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We propose an algorithm for approximating the solution of a strongly os-
cillating SDE, that is, a system in which some ergodic state variables evolve
quickly with respect to the other variables. The algorithm profits from ho-
mogenization results and consists of an Euler scheme for the slow scale vari-
ables coupled with a decreasing step estimator for the ergodic averages of the
quick variables. We prove the strong convergence of the algorithm as well as
a C.L.T. like limit result for the normalized error distribution. In addition, we
propose an extrapolated version that has an asymptotically lower complexity
and satisfies the same properties as the original version.

1. Introduction. Consider a system of stochastic equations of the form

t t
X;=xo+ [ SO ¥ ds+ [ e(Xi¥7)dw,
(1) O ’ , )
ve=yote [ b s +67 2 Lo (x5 v a s,
0 0

where X; is a d-dimensional process, Y/ a dy-dimensional process, W and W are
two independent Brownian motions of dimensions d, and dy, and the functions
b, o, f and g have the right dimensions.

This type of system models the dynamics of two sets of interacting variables
evolving in different time scales. The difference between time scales is controlled
by the parameter ¢. In many domains the most interesting case of study is that of
the regime when ¢ < 1, that is, the situation in which X?¢ is evolving very slowly
compared to Y (for this reason we will frequently denominate them as slow scale
and fast scale variables, resp.). This regime may be studied by singular pertur-
bation techniques as the ones presented in Bensoussan, Lions and Papanicolaou
(1978) for deterministic models: instead of looking at the system with a small ¢,
we study the limit of (1) as ¢ — 0 (when it exists) and estimate the error induced
by this approximation.

There exist several analytical works with applications in different domains on
the described type of approximation for stochastic models. For example in Majda,
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Timofeyev and Vanden-Eijnden (2001) a climate model is considered and studied
on the advection scale (i.e., in the time scale of the slow variable). In Fouque, Pa-
panicolaou and Sircar (2000) and Fouque et al. (2003) a system similar to (1) is
presented and studied for pricing derivatives in the context of stochastic volatility
models. A complete study with rather general hypothesis on the coefficients of the
system is found in Pardoux and Veretennikov (2001) and Pardoux and Vereten-
nikov (2003). In these papers a system with a fast scale ergodic diffusion is con-
sidered. More precisely, if

t t o
) th:yo—i-/ b(x,st)ds—i-/ o(x,Y})dWs,
0 0
is ergodic with unique invariant measure ©*, we might define the effective equation

t t
© Xo=xo+ [ Ftods+ [ G aw.
with coefficients given by

Fx) = f Faout@y)., G =yVH@).
@)
H(x) = f h(x, y)ut(dy),

where i (x, y) = gg*(x, y), and G(x) could be in principle any matrix with square
given by H, but we choose it to represent the Cholesky decomposition of the
positive semi-definite matrix H. It follows that under appropriate assumptions

X¢é —£> X as ¢ — 0; cf. Pardoux and Veretennikov (2003). The idea behind this
kind of singular perturbation method is that when the difference between scales
is large enough, the dynamics of the system behave as if the slow scale would be
frozen and the ergodic limit of the fast diffusion would be attained.

However, except for a few particular examples, it is not an easy task to find
explicit expressions for the averages (4). Naturally, this leads to the question of
designing numerical methods of approximation of the effective equation. Several
methods have been developed for a purely deterministic case; see, for example, the
review E et al. (2007). Most of them are based on choosing a macro-solver for the
slow scale in which some information from the fast scale is added via parameters’
introduction to guarantee the correct approximation.

The literature with respect to numerical approximation of the general stochastic
case is, to our knowledge, much more restricted. In E, Liu and Vanden-Eijnden
(2005) the authors present an algorithm based on the use of an approximation
scheme for the slow scale (e.g., the Euler scheme), and at each step of the slow
scale another scheme is used to solve for the fast scale contribution; the weak and
strong error induced by the scheme is analyzed when considering the particular
case of an ODE with random coefficients slow scale equation and a stochastic
ergodic fast scale variable [i.e., when g(x, y) =0 in (1)].
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In our work we use a similar approach. We focus on approaching numeri-
cally equation (3). With this objective in mind, we propose a Multi-scale De-
creasing Step (MsDS) algorithm defined as a composition of an Euler scheme
for the slow scale, the decreasing Euler step algorithm and estimator proposed in
Lamberton and Pages (2002) for the ergodic average approximation at each step,
and a Cholesky decomposition for finding the volatility coefficient.

In order to control the total error approximation of this proposed algorithm we
need to take into account four effects. First, we need an estimate on the ergodic
average approximation at each step. We show that this control is based on the
existence, regularity and control of the solution of the Poisson equation associated
to the fast scale diffusion

S Ly (x, y) =Y (x, ),
where
1 & 2 & d
(6) Ly = aij(x,y) + ) _bi(x,y)—
Y2 2_: 7 gy ay; ; Yovi

with a := oo™, when considering as sources (i.e., the right-hand side functions)
the coefficients F' and H centered with respect to their respective invariant mea-
sures. Second, we need to control the error obtained after performing a Cholesky
decomposition. Then, we have to account for discretization errors. Finally, we need
to control the error propagation which will be possible under some growth control
on the coefficients of the effective equation.

The MsDS algorithm strongly converges to the exact solution and proves to be
more efficient than a simple Euler scheme for highly oscillating problems. More-
over, it features a nonstandard C.L.T. property in the sense that the normalized
error distribution converges toward the solution of an SDE. The coefficients ap-
pearing in this normalized error SDE depend on the solution of the previously
mentioned Poisson problem and are, in general, unknown. Nevertheless, the avail-
able explicit expression for them is valuable for the estimation of confidence in-
tervals and eases the task of parameter tuning for actual implementation of the
algorithm.

We study as well an extrapolated MsDS (EMsDS) version of the algorithm, dif-
fering from the original one in that it uses a Richardson—Romberg extrapolation
of the decreasing step estimator (i.e., a well-chosen linear combination of the de-
creasing step Euler estimator with appropriate parameters) to approach the ergodic
averages. As the MsDS, the EMsDS also features a nonstandard C.L.T. property
and shares the same rate of convergence. However, the extrapolated version has
lower asymptotic complexity and hence higher asymptotic efficiency than the orig-
inal one.
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1.1. Outline of the paper. The organization of the paper is as follows: in Sec-
tion 2, we describe the algorithm and state the standing hypothesis and our main
results (strong convergence, limit distribution). The proof of the main theorem is
presented in Section 4 after having reminded some regularity properties of the ef-
fective equation and available results on the decreasing Euler estimation algorithm
in Section 3. We extend the main results to an extrapolated version of the algorithm
that we introduce and study in Section 5. Finally, we perform some numerical stud-
ies in Section 6. The paper ends with an Appendix containing the proof of a couple
of technical results.

2. The MsDS algorithm. Let (2, 7, P) be a probability space and W be an
J-adapted Brownian motion. Suppose we are given an independent probability

space (£2, F,P)anda family of 1ndependent Brownian motions W9, g € Q with an
associated filtration fq = U{Ws , s <t}. Define the extended space (Q,F,F, IP’)

Q=0QxQ, PWo,dd)=Pdo)Pdd),
F=F®F, Fil= \/ Fgo, F, :=F v F.
qeQig=t
Such extended space will be useful for treating independently the noise coming
from the Brownian in the effective diffusion and the one related to the approxi-
mation of the ergodic diffusion averages. Consider the decreasing step Euler algo-

rithm introduced in Lamberton and Pages (2002) to approach the invariant measure
of a recursive diffusion. Let {yx}ren be a decreasing sequence of steps satisfying:

HYPOTHESIS (#,) (On the sequence of steps for the average estimation algo-
rithm).

(1) yx > O0forall k;
(i1) yx is a sequence of decreasing steps with lim,_, ~ yx = 0;
(i) limg o0 Ty = 00; where Tx 1= Y5_o v

(iv) Z,fil(%"i) < 4o00.

For any g € Q, let ‘/yk+1U,f+1 = ngkH — Wﬁk so that Uiy is a standard
Gaussian vector. Let yg € R% . We define the decreasing step Euler approximation
of the ergodic diffusion by

Y54 = yo,
) % 0.4 X4y 179
Ve = Y+ v (v, Y0 + o (x, 1 )it

and the decreasing step average estimator by

. 1 K
(8) Fra, gy == v f(x, 774
|y s
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The idea behind the particular form of estimator (8) is to take advantage of the
ergodicity of the diffusion: the long-term time average approaches the invariant
measure of the diffusion. Note that the estimator can also be written recursively as

Fole.q)=0;  Frx.q)=F*'(x.q) + %(f(x, 7i1) — FEL(x, g)).

