n9 n nB,0m n nB
Ay = Z (9007, X751 W) = 9007, X745, Waas) — E[w(X7) = 0(X1)])
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Using the independence between A7 ; and A7 ,, we study separately their asymptotic behavior.
Concerning the first term, the second assertion in Theorem 4.2 applies and gives the asymptotic
normality of A7,

At 5N (0,0%), asn— oo. (21)

Now, concerning the second term A}, we introduce the martingale arrays (M}')g>1

nb .07

My = ( 00, X7 W) — 907, X3 25, W) — E[o(X3) — 0(X3))])

naﬁ

in view to apply Theorem 4.1. To do so, we will verify both assumptions A7. and A3. in the
following two steps.
e Step 1. The quadratic variation of M evaluated at n?*~# is given by

(M)ns = = 3 #60(0) — (w3 B0 (XD) — ES(XF))) (22)

where V0 € R4, &,(0) == E (W)(XIQ) — ¢(X%B)]26_0'WT+%‘GI2T> . Now, assumption (H.,) with
1/2 < o < 1 ensures that the second term in the right side of relation (22) vanishes as n tends

to infinity. We focus now on the asymptotic behavior of n’¢,(6). Under assumption (H;), we
apply the Taylor expansion theorem twice to get for all € RY

8 n nByi —1lg. 1102 8 n B _1lg. 1192
2 [P(X7) — (X3 )]e 2 Wl — n2 vy (Xrp) - [ X7 — Xg Je 20T L R,
where

R, = n3 (X2 — Xp)e(Xr, X2 — Xp) —n2 (X2 — Xp)e(Xp, X2 — Xp)

P-a.s.

with e( X7, X2 — X7) =3 0 and e(X7, X7 — Xr) 23 0 as n — oo, since the global Lipschitz
condition (M) is satisfied. Further, as b and o are C' functions then according to Theorem 3.2

in [12] we have the tightness of n’ (X%—Xr) and ns (X7” — Xr) and we deduce the convergence
in probability of the remaining term R,, to zero as n tends to infinity. Once again, by the same
theorem in [12], we get for all § € R?

B n n _1p. 1 stabl _1lp. 1
02 [(X7) — (XG2S Wy(Xy) - Upe 2 VI, (23)
Otherwise, V8 € R? and a’ > 1 we have by Cauchy-Schwarz inequality

1
=
E [n? [ip(Xp) — (X3 Y]em30Wr+510PT } S T

" <o e o - v

Thanks to the assumption on 1 together with property (P), we obtain

2a’

Sup E [ [(X5) — w(ag e 30w Pt oo (24)

Hence, by the stable convergence obtained in (23) and the uniform integrability property given
by (24) we deduce V8 € R?

lim n%6,(0) = B ([V(Xr) - Url? e #WrHIPT) o~ g(0). (25)

n—oo
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Using property (P) with assumption on ), it is easy to check by standard evaluations the
equicontinuity of the family functions (n°¢,),>1. So under assumption (Hy), we get
dim 1P, (07) = £(0%)  P-a.s.

Then, Lemma 4.1 yields lim, oo (M), , = £(6%), P-a.s.
e Step 2. The second step consists on checking Lyapunov assumption A3. Let a > 1,

2of 92a—1 n>e—0 2a—1nﬁa

n n n a| T a n 2 n nP\|2a
SR[IM - ML Fri] € s S 0P (00)+ B~ B (X

i=1 i=1

n

where for all § € R, &,,(0) := E (|1/)(X§3) — @Z)(X%B)|2“e_(2“_1)9'WT—(‘1—%)\9|2T> . Miming the
same arguments used in the first step, we prove under assumption (Hy) using relations (23)
and Lemma 4.1, that

2a—03

NP, (07) — £,(0%) = E Vi(Xr) - Ur 20— (2a=1)0-Wr—(a=3)I6]°T , P-as.
> 0l

i=1

1
n2a—ﬁ

Consequently, since a > 1, we conclude using assumption (H,, ) that A3. holds. This gives the

asymptotic normality of A7,, so that we have A7, 5N (0,6%), as n — oo. This completes
the proof. 0

Remark. We recall that for the adaptative statistical Romberg method the optimal choice
of #* and 0 is given respectively by relations (6) and (7). According to Corollary 3.2 (resp.
Corollary 3.4), the sequences (67');>0, n € N and (6;);>o obtained by the constrained Robbins-
Monro algorithm (resp. the unconstrained Robbins-Monro algorithm) satisfy (Hy) under some

regularity conditions on v, b and o.