Evidently, using the same ergodic average argument, it is also possible to use a
uniform step estimator of the type k! Z’;=1 vif(x, Y;;ql) as studied, for exam-
ple, in Talay (1990). The main difference between both estimators appears in the
type of error that they generate. The uniform step estimator induces two types of
errors coming from the truncation of the series and the fact that the ergodic limit
of the approached sequence is not the ergodic limit of the original diffusion. In
contrast, the decreasing Euler scheme estimator eliminates the asymptotic gap be-
tween the invariant law of the continuous equation and that of its discretization;
see Lamberton and Pages (2002). Moreover, the decreasing step method features a
kind of ““error expansion” [as shown in Lemaire (2005)] when applied to a certain
family of functions. These properties are important to show the limit properties of
our algorithm and to deduce the extrapolated version.

We should remark that we have chosen to work with a simplified version of the
algorithm in Lamberton and Pages (2002): its more general version allows the use
of different sequences for the Euler scheme step and for the weights in the average.

With this estimator in hand we can define an Euler scheme to approach our
effective diffusion. Assuming a time horizon 7', for n € N* we put 1, = Tk/n, so
that the Euler scheme will be given by

X}’l

Tre+1

= XZ( + FM(n)()v(Z(, tk)Al‘k_u,_l + GMm) ()v(Z(, tk)AWk_H,

where FM s defined in (8) and G™ (x, q) is defined in two steps: First we find
HM(x, q) using the decreasing step algorithm as in (8) [recall that h(x,y) =
g*g(x,y)], and then we perform a Cholesky decomposition on it to find

GM (x,q9) =+ HM (x, g). Note that the number of steps in the decreasing Euler
estimator, M, is expressed as a function of the number of steps in the Euler scheme
for the slow scale n. The form of M (n) will be clear from the main theorems.

It will be easier to work mathematically with a continuous interpolation of the
Euler approximation. Let us denote by t(n) = |nt]/n. We will usually omit the
explicit dependence on n and write t when clear from the context. The continuous
Euler approximation is then given by

9) X" —xo-i-/ FMO (X1 ds+f GM (X}, 5)dWs,

that is, a linear interpolation from the discrete Euler scheme. Clearly, at times #; the
continuous Euler coincide with the Euler algorithm. All our results will be derived
for the continuous version of the algorithm.
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2.1. Standing hypothesis and main result. Let us introduce the assumptions
under which our main results follow.

HYPOTHESIS (H;.;.) (On the slow-scale coefficients).

(i) Lipschitz in x: There exist constants K, m such that for all x, x" € R% and
d
y € R%,

[, y) = FL )]+ g, y) —g(x, y)| < Kyl |x — X’

(ii) regularity: f, h belong to Ci’;y for some r¥ > 3, where the subindex b, p

’

means the derivatives 8)’; 8; for0<i<2and0 < j <rY—i are bounded in x and
polynomially bounded in y;

(iii) degeneracy: either h is identically zero, or it is uniformly nondegenerate,
that is, there exists \'_ € R} such that )/ 1 < h(x, y).

Before giving the standing hypothesis on the fast scale equation, recall that we
have defined the matrix a(x, y) = oo ™*(x, y).

HYPOTHESIS (H r5.) (On the fast-scale coefficients).

() a,be Cg:?, that is, they are continuous and linearly bounded in y and C?
and bounded in x.

(i1) The matrix a is uniformly continuous and uniformly nondegenerate and
bounded, that is, there exist A_, L4 € Rj such that

Al <a(x,y) <Ayl
(iii) sup, b(x,y) -y < —c1|y|2 ~+ ¢2, for some c| € Rj, ¢ eR.

The regularity and growth hypothesis contained in () are assumed to con-
trol the error propagation. The main goal of imposing conditions on the fast scale
diffusion is to guarantee the existence of an invariant limit for any possible fixed
value of x and a uniform control on its averages. For this reasons they are quite
restrictive: note that (H y;.)(i) implies sup, |b(x, y)| = O(|y]) and (H . )(iii) de-
duces lim|y| o sup, b(x, y) - y = —00, meaning that the drift has at most linear
growth in y and that it is mean reverting uniformly in x. In turn, the ellipticity and
nondegeneracy assumption (H 7z )(ii) is helpful to deduce the uniqueness of the
invariant measure.

We are ready to state our main Theorem on the MsDS algorithm. Its proof is
found in Section 4.

THEOREM 2.1. Let0 <6 < 1,yy € Rt and y, = yok=?. Let M, be a positive
constant. Assume (Hys.) and (Hs.s.). Define M (n) by

M(n) = |—M1”l1/(1_9)-|,
then:
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(i) ODE with random coefficients case [g(x,y) = 0]:
(a) (Strong convergence). There exists a constant K such that

E[ sup |X, — X[7] < Kn~H0=0200/01=0)

0<t<T a

(b) (Limit distribution of the error). Assume in addition that r> > 7 and 6 >
1/2. Then

n(X —X")=:¢"=¢>,

where = denotes convergence in law, and ¢ is the solution of an SDE
stated explicitly on Theorem 4.12.
(i1) Full SDE case:
(a) (Strong convergence). There exists a constant K such that

IE[ sup | X; _5(;1’2] < kp-l0-0)A201/(1-6)

0<t<T -

(b) (Limit distribution of the error). Assume in addition that r¥ > 7 and 0 >
1/3. Then

n'2(X - X") =" =™,

where £ is the solution of an SDE stated explicitly on Theorem 4.12.

Note that we study the mean square error of our approximation algorithm toward
the effective equation. We perform this strong error analysis to guarantee that the
algorithm will be used for applications demanding to approach functions that de-
pend on the whole trajectory (as in finance). As will be clear from Theorem 4.12,
the SDE defining the limit results both for the fully stochastic and the ODE with
random coefficients case are explicitly given in terms of the invariant law of the
ergodic diffusion and are consequently unknown. Nevertheless, the key point is
that, being explicit, they might be estimated numerically for practical purposes.

We have announced an extrapolated version of the algorithm. Given that its
proper introduction requires a further understanding of the basic algorithm, we
postpone the presentation to Section 5.

3. Preliminaries. In this section we present the main tools needed to analyze
the presented algorithm.

Let us start by stating properly the stochastic approximation theorem we men-
tioned in the Introduction and that justifies the relation between the effective equa-
tion (3) and the original strongly oscillating system (1).

THEOREM 3.1 [Theorem 4 in Pardoux and Veretennikov (2003)]. Let b, o,
f, g be defined as in (1) and a = oo*. Assume we have a recurrence condition
of the type lim|y| o b(x, y) - y = —00, and that the matrix “a” is nondegenerate
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and uniformly elliptic. Assume that a, b € CZ’HO‘, and that f, g are Lipschitz with

respect to the x variable uniformly in y and have at most polynomial growth in y
and linear growth in x.

Then, for any T > 0, the family of processes {X?,0 <t < T}o<e<1 is weakly
relatively compact in C([0, T1; RY). Any accumulation point X is a solution of the
martingale problem associated with the operator L.

If moreover, the martingale problem is well posed, then X* Lo x , where X is
the unique (in law) diffusion process with generator L.

It is worth mentioning that the actual framework of Pardoux and Vertennikov’s
statement includes the case in which there is an ¢ ~! order term in the slow variable,
which complicates the proof with respect to the framework we present here. Note
that under the standing hypothesis, the martingale problem is well posed and X in
the theorem is the unique solution to (3).

3.1. A priori estimates. An important result is related to some a priori esti-
mates valid for general SDEs. Since they are quite standard, we will state the result
without giving the details of the proof.

PROPOSITION 3.2. Let
t t
(10) ﬁ,=ﬁ0+f0 Vl(ﬂs,s)derfO Vo(¥s,s) dWy,

where V1, V» are adapted random functions.

(i) Forall o > 2,

E[ sup [91°]

0<t<T

T
< KoE[[90]*] + K (a, T)/O (E[|[Vi®s, )|* ]+ E[|Va(Ds, )|*]) ds
=< KocEUﬁOla]

1 K'(a, T)( sup E[|Vi(9;. 0)|"] + supTIE[|V2(z9t,t)|a]>.

0<t<T 0<tr<
(i1) Assume that Vo > 2,
E[|[Vi0, O)|* ]+ E[| Va3, 0)|*] < K (1 + E[19:]]%).

Then:
(@) fort €[0,T]and o > 2, E[|9]%] < K (o, T);
(b) for a > 2, E[supy—,<, 05|11 < K (@, T) P(supg,<, 7 < 1) < K&
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3.2. Cholesky decomposition. The Cholesky decomposition of a positive def-
inite matrix consists of expressing this matrix as the product of a lower triangular
matrix and its conjugate transpose. A stability analysis of this procedure is a key
point in our analysis for the SDE case behavior of our algorithm.

Recall that we denote by | - | the induced operator norm. Let us denote by | - ||
the Frobenius norm. Recall that if H is a d x d matrix,

(11) |H| < ||H||F <~d|H]|.

THEOREM 3.3 [Theorem 1.1 in Sun (1991)]. Let H be a d x d positive defi-
nite matrix with Cholesky factorization H = GG*. If AH is a d x d symmetrical
matrix satisfying |H || AH ||F < 1/2, then there is a unique Cholesky factoriza-
tion H+ AH = (G + AG)(G + AG)* and

1AGIF _ 1 kK2 (H)

Gl ~ 141 =2k(H)k’

where k = |AH | p|H|~" and ko(H) = |H||H ™.

(12)

Theorem 3.3 gives a control on the sensitivity of the Cholesky procedure. In
Lemma 3.4 we study the propagation effect at each stage of the Cholesky factor-
ization to say a little bit more on the particular form of the error. Its proof is given
in Appendix B.

LEMMA 3.4. Suppose the hypothesis of Theorem 3.3 holds. Then

AH; i =233V AGi1Gix

AG;; = O(IAH|?),
26, ; +O(|AH|7)
AH;;j—Gi jAG; Y121 (AG kG + AGi G
AGi,j: i,j i,] JJ Zkz;l( J.kYik ik J,k) —|—0(|AH|2)
Jsi
fori>j.

Lemma 3.4 gives a first order approximation of the error matrix AG knowing
the perturbation matrix A H. From this lemma, we can deduce on the regularity of
the Cholesky approximation. The following corollary follows from the definition
of H and Lemma 3.4.

COROLLARY 3.5. Let H:R? — M9%d pe Cg and nondegenerate [in the
sense given in Hypothesis (H;5.)]. Then G is also Cl% and nondegenerate.
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3.3. Decreasing step Euler algorithm. In this section we present some con-
trol and error expansion results valid for the decreasing step Euler algorithm. The
results here presented are found in Lamberton and Pages (2002) or in the Ph.D.
thesis of Lemaire (2005).

A first interesting property is that the sequence of estimators defined in (8) con-
verges almost surely to the ergodic average for any fixed x.

PROPOSITION 3.6. Assume (Hy.), and let ‘R% x R%Y — R, and suppose
that ¥ (x,y) < C(x)(1 + |y|7"). Let \i’M(x, q) be defined as in (8). Then, for any
x € Rdx, q€Q,

@M(x,q)g/w(x,y)ux(dy) as M — o0,

where ¥ is the invariant measure of (2).

PROOF. (Hyy.) imply that V(y) :=1+ |y|2 is a uniformly in x function sat-
isfying the hypothesis of Theorem 1 in Lamberton and Pages (2002), from which
the claim follows. [J

We have as well a control on the moments of any order of Y,f 4,

PROPOSITION 3.7. Letw > 0 and let f,f’q be given by (7). Then there exists a
constant K given only by 7w, A_, Ay and yg such that for all x € R% and q € Q,

supE[|Y9]"] < K.
ieN

Moreover, for every m > 1,

R n)
sup | — ) %|YI" ) < +o0.
MeN(FM; ¥

PROOF. By Lemma 2 in Lamberton and Pages (2002) given that U ,f has mo-
ments of any order and V (y) = |y|2 + 1 satisfies the needed hypothesis uniformly
in x, we get that forany 7 > 1 and g € Q,

supE[| 777" ] < supE[V (¥,"9)"] < K.
ieN ieN
The extension to all & > 0 is straightforward.
The second claim follows from Theorem 3 in Lamberton and Pages (2002). [

Proposition 3.8 is an adaptation of a result appearing in the Ph.D. thesis Lemaire
(2005). The proof comes from performing a Taylor expansion and reordering the
terms in a proper way. For the statement, we introduce in addition to the sequence
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{Vx}{ken+) @ new sequence that we denote by {ny}ken+) (that may be taken equal
to the former). This added flexibility will be useful in the following, in particular
to prove Proposition 3.10. We may interpret Proposition 3.8 as an error expansion
result. Indeed if we fix ng = y; satisfying (#H, ), then we will have an explicit
expression for the approximation error of the decreasing Euler algorithm.

PROPOSITION 3.8. Let ¢ : R% x R% — R. Under the assumptions of Propo-
sition 3.6, suppose that for each x € R% there exists qﬁfﬁ :R% — R solution of the
centered Poisson equation

(13) Lidy 1) =) — [vxu @),

Suppose as well for r e N, r > 2, that ¢i is C" in the y-variable uniformly in x,
and D" ¢y is Lipschitz in y uniformly in x. Let yx and ny be two decreasing se-
quences with yy — 0, nx = 0, 'y = lejsk Yi» Hi = lejsk nk. Let f,f’q be
defined as in (7) (with step sequence yi). Then

M r
2 M (w(x, ) - / ¥ix, z)ﬂdz)) =AY = Ny — YAy = Zl,

k=1 i=2
where

0 u Nk

SX, SX,
(14 Ay q) :=k21 L0 () = 03 (%),
i Nk =~ =

(15) N, ,M(X,Q)Zz —(D ¢X Yx;q , O -anx;q Uq,

¥ kglm(yl/f(kl)(kl)k)

g . .
A @) =5 3w D20y (V) - (o (6, ) U) ™

(16) k=l ) )
=T (V) (0 (6 F2))],
M . .
(17) @) =Y ey (B9 U
k=1
fori=3,...,r with
. inr . 1 . o o
DACHRIEDD (,‘ ! j) FD§¢$Z()’) b, )BT (o (x, )2)®H )
jzif? '

and

M
(18) |zl < KX my VPO TR 1+ U )
k=1
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The average of each expansion term will play an important role in our analysis,
so that we will present a special notation for them. Indeed, let

oy (x, )
19) := E[vfl’,r (x,y, UD)]

iAr

. 1 1
=y ( ! ) DI MElbCr D (o (e U P

ey A

REMARK 3.9. Consider A%//’“ fori <|(r—1)/2]. As2j —2i — 1 is odd for

any j integer and given the fact that the odd powers of a centered Gaussian are

centered, we deduce vIZ; L — 0. Of course this property transfers to Aij{,} so that

E[Azw” M] =0, implying in turn that the terms with an odd index are centered.

Under some additional hypotheses, Proposition 3.8 may be used to obtain an L,
control on the error of the approximation. For the sake of the presentation, let us
denote from now on

M
(20) =S
k=1

Note we have in particular F][Vl,] =Ty.

PROPOSITION 3.10. Under the assumptions of Proposition 3.8, let « > 1. As-
sume {yi} satisfies (H, ), and that F}[“,}‘] — 00, for Fz[\‘;] defined as in (20). Assume
as well that the solution of the centered Poisson equation ¢y, is in C,i’; forr > 3.
Let ¥ := [ (x, )" (dz), then

2 1+F[2a 1]+F[2a]+(r[a+l])2
(T2

1 ¥ . _
B | L R~ )

M k=1

PROOF. We recall first some martingale inequalities. Let {a;} be any sequence
of random tensors. By Cauchy—Schwarz inequality we have that

I ’ [p] a [p] a
1) E[ U } sE[rﬁ Zyk”mmz} =T > v/ Ellal’].
= k=1 k=1
Let {D} be also a sequence of tensors. If so <§| < <Sp<---, the {ar}, {br}

are .7-'3( adapted, and for all k, E ak|f$] = bﬂfg{] =0, we have by martingale
properties that

M M
) E[<zy zy,fbkﬂ zy (an b2)]
k=1 k=1
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and in particular,

M
(23) E[ } Zy [lax ]
k=1

Now, take the error expansion in Proposition 3.8 with » = 3, and let nx = y'. By
Abel’s transformation, using convexity, estimate (21), the regularity properties of
¢y and Proposition 3.7, we get

E[|AY . )]

_E[

Pak

ve ol () — vl (T )

M-1 2
(24) + [(yk‘”‘l—y,?‘;ﬁ)%(?f"’)]]
k=1
<3E[lyg o5 (V)] + 3E[|yg o (Vg ) ]

]
<k[og 1+ (X or ‘—m?‘ﬁ‘)ﬂﬂ-

k=1

+3E[

M—1
Sl = veahes (0]
k=1

Moreover, using the fact that the terms are centered from Remark 3.9, equa-
tion (23) and the finite moments of the Brownian increments imply

M
25) E[[Nyu@. @)=Y v "E[|{o* Dyoy (x. T2%), U] < KT,
k=1
1 ~x
[}Al//M('x D[] _Zl’kzaE |D2¢w(x Yo - (o (e 1)U P2
k=1

< ki

.p

(26)
More generally, estimate (23) leads to

@7 E[|A] 4 (x. ))] ZVZ“HE S VG U] < KT,
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2}
[o]

On the other hand, from (#,) and given that I';,” — oo, we have for M large
enough that, if i > j,

while by virtue of (21), we find as estimate

M

S5x,q 14 4
Yoyt a+ v+ |ul)
k=1

< K(FI[S—H])Z‘

E[|Z3, 4, )] < KIE[
(28)

[i] [j]
Iy - Iy ‘
rigl = i
The claim follows from Proposition 3.8 and (24)—(28). 0

3.4. Ergodic average and Poisson equation. Being basic to our analysis, we
introduce in this section some known properties of the exact averages and the effec-
tive diffusion. These results are studied in Pardoux and Veretennikov (2001, 2003).