Complexity analysis According to the main theorems of this section, we deduce that for a
total error of order 1/n% « € (1/2,1], the minimal computational effort necessary to run
the adaptative statistical Romberg algorithm is obtained for N; = n?*, N, = n?* % and
m = n®. This leads to a time complexity given by Csp = C x (n?*™8 + (n + nf)n2*=F),
with C' > 0. So the time complexity reaches its minimum for the optimal choice of g = 1/2.
Hence, the optimal parameters to run the method are given by m = /n, N; = n?* and
Ny = n?*~1/2_ Then the optimal complexity of the adaptative statistical Romberg algorithm is
given by Cgg ~ C' X n2ets, However, for the same error of order 1/n®, the optimal complexity
of the adaptative Monte Carlo algorithm is given by Cyc = C x (N x n) = C x n***1. We
conclude that the adaptative statistical Romberg method is more efficient in terms of time
complexity.

5 Numerical results for the Heston model

Stochastic volatility models are increasingly important in practical derivatives pricing appli-
cations. In this section we show, throughout the problem of option pricing with a stochastic
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volatility model, the efficiency of the importance sampling statistical Romberg method com-
pared to the importance sampling Monte Carlo one. The popular stochastic volatility model
in finance is the Heston model introduced by Heston in [11] as solution to

dSt = TStdt + \/vtStthl
AV, = k(0 — V,)dt + o/ VipdW} + 0/Vi/1 — p2d W2,

where W' and W? are two independent Brownian motions. Parameters x, o, ¥ and r are
strictly positive constants and |p| < 1. In this model, x is the rate at which V; reverts to v, ©
is the long run average price variance, o is the volatility of the variance, r is the interest rate
and p is a correlation term.

Our aim is to use the importance sampling method in order to reduce the variance when
computing the price of an European call option, with strike K, under the Heston model. The
payoff of the option is ¥/(Sr) = (Sr — K),. Then, the price is e "TE1)(Sy). After a density
transformation, given by Girsanov theorem, the price will be defined by:

e"TE [9(0,59)] = ¢ TR [p(S5) e WTHPT] g ere,
For more details on definitions of the function g and S%, see relation (4) and related results

given in the same page. To approximate S, we consider the step T'/n and we discretize the
stochastic process using the Euler scheme. For i € [0,n — 1] and 6 = (6;,0,) € R?,

. . T T
stt, = st (1 VT 0 D)
n,0 — n,0 n,o T nGT
Vim [ 60 = Vi) + o Vi (o + 1 = p20,) P Vi EZ&z‘H

with (Z1;, Zs,i)1<i<n i & sequence of a standard Gaussian random vectors taking values in R2.
Hence, the price of the European call option is firstly approximated by

n,0
V.o =

i+1 )

TR [gw’ S;,e)] _ TR [7/1(5;’9) efe.WTféw\?T} ’ 0 c R2.

The choice of # depends on using the classical Monte Carlo method or the statistical Romberg
one. The optimal # for the first method is given by

0" = argminE [wz(s?e) e_Ze'WT_w'QT] .
OcR2

However, The optimal 6 for the second one is

0, = argmink | (02(Sp") + (Vo (Sp").Up")2 ) e W07 |

0cR2

where U™? denotes the Euler discretization scheme obtained when we replace coefficients b and
o of relation (8) by the corresponding parameters in the Heston model. Here, we have also the
choice of the algorithm approximating both € and 9~;§ We can use either the constrained or
the unconstrained stochastic algorithms studied in section 3 above.
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e Approximation of ¢ by

i. Constrained algorithm: let (K;);en denote an increasing sequence of compact sets satisfying

©, Ki =R% and K; € Ki11,Vi € N. For 67 € Ko, af = 0 and a gain sequence (7;)ien
satisfying (11), we define the sequence (0, al');cn recursively by

if 07 — i H(07, 5741, Upigrs Wriv1) € Kap, then
n S n n n n n — n
i+l = o — %’+1H<‘91‘ 7ST,¢+17 UT,ier WT,iJrl)u and O = @y

i (26)
else 07, =07 and o, = of + 1,

where H(0}, St 1, Wri) = (07T — Wrig1) *(St10) e~ Wrai 43 07T,

o

ii. Unconstrained algorithm : 6} | = 6} —%H(QQZ”T—I/[/T71~+1)1/J2(S;’;L1 )e P wwith > 0.

e Approximation of 5;; by

i. Constrained algorithm: we use the same routine (26) with
n-oqn n n n n —o7. ; Lign|2
H(0}, S7,i11: Wri) = (07T — Wri41) (1/}2<ST,1'+1) + (Vi( T,z‘+1)-UT,z‘+1)2) e Wit 3 I

ii. Unconstrained algorithm: we use the routine

n
n,—0;

n n n n,—03 n _nlem|2
051 =07 — Vi1 (20T — Wrip1) (wQ(ST,i—H )+ (vw(ST,z‘—i—l ) - UT,i+1)2) e T

To compare these different routines we run a number of iterations M = 500000. The
parameters in the Heston model are chosen as follows: Sy = 100, Vy, = 0.01, K = 100, the free
interest rate r = log(1.1), 0 = 0.2, k = 2, v = 0.01, p = 0.5 and maturity time 7" = 1. Table 1
gives the obtained values of the two-dimensional vectors 6% and 6%,