Let us start by stating a growth control result proved in Veretennikov (1997).

PROPOSITION 3.11. Let a > 0, and let Y be the solution of (2) with deter-
ministic initial condition yo and coefficients satisfying (H r.s.).

Then there exists a constant K given only by o, h_, Ay such that for all t > 0
and x € R%,

E[|Y[*] < K(1+ Iy0**?).
This proposition has a natural corollary.

COROLLARY 3.12. Under the same hypothesis of the theorem, for any o > 0
and all x € R%,

/ Iyt (dy) < K.

LEMMA 3.13. Let Y (x, y) be a function satisfying the regularity and growth
conditions in (Hss.), and let W(x) = [ (x, y)u*(dy), then W (x) is Cg.

PROOF. The claim follows from adapting Theorems 3 and 5 in Veretennikov
(2011) to the linear growth case: the needed equivalent results of convergence in
total variation and control of expectations may be found in Meyn and Tweedie
(1993). O

As it was shown in Proposition 3.8, the centered Poisson equation (13) plays
a special role in understanding the error expansion of the decreasing Euler al-
gorithm. Proposition 3.14, which is an adaptation of Theorem 1 in Pardoux and
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Veretennikov (2001) and Veretennikov (2011), states some sufficient conditions
for having the solution of such an equation when f belongs to a certain family of
functions.

PROPOSITION 3.14. Consider a function ¥ (x,y) satisfying the regularity
and growth conditions in (Hs.5.)(1), (ii) and such that

/Wx, Yt (dy) =0 Vx.

Assume (Hys.). Then there exists a function ¢y (x,y), continuous in y and be-
longing to the class (-1 WI% loc 1N Y, such that for every x € Réx:

1) Lydy(x,y) =Y (x,y),

(ii) [y (x, y)u*(dy) =0,

y
(iil) ¢y € CZ; .
This function is the unique solution up to an additive constant of the Poisson equa-
tion on the class of continuous and (. W]%,loc functions in y which are locally
bounded and grow at most polynomially in |y| as |y| — 00. Moreover, it has the

representation
o0
By == | By (e, v)dr

4. Convergence results for the MsDS algorithm. We focus now on the study
of the MsDS algorithm. First, we show that the proposed approximated coefficients
(by means of Decreasing Euler step and Cholesky procedures) satisfy a growth
control and error control properties. As a consequence, we will conclude on some
regularity property of the approximated diffusion (9) and show its strong conver-
gence toward (3). Then we will study the limit error distribution property.

4.1. Existence, uniqueness, continuity. From Hypotheses (Hs.), (Hys.),
Proposition 3.11 and Proposition 3.2, it follows that there exists a unique solution
to equation (3), and that it has a continuous modification. We show the defined
approximation has the same properties.

Proposition 4.1 uses the results of Section 3 to show that, under the standing
hypothesis, the coefficients of the approximated diffusion have finite moments of
any order, and that its error with respect to the exact coefficients decrease as a
power of the number of steps n.

PROPOSITION 4.1.  Assume (Hy.s.), (H rs.) and (H,). Let By > 0, and define
M (n) implicitly by Ty = Con?Po, where Cy is some constant.
(i) There exist ¢y and ¢y, solutions of the centered Poisson equations:

o Lir(x,y)=f(x,y) = [ fx,y)n*(dy);
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o Lidn(x,y)=h(x,y) = [h(x,y)u*(dy").

(ii) Let
. =1,ry . -1,rY
29 = o FO0)A A+ 1
29 & 134,?2?,...,01(%’ #0) 134,1{?1:% ..... d(vH”-’ #O A +1)
[with the convention that min(&) = oo] and v ot Fl , H, ; deﬁned as in (19) ap-
plied to Fl, ... F% gV . H%9% Assume the asymptotic expantion
rle/2]
(30) M = Cin P o(nP),
'y
for some B > 0, and some constant C, holds. Let
(3D p:=BoAPi.

Then F" (and resp., H", G" := v H") satisfies for any « € Rt and k =
0,....n
E[|F" (x, 0)|*] < K

E[|F" (x, 1) — <kn 2.

REMARK 4.2.  We should understand ¢ as marking the first nonzero value in
the error expansion of either F"* or H". It depends exclusively on the coefficients
of the effective and ergodic diffusion (in particular it does not depend on 7).

REMARK 4.3. Proposition 4.1 means that we have a rate of convergence in
norm L, for the coefficient estimators of order O (n~*). Since we choose Bo by
taking M (n) as needed, the actual limit to 8 comes from 8;. But of course, increas-
ing fo implies growing M faster as a function of n, increasing the algorithm’s cost.

PROOF OF PROPOSITION 4.1. Note first that (i) follows from (H,, ) and
Proposition 3.14.
We prove (ii). By Jensen’s inequality and Proposition 3.7, we have for every
a > 1 and n big enough,
|

<51 Ehﬂfxnlw}sK

B[ (x. )] [%—anxnn

and similarly for every o > 2,

E[|G"(x, 9)[*] = E[|A"(x,9)|**] < K.
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since |G|? = | H|. The result extends trivially to every a > 0.

It remains to prove the error control. We obtain an expansion of order »¥ in
Proposition 3.8. We can bound the first terms as we did in Proposition 3.10 by
taking yr = nr forallk =1, ..., M (i.e., taking « = 1 in the statement of Proposi-
tion 3.10). More generally, from the definition of ¢ in (29), we have that for every

[ <¢orlodd ﬁi;,r.y (x,y) =0, (23) leads to

M
32 E[JAL 0] = Y HE (B U] < KT,
k=1
while for even [ with [ > ¢, by virtue of (21), we find as estimate
M
(3) El[A @1 =T Y n Bl (709, U] = KUy
k=1
Likewise,

E[|Z} (. q)|]

M ) ~ '
vi PP R+ o)

(34) < KIE{
k=1

2]
< K(Fj[‘r;'ﬂ/z])z'

Note that estimates (32) and (33) are uniform in x. On the other hand, from (#H, ),
we have for M big enough and / < r” that

2] ROl 11
st Ty Ty
vy = T'm Iy

Hence from Proposition 3.8 and equations (24)—(26), (32), (33),

[s/21\2
: K(T K
E[|F"(x.q) — F'(x.q)|"] < % +oo< K'n~2BorBD)
M M

implying our claim for F, F”. Since H satisfies the same properties as F, the
claim follows for H, H". As a final step, we prove the error control for G". Let
AH"(x,q) = H(x) — H"(x,q) and E = {|{AH"(x,q)| > |2H~'|~'}. Markov
inequality gives us the control

P(E) <4|H ™' (0)|*E[|AH" (x, ¢)|*] < Kn~2BorD),
which, in conjunction with Theorem 3.3, deduces
E[|G(x) - G"(x, )|’]
—E[|G(x) — G"(x, 9)"1£] + E[|G(x) — G"(x, 9)[*1 c]
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< K'n2PM) L B[|G(x) — G (x, ¢)|*1 6]

< K'n=2BonBD) g p=2(BorB) — g/, —2(BorBY) 0

We can deduce from Proposition 4.1 and the assumed structure, the following a
priori estimates.

COROLLARY 4.4. Under the hypothesis and notation of Proposition 4.1, for
any0<s<T,

(35) E[|F"(X}.5)|"] < K
and
(36) E[|F"(X",s) — F(X")|*] < kn~?.

The same bounds hold with F " F replaced by H " H and G”, G.

PROOF. Define
(37) Fpi- = (]—",v \/ ﬁgo)
q€Q,q<t

by construction, )~(£ is ]-_"L{ measurable and since F”(x, s) J_I_J:"Lf for any de-
terministic x, we get from Proposition 4.1,

E[| 7" (X, 5)|"] = E[E[| F" (%, )| %, ]] < BIK] = K.
A similar argument leads to (36), and to the claims for H",Hand G",G. O
Corollary 4.4 should be understood as an a priori control on the approximated
process. From this control, we can deduce, using Proposition 3.2 as in the case
of the effective equation, the existence and strong uniqueness of the solution of
the approximated diffusion (9). In addition, Proposition 4.5 states that approxima-

tion (9) has a continuous modification. The result follows from Proposition 3.11,
the estimates in Corollary 4.4 and Kolmogorov’s criterion.

PROPOSITION 4.5.  Under the hypothesis and notation of Proposition 4.1, for
every o > 2,

E[| X" — X"|*] < Ko7 (t — 5)*?((t — )*/* +1).

Moreover, the solution of (9) has a continuous modification.
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4.2. Strong convergence. 1In what follows, we choose X to be continuous in
time. We can proceed to show the mean square convergence of X" toward X.

THEOREM 4.6. Under (Hy.s.), (Hs.) and (H,), let X be defined by (3) and
X" by (9). Let B be defined as in (31). Then:

e if ¢ =0 (ODE with random coefficients), then E[supy-, .7 |X; —X"?] <
Kn=2178),

o under the full SDE case, E[supy_, 7 | X; — f(?lz] < Kn=(n2P),
PROOF. We treat the full SDE case. By definition,
X, — X" = /Ot[F(XS) — F"(X}.s)]ds + /Ot[G(XS) — G"(X},5)]dW;.
Our plan is to use Proposition 3.2(ii). By convexity,
|F(X) = F*(X2,5)[
<3|F(Xy) — F(XD)|> +3|F(X7) = F(X")|* +3|F (X!, s) — F" (X", 5) .

By Lipschitz assumption in (H;..),

. E[|F(X,) - F(X})|"] < KE[| X - XI[°],
B[IF(X)) - F(X))[] < KE[|X} - X§ ] < Kn ™",

the last inequality being possible for n large enough thanks to Proposition 4.5.
Also, by Corollary 4.4, we get

E[|F(&L.s) — F"(R0.5) ] < Kn 2.

Therefore,
(9 E[[F(X) — F'(X].5)]"] < K (=P + E[1X, - X))
Since we may obtain similar bounds for the terms with G, we also have
40)  E[|G(X,) —G"(X!,5)]"] < K(n""2P L E[|X, — X))
Now, Proposition 3.2(ii) shows

E[|x, — X'[*] < K/()T(n_(l/\z’s) +E[|X, — X"*])ds.
Therefore, by Gronwall’s lemma,

sup E[|X, — X'[*] < Kn~ (112D
0<t<T
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Replacing (39) and (40) we get
sup (E[|F(X,) — F" (X, 9)]"] + E[|G(X;) — G"(X!,5)*]) < Kn~(172P).

0<t<T

So that by Proposition 3.2,

E[ sup | X, — f(l”|2] < Kn=1720),
0<t<T
Note that the case g = 0 is proven in the same way, but the Euler error (39) is
bounded by n =2 and G = 0. This implies the stated result. [

4.3. Limit distribution. In this section we show under slightly stronger regu-
larity assumptions on the coefficients of the diffusion, that we have convergence in
the weak (uniform topology) sense toward a limit distribution given as the solution
of a particular SDE.

Our plan to prove the limit distribution result is to look at the rescaled error and
its associated stochastic differential equation. We prove the joint weak convergence
of the terms appearing in that SDE and use the fact that under certain hypothesis
the joint convergence of the terms suffices to deduce the weak convergence of the
solution of the equation. The reader may find most of the needed material on weak
convergence of stochastic integrals and stochastic SDEs in Jakubowski, Mémin
and Pages (1989), Kurtz and Protter (1991a, 1996).

DEFINITION 4.7. Let X" be a sequence of R?-valued semimartingales, and
let A"(5) be the predictable process with finite variation null at zero and M" (§)
the local martingale null at zero appearing in the representation of X" as

X! =X{+ AL S) + M (8) + Y AX!Ljaxr|5)-
s<t

We say that the sequence X" satisfies property (x) if for some § > 0,

T
(%) (M"(8), M"(8)) + /O A" @) + 3| AX L axs s

s<T

is tight. (The notation fOT |dA| denotes the total variation of A on [0, T].)

The importance of property (x) is shown by the following theorem; see
Jakubowski, Mémin and Pages (1989), Jacod and Protter (1998) and Kurtz and
Protter (1996).

THEOREM 4.8. Let X" be a sequence of R¢-valued semimartingales relative
to the filtration F;. Suppose that X" weakly converges in the Skorokhod topology
Dra, . Then (x) is necessary and sufficient for goodness: for any sequence H" of
(F1)-adapted cadlag processes such that (H", X"") = (H, X) in the Skorokhod
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topology D jypixxdy wdx , then X is a semimartingale w.r.t. the filtration generated
by (H, X)and (H", X", [ H"dX") = (H, X, [ H dX) in the Skorokhod topology
DMdX xdx ) Rdx xR +

Goodness gives us a direct way to show the convergence of sequences of
stochastic integrals, and will play a key role for the convergence of sequences
of SDEs.

Before proceeding to the main propositions of this section, we cite another use-
ful result concerning weak convergence of sequences of solutions of SDEs, allow-
ing us to compare the limit of two sequences with converging coefficients.

THEOREM 4.9 [Theorem 2.5(b) Jacod and Protter (1998)]. Consider a se-
quence of linear SDEs

t
@n o7 = P +/0 90" dJ,,

. . . . /
where the P!" are stochastic processes in RY, Q7 are stochastic processes in Raxd

and J; is a semimartingale in R, and all processes are in same the filtered prob-
ability space. Suppose that we have another sequence of equations like (41) with
solution 9" and coefficients P™ and Q. If the sequences supy—;r | P}'|| and

SUPg<s<T I Q? | are tight, and if
sup [P = P"| =50, sup |QF - QU] -0,
O=s<T 0<s<T
then

sup [ — 9" = 0.
0<s<T

Proposition 4.10 shows the weak convergence of some tuples appearing in the
rescaled error SDE.

PROPOSITION 4.10. Let T be a set of indices, and consider a family of inde-
pendent standard Gaussian variables {v;k;n}nEN*;OSkSn; ieT where for any n,i we
have vy" is F,, measurable.

Consider the sequence of random processes A%" (dimension 1), A", B%" (di-
mension dy), BE" (dimension dy x dy), BY" (dimension |I|) and B>" (dimension
|Z| x dy) defined component-wise by

o 7. t . . t
@) B [s-gawl af=2 [ -
0 0
o t . r .
@) B = [Vawli—whawl A= [w] - w)ds

. ro _ -
(44) BT :=/ vinawl; - B ::/ Vi ds.
0 0o %
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Then we have the following limit results:
@45 (X, X", W,nA%" /nB") = (X,X,W,A°% B
(X, )“(n’ W, nl/ZAO;n’ nl/ZBO;n’ nl/ZAl;n’ nl/ZBSZ;n’ Bl;n’ B3;n)
(46)
= (X,X,W,0,0,0, B%,0, B,

where A? =1; B, B, B2 and B3 are standard Brownian motions defined on an

extension of the space W, with dimensions d, df, |Z| x dy and |Z|, respectively.
Moreover, we have {BO, B%, B3, W} are independent, {BO, B%, B!, W} are

independent, and BY", \/n B>" and B>" are “good” in the sense of Theorem 4.8.

The proof of Proposition 4.10 will be given in Section A.1.

PROPOSITION 4.11.  Under the assumptions and notation of Proposition 4.1,
assume that r¥ > ¢ + 3 in (Hs..), and that there is By > 0 such that the asymptotic
expansion

FE&/2+1]

47 AT
rle/2!

=Con P2 4 o(n ),

where ¢ is defined in (29), holds. Let
(48) p =1ig,=p,1(B2 A (Bo — B1)) + Ligy<p11 (Bo A (B1 — Bo))-

(i) Let ®F be the d, x d, matrix defined component-wise as
(0= G5! [l Dy, )07 Dy (e, ) ),
where ¢ i is the solutions of the Poisson equation (13) with source F'. Let

OF(0) ==1ip2p)VPr(x);  Rp(x) =125, C1 f vy (L)t @dy),

with the square root meanlng the Cholesky root. Then there exists a family of mde—

is JF;, measurable and

IE|:n’3

for all x € R% .

de ) .
(F'(x) = F5"(x, 1)) — Y o (v — R (x)
j=1

:| = O(n_z'o),
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(i1) Under the full SDE case, define in a similar way a df dimensional random
unction Ry and a d* x d?* dimensional random function ® g, with
X X

L (x) =gt / (0*Dypii (X, ¥), 6% Dy yir v (x, )i (dy);
oH (x) =18,V P (x);

R ) = Vi C1 [ 557, (e, yom @),

Then there exists a family of mdependent standard Gaussian variables
{ }neN*,0<k<n 0<i, j<dy» Such that each vk g ]:,k measurable and
2:|

E|: nf
= O(n_zp),

for all x € R%. Moreover, letting Rg, oG be defined component-wise for 0 <

/s

i',j' <das

(H () = HY" (x, 1) - Z o v = Ry ()

i i—1 pik ik

ii_
Rg = PG ’
i im1 i j i
L) s Sl ,J
iiij _ PH 2% i-196 G
YG = 2Gii ’

and fori > j,
i,j JoJ i, j J=1, pid ~il il ~ijl
RY — RIIGi — Y-V (RE'GH + R G
GJ.J ’
R Jodid'J i J=1y pLi'j il LLU L~
i _ PH — 9 G =3 leg G457 G
Y6 Gi-i :
2}