Constrained algorithm Unconstrained algorithm
0 (0.7906, 0.0516) (0.7904, 0.0532)
0r (0.7884,0.0587) (0.7898,0.0576)

Table 1: Estimation of 6% and 0%

In Figure 1, we test the robustness of both routines, for the computation of ¢}, using the

averaged algorithm “& la Ruppert & Poliak” (see e.g. [19]) known to give optimal rate for
convergence. We implement this averaged algorithm using both constrained and unconstrained
procedures. So, we proceed as follows,

i. first, we choose a slowly decreasing step: v; = vo/i%, for a € (%, 1) and 7o > 0.

ii. Then, we compute the empirical mean of all the previous observations,

_ 1 -
r = — or.
L kzzo k
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Figure 1: Values of (0! Mi<i<m obtained with n = 100, vy = 0.01 and o = 0.75.

The left curve (resp. the right curve) is the representation, for 1 < ¢ < M, of the first
component (resp. the second component) of the two-dimensional vector #. The trajectories
obtained using the constrained or the unconstrained algorithm are comparable. Consequently,
since we did not notice any major difference between the two methods we have chosen to only
use the constrained algorithm for approximating 6% (resp. %) by 67, (resp 0%;). Our aim
now, is to compare both importance sampling Monte Carlo method (denoted by MC+IS) and
importance sampling statistical Romberg (denoted by SR+1IS).

- MC+IS method: European call option price approximation with N = n?

—rT N —rT N

E o GM _ E o GM on, Wr i1 —207 2T
N g Tz+1 N w Tz+1 O i 21pm 1+ (27)

- SR+IS method: European call option price approximation method with N; = n? and
N2 = n%

—r7 M1 frT Na ~
e n,0 “n n,0n n,0
o 2o 0 SYEE + 5 S (9@ St — 9@ SYET) . @9)

i=1 1=1

The first method (27) is already implemented and available in the free online version of Premia
platform (https://www.rocq.inria.fr/mathfi/Premia/index.html) and our method (28) is
now added in the latest premium version. In Table 2 (resp. Table 3), we compare for each given
number of time step n, the obtained call price (resp. the sensitivity call price parameter A)
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with the corresponding length of the 95%-confidence interval and the CPU time (per second)
for both methods (27) and (28). It is worth to note that the number of time step n needed to
achieve a given accuracy depends on the choice of the method.

Method n Price Confidence time
Interval length

400 9.641444 0.060094 10.38

MC+IS 900 9.661192 0.029409 91.5
1600 9.656892 0.016538 512.29

600 9.659409 0.057454 3.36

SR+IS 1600 9.660062 0.019933 26.79
3600 9.65673 0.008584 194.6

Table 2: Call Price for the Heston model

Method n Price Confidence time
Interval length

400 0.863968 0.00721 9.39

MC+IS 900 0.863291 0.003151 91.58
1600 0.863766 0.001774 515.31

600 0.867441 0,007249 3.27

SR+IS 1600 0.864213 0.002541 27.02
3600 0.862589 0.001095 202.2

Table 3: Delta call price for the Heston model

We also compare both methods (27) and (28) for a large range of time step numbers n.
Then, we make a simple log-log scale plot of CPU time versus the corresponding 95%-confidence
interval length. Computations are done on a PC with a 2.5 GHz Intel core i5 processor. In
Figure 2 the line marked by circles denotes MC+IS method and the line marked by squares
denotes SR4IS method. The values mentioned near the points correspond to the chosen number
of steps n. Clearly, the SR+IS curve is lower than the MC+IS one, which means that MC+IS
method spends more time than SR+IS method to achieve the same given error when computing
the option price. For example for an error of 0.06, the SR+IS method reduces time by a factor
of 3.33 compared to a MC+IS one. Note that, the more the imposed error is small, the better
improvement is. For example for a small error 0.02, the time reduction exceeds a factor of 10.

6 Conclusion

In this paper we highlight the efficiency of the new algorithm that we propose namely the
adaptative statistical Romberg method. A natural question is to produce an analogous study
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proving the the efficiency of importance sampling routines when used together with the so-
called Multilevel Monte Carlo method. This latter method introduced by Giles in [10] reduces
the complexity of the Monte Carlo Euler scheme procedure to the order of n?logn. Proving a
central limit theorem on the adaptative multilevel Monte Carlo algorithm does not seem to be
immediate. In fact, this task requires a thorough study and will be the object of a forthcoming
work.

10 N T N . T
‘ ‘ ' —B5— SR+IS
—o— MC+IS
2

, 10°F -
ko]
c
o
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[0}
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£
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£
o]
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10'F .
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100 -3 ‘—2 ‘—1 0
10 10 10 10

95% confidence interval length

Figure 2: CPU time versus the 95%-confidence interval length
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