Then
E|: n
=0(n"2").
PROOF. (i) We prove the first claim. We use the expansion of Proposition 3.8
up to order ¢ as in Proposition 4.1, and estimates (24)—(26), (32)—(34) to get for
any x that

Lj _
R =

(GH (1) = G (x, 1)) — Z o v T — R ()
,Jj =1

. 1 2
EH(F’(x) — F@ ) = 5 (N (s ) +A§§,-{M<x,q))] }
(49)
= 0(Tw) 21+ (Tl >,
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Let us examine separately three cases depending on the relation between Sg
and B1:

e If By > B1: In this case B = B, and by definition of g it follows that
E[|n? (F (x) — F*"(x,q)) — R(x)|]
< KE[|(T/) Ty (FF () = F¥ (x, ) — Ri(0)[]
< K/E[}F/[‘/gl/Z]{—2|FM(Fi(X) _ ﬁ-i;n(x’q))
(50) 5
- NFi,M(x’ Q) - Ai—*i,M(xv ‘]){ ]
+ KE[|(Ty ) 7 (A%, () = RE@) ]
+K'E[|(Ty ) Ny e )]

The first term in the right-hand side of (50) can be controlled by rescaling (49)
to get

B[00 m (F () = F" (v, ) = Npi g (x, 9) = AS, (s )]
= o (Tl P10l 4 1)),

From (25) we control the third term in the right-hand side of (50)

(5D

(52) E[(T) " Ny (o) P = 00 2T,

To control the second term of (50), let us define
M P
_ _c. i~
(53) Agi @)= v o (6, 1Y)
k=1

for ﬁi’iry defined in (19). We can compare (Fl[é/z])_lAgi y and (F[[é/z])_1 X
Ai"i u in Ly by (23). Indeed, thanks to controls (32) and (33), and the fact that

for some K € RT, Fl[lfl-] < KTy, we have

E[|(Th/™) (A, @) — A%, )]

y | , ) 2
() S P (x, T, Uf) = 05 (v, TE9)) }
k=1

(54) - ]E[

= O((Tls/2)72ryy).
It remains to show that

(55) E[|(*) T AS, () + RE)P] = 0(n 7).
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Indeed, from the definition of Sy and 8, F,[j/ 2 _ O (nPo=P1y 5o that it diverges.

y . y_
Moreover, from the assumed regularity hypothesis, ﬁ;’f (x,y) is CIZ;Z °
Therefore, Proposition 3.14 guarantees the existence of a solution to the cen-

. . . ~c Y .
tered Poisson equation with source A%} (x, y) of the same regularity, and thus

Proposition 3.10 shows that A;i v (X, @) converges uniformly with respect to x
in L% to —R;(x) with rate (8o — B1) A B2 = p since

2 -1 [¢/2+11\2
(5 2@+ + ol (2
< K(T$/)) 2Ty + (PI2H1)2) = 0 (n=2(Bo=Pnf2),

The claim follows from replacing (51), (52), (54) and (55) in (50).
e If 81 > By, we follow a similar approach. We expand the rescaled error term to
find

E[|n? (F (x) — F"(x, q)) — Ri(x)|*]
< K'E[|Tap |2 |0y (Fi (x) — F(x, q))

(56) = Npiw(x, @) = A, (6, 9)|]

+ K'E[|(Tw) 245, ()]
+ K'E[|(Ca) ™2 (N iy (6, 0) — @) 7]

By rescaling (49) we get
B[00 (FF () = F¥(x, @) = Ny (x, ) = AS, ()]
= O((Tw) ™[+ (7)),
and from (33),

E[|(Ta) A% )] = 0T~ (T35,

So it remains to consider the N term. Note that since the U kq are independent
standard Gaussian vectors, (Coﬂ)_]NFi’M(x, q) wheni ranges 1,...,d, is
a Gaussian vector.

Let us study its covariance matrix ®’.. Using (22) we getfori, j=1,...,n

. 1
D" (x,q) = E[ENFI‘,M(L DNpi p(x, ‘1/)}

M
= 1iy=gy Y. Vo OODydri (), 0*()Dydpi ())(x, Yi0).
k,k'=1
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Define ¢ =,/ @' (the Cholesky decomposition). Then, there exists a family

of independent Gaussian variables vt’,;J o ]:',k -measurable such that

dy .
(FM)_INFI"M(X, q) — Z (pl,JQVlU;]:]gn.
j=1

Moreover, from Proposition 3.6 and Proposition 4.1, we have that ®' (x, ) con-
verges uniformly in x in L? to @ (x) as defined in the claim with rate O (n™#).
By Theorem 3.3 we get the same uniform convergence for ¢%. The claim fol-
lows in this case.

e The case By = f is straightforward from what has been proven in the previous
cases.

(i1) Since H, H" satisfy the same properties as F, F ", we get the claim for Ry,
¢y and v,l(’J " by analogous arguments. Replacing this result in the sensitivity of the
Cholesky procedure given in Lemma 3.4, and taking into account the independence
of the Gaussian entries, we get the claim for Rg and pg. U

Let {v,} be a sequence of increasing positive numbers, and let us consider the
sequence of rescaled error processes ¢”, defined by

;tn = Un(Xt — 5(;1)

We can show that this sequence of processes converges in distribution in the
uniform convergence topology to a process ¢ defined as the solution to a certain
stochastic differential equation. We divide the analysis in two main cases: a first
one in which G(x) = 0, that is, when X is the solution to an ordinary differential
equation, and the case when G (x) is nondegenerate. Just as in the asymptotic error
obtained for the usual stochastic Euler method given in Jacod and Protter (1998),
we will obtain different rates and different components in the equation for both
cases.

THEOREM 4.12 (Limit distribution). Under the assumptions and notation of

Proposition 4.11, let p, Rr, ¢F, Rg, oG be defined as in Proposition 4.11 and B
defined in (31).

(1) [ODE case-G(x) =0.] Let B! be the Brownian process given in Proposi-
tion 4.10. Letr =1 A (1/2 + B), and suppose p >r — B. Let

= n" (X, — X1).
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Then " = ¢*° in the uniform convergence sense, where ¢ is solution of the
system

o o . . | A .
(= Z(/O afol(Xs)ffo’de+1{ﬁ21/2}§/0 3fo'(Xs)F’(Xs)dS>
=1
(57)
"R SN L
+1ip<1/2) /0 R%(Xs)ds+2/0 ol (X5)dBr).
=1

(i1) [SDE case-G(x) #0.] Let B? and B> be the independent Brownian pro-
cesses given in Proposition 4.10. Let r = (1/2 A B) and

é‘tn = I’lr(X[ — X;l)

Then ¢" = ¢°°, where ¢ is solution of the system fori =1,...,d, of

. t . . ro.. .
§t°°”=2</0 Bx,-F’(XS)gsOo’fds—i-/(; R’G’](XS)dWS/)
j

dx t .. )
+1p<1y2 Y. fO“’lc?J’l’k(Xs)st?’;l’k”
jiki=1
(58)

de . |
+1p<1/2) ) /O 8,/ G (X )£ dW!
=1

1

dy ‘
il i,k 2:k,l
+1{/321/2}ﬁ Z /Oaij’ (Xs)G7"(Xs)dB;"".

jk, =1

Let us remark that if 8 > 1/2 in Theorem 4.12, the error of the Euler scheme
dominates: we recover the limit distribution error for an Euler scheme with exact
coefficients given in Kurtz and Protter (1991b) or Jacod and Protter (1998). By
contrast, if 8 < 1/2, it is the decreasing Euler estimate error that becomes domi-
nant. Since a higher B is generally only achieved by paying a higher price in the
required number of steps for the decreasing Euler step, the optimal choice implies
fixing 8 =1/2.

Before proving Theorem 4.12, let us show how it implies Theorem 2.1.

PROOF OF THEOREM 2.1. The result is obtained, from Theorems 4.6
and 4.12, since (Hy.5.) and (H r.) are directly assumed and as the sequence de-
fined as y, = ylk_e for 0 < 6 < 1 satisfies Hypothesis (#, ). Moreover, recall that
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we fixed M (n) = [Mml/(l_g)}, and we have for n large enough,
)/oMll_en F1[‘5/2] N (1— Q)Ml—(g/Z—1)9n7(g/271)9/(170)
1—6 ° 'y 1—¢6/2

rie?™ (1 - c0/2)MOn=0/0-0
rig/? 1= (/24 1)f

'y~

9

’

so that we get from Proposition 4.11, that o = 1/2 and

(s/2—1)0 0 yoM; " (a—6m;”’
= s = s Co~ s ~ —
Pr=""12% =125 7 10 SR 77

Recall that ¢ is defined in (29) and stands for the first nonzero term in the error
expansion of the decreasing Euler estimator. Let us assume we are in the worst

case when it attains its minimal value ¢ = 4. Hence
0 _a-om’
T1-0 Y.

Let us now deduce the conditions on 6 are then deduced from the conditions in
Theorem 4.12 for each of our study cases:

Bi

e ODE with random coefficients: From the conditions of Theorem 4.12 we have
r=IAGHA) =1+ GAB) =5+ (EABAB) =1 +5
since we should verify p > r — 8 = 1/2, this implies

N A
which is the case if 0 € [1/2, 1). Moreover, since in this case 1 > 1 > g =1/2,
we get » = 1/2, and the Ry term disappears.
e Full SDE case: We have r = 8 =1/2 A (8/(1 — 6)) the only restriction comes
from imposing B = 1/2. This is obtained for 1/3 < 6 < 1. Note that the R
term is different from zero only if 6 = 1/3.

Finally, note that if ¢ > 4, we get from the constraints 6 € [1/2, 1) in the ODE
with random coefficients case that 81 > B9 + 1/2 and from fixing 8 € [1/3, 1) in
the full SDE case that 81 > 8o = 1/2, 81 > B2. In both those cases the Rg term is
zero. [

REMARK 4.13. It should be noted from the proof of Theorem 2.1 that know-
ing a priori that ¢ > 4 makes it possible to obtain a lower inferior bound for 6 in
the theorem. Since in general we do not know ¢, we have stated our results with
the sometimes sub-optimal limits.
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PROOF OF THEOREM 4.12. (a) Let us deal first with the full SDE case. We
have from the definition of ¢” that

(59) ¢'= /Ot n"(F(Xg) — F" (X}, 5))ds + /Ot n"(G(Xs) — G"(X2,s)) dW;.

Let us examine each one of these terms separately. Denoting by x’ the ith compo-
nent of x, let x, y € R% . We define the set of vectors A/ (x,y)

X, for j =0,
V1, Y20 oo Vi X1 X425 - - o5 Xa,)™s for1 < j<d,,

NEE

and

(F"(Af—l(x, ) — Fi(A (x,y))

AF'(x,y) =1z —

and recalling that

dy
X" =X =FI(X)) (s —s5)+ Y G (XN (W — W),
=1

we have
t . ~ ~
/”r[Fl(Xs)—F””(X?,i)]dS
0 s
_/ FI(X)—FI(Xn ds+/ F’ X") F’(X"))d
+ / T(FI(RM) — FI" (XD, 5)) ds
so that
t . ~ ~
/”r[Fl(Xs)—F””(X?’i)]dS
0 s
t . . ~ . ~
=], Z[“’F’(Xsw?)(xg X4
07
+n" AF(XE XDVF (XY (s — 5)
dy o o
+anAm(xg,xg)wxg)(wz—Wi)]ds

+n" ﬁ/ — F'"(X2,s))ds.
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Following the same approach we obtain foreach/ =1, ..., d,,
t 4 - ~
/O n"[GM (X)) — GME(XYs)]dW!
t o - A
= Z[n’AfG“(Xs, X7)(x{ - %I
07
+n" A GH(XY XD F (XYY (s — 5)
anAjGi’l (R, )G (%) (W Wé‘)} aw!
+n'" /3/ (GY(X]) = GMB™ (X}, 5)) AW,
By identifying terms in the obvious way, we write
i,n i,n i,n ! i;n & ! i,l;n l
& = (PP (0 + Py (1) +/O (07" (), &' )ds + Z/O (057" (), ¢ AWy,
=1

where Q' , Qé’l are d, dimensional random processes with components
01" ()= M FI(Xe, X)), 05"(9) = TG (X, X))
and

Pln(s)—nr 5/ (F( X”) I:”i:”(f(g,g))ds

+n'" ﬁ/ (G (X}) =GB (X}, 5)) AW,

J

dy
+ Y n"ATFH(XY, X GI (XY (W, — Wi)] ds
=1

r & o
+/0 > [anflel(Xg,Xg)Ff(Xg)(s — )
ji=1

dy
x Y n" AGH(XT, X;)Gf’k(f(g)(wf — Wi‘):| dw!.
k=1
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(b) In this step, we introduce a nicer diffusion and study its convergence, and
prove it shares the limit distribution of the previous SDE. Let

.. .. . ro.. . de or o .
gt””:(Pl”"(t)+P21’"(t))+/ (Q’f"(s),{s”)ds+2/ (055" (s), £M)dW!,
0 =1 0

where

O™ (s) =VF (X,); 05 (s) = VG (Xy);

oiin L r i n
P (s) = 5/0 n'(VF (Xy), F(Xy))d A%
dy ¢ .
+Z/ n"(VF (Xy), Gl (X))d AL
0
=1
t .
+/ n (VG (X), F(Xs))d BY!"
0

d
x 1 t .
+ > —f n" (VG (X5)G (X)) dBFH!",
\/i 0 < ( S) ( S)> s

k=1

Bi"(s) = ’ﬁ/ Z oM (X ) aBFkIn ’f’/ ZR”(X)dW’

J.k, =1
t A ) o
e /0 S il (X,) dBI 4 7 /O Rix(X,) ds,
j=1

for Rr, Rg, ¢F, i defined in Proposition 4.11. By (H.), F, G are bounded;
by Lemma 3.13, VF and VG are well defined and bounded and have bounded
derivatives; and from the definition of Rr, Rg, ¢F, ¢G are Cg.

Note that (46) in Proposition 4.10 gives us goodness and convergence of the tu-
ple (n’AO’”, n" Abn prgOn gln prpn B3’”). Hence, by virtue of Theorem 5.4
in Kurtz and Protter (1991a) Z‘ "(- ATy ) is tight and any limit point will satisfy (58)
on the interval [0, tx ] where 7x = (inf{z:|¢(¢)| > K} A T). Moreover

sup ’vc sup ||Q1 sup ||Q2(S)||

0<s<tg 0<s<tg 0<s<tg

are tight.

(c) We prove now that both ¢” and Z " have the same limit on the interval [0, Tg].
By Theorem 4.9, it suffices to prove that sup norm of the difference of the coeffi-
cients converge in probability. By Theorem 4.6 the regularity properties of F and
the mean value theorem we have

IE[ sup | Q)" (1) — Q’l’"(t)|] < [sup|D2F(x)| sup |X; — Xf}] -0

0<t<tg 0<t<tg
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The terms of Q%, P;' are treated in the same way. On the other hand, we get from
Corollary 4.4, Proposition 3.2, and Burckholder—Davis—Gundy inequality that

sup
0<t<T

’

1 . . Lo . .
[ [nﬂ(F’c) —FP ) = ) e (v = R‘F<->} (X) ds
j:l

sup
0<t<T

or—h /’ (G () — GHIn (., )
A s

dx
e T
- 2 v <->v§’k’”—Ra’<->]<X§)dwﬁ
Jk=1

are tight and converge to zero.

Thus, by Theorem 4.9 we will have that ¢%*" and Zhm will converge to the same
limit.

(d) Finally, note that Tz — o0 and tg — oo, proving our claim in the full SDE
case.

(e) To prove (i) it suffices to follow the same approach. We obtain an equivalent
development for the ODE with random coefficients case (replacing by zero all the
“g-terms”). The rest of the proof proceeds as before, this time using (45) for the
weak convergence of the tuple. [

S. The EMsDS algorithm. Given the error expansion for the decreasing step
algorithm presented in Proposition 3.8, it seems natural to explore if a Richardson—
Romberg extrapolation may be used to obtain the approximation with the same
convergence properties we have proven. The idea of such a procedure is to decrease
the complexity by performing a linear combination of two (or more) realizations
of the algorithm with carefully chosen parameters. We borrow here the procedure
as defined in Lemaire (2005).

Let A be a positive real. If {yx} is a sequence of steps satisfying (H, ), the

sequence y* := 2 will also satisfy (#,). We will denote I'}, and Fﬁ,}[r] the sum

of the y,? and its power as before.

Let us denote by F*M (x, ¢) the approximation as defined in (8) when the co-
efficients {y,?}keN* are used.

With ¢ given as in (29), let us define the extrapolated approximation estimator
as

(60)  FRMO(x gy = ASPTVRR M@ gy — FM®W (x, ¢)).

AS/2—1 1(

The first question we might ask is if estimator (60) does converge to the actual
ergodic average, and what type of properties it inherits. To clarify the situation
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consider an extension of (2). Let Yr = (YEX | y2%)* with

th le t ,Yl;x
e [ I [

YE;"=y3+/O b(x, YFY) ds—l—/ (x, YE¥)dW2.

(61)

If W! and W2 are independent, then this system satisfies (H f;.) with a unique
invariant measure defined by ji* (dy) = u* (dy")u* (dy?). If we define

1
L () = 7000,

(62) fx.3) = I —

and defining in an analogous way /, then it can be seen that f, §,j£ 1= gg* satisfy
(Hs.5.). Moreover if we apply the decreasing step algorithm to f (resp., &) in the
extended framework, we obtain the expression (60). Hence, we conclude that the
EMsDS algorithm is equivalent to the MsDS algorithm applied to an extended
system.

Let us denote by X" the approximation of the diffusion X using the extrapo-
lated version of the algorithm. In view of the discussion we presented before, the
following result is mainly a corollary of Theorems 4.6 and 4.12, and extends the
main Theorem to the extrapolation algorithm. It shows the advantage of using the
EMsDS algorithm: assuming higher regularity, all the properties of the MsDS al-
gorithm are conserved, but the extrapolated version allows a lower value for 0 in
the definition of the sequence y; = yok . More precisely we pass from 1/2 to
1/3 in the ODE case and from 1/3 to 1/5 in the SDE case as minimal 6 values.
As a consequence of this reduction, the complexity of the modified version is in
general asymptotically lower than that of the nonextrapolated version (refer to the
efficiency analysis on Section 6.1).

THEOREM 5.1. Let0 <6 <1,y € RY and yx = y1k=%. Assume (H ) and
(Hs.5.), M(n) defined as in Theorem 2.1, and assume in addition that ry > 5.

Let X" be the approximated diffusion where we replace the ergodic estimator (8)

by (60).
(i) (Strong convergence). There exists a constant K such that

e Case g =0 (ODE with random coefficients):

E[ sup |X; — )A(Hz] < Kn~2A=0)1261/(1-6)
0<t<T
o (Full SDE case):

E[ sup [ X, — )A(;’|2] < Kn~l0=01401/(1-0)
0<r<T
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(i1) (Limit distribution). Assume in addition that r¥ > 8, and define

L 3+ D!2 A Ra—oM
Cpi=——; Cli=——r———;
r—1 1-30

GF (x) = Lig=15Cpy/ D (x); $6 (%) = Lip=1/5Cpy DG (x);

R () = Loy Cr (1 =271) [ 55727 Gy (ay):
. o fcaar
Ry (%) :=1p=15C1(1 — A ])/vi;r,,- " (x, y)nt(dy).

o [ODE case: G(x) =0].If6 > 1/3, then Z‘” =n(X; — )A(”) satisfies the limit
distribution result given in Theorem 2.1(a) with new coefficients $* instead
of pt.

o (SDE case). If 0 > 1/5, then Z‘” =nl/2(X, — f(”) satisfies the limit distri-
bution result given in Theorem 2.1(b) with the coefficients RF RO, oF and
@Y instead of RY, RO, o and @g, respectively.

PROOF OF THEOREM 5.1. We will deduce the proof only for the full SDE
case the other case being analogous. We assume that ¢ = 4, which is the most
common case.

(a) As in the proof of Theorem 2.1, the sequence of coefficients satisfies (H, ).
Moreover, the EMsDS algorithm is the MsDS algorithm applied to an extended
system, and hence the strong convergence and limit distribution properties are a
consequence from Theorems 4.6 and 4.12: it remains just to express the values of
the functions and constants appearing in Propositions 4.1 and 4.11 in terms of the
original system.

Indeed, recall that

A~ h(x, yl)) .
bx.y?) )
By (i) in Proposition 4.1 applied to the extended problem [i.e., for the system (61)

and f defined in (62)], we have a solution for the extended centered Poisson equa-
tion given by

27120 (x, yh) 0 )

63 b5 = 0 )

5 (x.5) = (

Gri(x,¥) = — D7 (A2 pi (v, y) — dpi (x, ¥?),

that is, the solution of equation (13) with function F! under the extended set-up is
a linear combination of the solution in the original set-up. Thus, for any j > 0,
1 ()\ZD;:(]bFi (x, yh) )

64 DIy ,Y) = —— .
(64) yPFi(x,y) A= 1\ ZDigp(x 1)
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It follows that

D{¢pi (x. DE[bx, )%=, (5 (x, HUP)®H )]

2 Iy ®U—j) 1 ®2j-1)
_ A D§¢F,-(x,yl)E[<(b(x’y )) J ’(a(x,y )U{’) J >]

A—1 x 7
L~ p] b I=j 2j-1
— 7 Pl (e B[,y (o () UD) P )
Therefore
sy (AGDIZ N
© o= ()i

and we deduce that the terms of the error expansion will be zero for [ < 5.
(b) Let ¢ be defined by (29) under the extended setup. From (65) we conclude
that ¢ > 6, being ¢ = 6 the worst case. Hence, we deduce that defining

Bo = 1 P -
0_2’ 1_1_0’ 2_1_9’
then
'y ~ M ﬁ ~ )/02(1 — Q)Ml—zgn_zg/(l_e)
M 1—6 ’ FM 30 ’
Fz[;] vl — 39)M1—9n—9/(1_9)
rly 1—46 ,

and so, fi, ,32, ,33 are the coefficients appearing in Proposition 4.1 applied to this
setup. We conclude as well that R}, is the function appearing in Proposition 4.11.

Similar developments for H allow us to extend the conclusion to Iégj .
(c) Finally, looking at the definition of ¢ and ®f from Proposition 4.11
and (64) we get that
-, c!
N
D (x) = ﬁ(kz /<G*Dy¢Fi, o*Dyori)(x, yl),ux(dyl)
+ / (0" Dygri, 0" Dyppi)(x, yz)u"(dyz));

that is, é)p(x) =A()L2 + D= D 2D (x). We get a similar result for CiJG. We
obtain the value C,, given in the statement. The claim follows. []

REMARK 5.2. CA‘(p is a constant multiplying the uncertainty coming from the
decreasing step estimator. Since we would like this quantity as small as possible,
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having an explicit value for C, is very useful from a numerical point of view: we
can choose A to minimize C,. We get

r=1+WB3+ D+ 3+ 1)1 x3.196

inducing (A?(p ~ 2.64. This is the initial additional cost that has to be paid for the
extrapolation, making the EMsDS algorithm useful for large n, where the reduction
in complexity of the EMsDS is enough to compensate for the higher error.

6. Numerical results.

6.1. Efficiency analysis. We can approximate the execution time of both al-
gorithms, the original and extrapolated versions of the algorithm, by estimating
the total number of operations needed to perform one path approximation of the
effective equation (3). Note that since both algorithms share the same structure,
a similar analysis is valid for both of them: the total cost x(n) of the algorithm
with n steps may be written as

K(I’l) = [Kl (I’l, dx, dy) + KZ(dx)]na

where «; stands for the cost coefficient estimation at each step of the decreasing
Euler, and k> for the cost of calculating the Euler iteration. The latter will be of
order O(d,) in the ODE case and O(d)%) for the SDE case.

Let us focus now on k1. Both algorithms perform Mn'/1~9 jterations for ap-
proximating the diffusion ¥ and the calculation of estimators F, G. For the MsDS
algorithm, each one of these iterations has a cost of O(dyd,) in the ODE case,
or O(dydf) in the SDE case. In the latter, we need also to perform a Cholesky
decomposition with a cost of O (dg) operations. Hence

O(dya’xnl/(l_g)), in ODE case,

MsDS
K n,dy,d,) =
o dedy) O([dyd? + d3n!/(1=9), in SDE case.

On the other hand, from the definition of the EMsDs algorithm, we get KFMSD S <

AK%VISDS, and thus both share the same order of complexity, with the only difference
that 0 is allowed to be smaller in the extrapolated algorithm.

It may be more interesting to compare the efficiency of both algorithms, that is,
the time spent to obtain a given error tolerance A. We have from Theorems 2.1
and 5.1 that A(n) := O(n~!) for the ODE, and A(n) := O(n~'/?) for the SDE
case. Replacing the minimum possible 6 values we obtain the complexity figures
given in Table 1.

How do these figures compare with a straightforward Euler scheme applied
to the original system? For the ODE case, an Euler scheme implemented for
the original system (1) would require a total of (dx 4+ dy)e~' A2 operations.
Then the MsDS algorithm is more efficient if ¢ < A(d, Vv dy)_l, and the EMsDS
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TABLE 1
Minimal efficiency (operations for fixed error) of the basic and extrapolated algorithm for ODE and
full SDE cases
ODE ODE (extrapol.) SDE SDE (extrapol.)
Omin 1/2 1/3 1/3 1/5

Tmin(A)  O(dydyA™3)  O(dydyA™23)  O(ld2dy +d31A7)  O([d2dy +d31A=*d)

if & < AV2(d; v dy)_l. With respect to the algorithm presented in E, Liu and
Vanden-Eijnden (2005), the efficiency is equivalent to the one obtained when us-
ing a weak scheme of order one for approximating the ergodic averages. The ad-
vantage of our method is that we have in addition to the rate of convergence an
expression for a C.L.T. type result.

In the SDE case, on the other hand, the proposed algorithm will be advan-
tageous in the case in which ¢ < A3d, v dy)_1 for the MsDS version, and
e < A¥(d, v a?y)_1 for the EMsDS. In other words, our proposed algorithms
will be more efficient in our regime of interest of a strong scale separation (i.e.,
when ¢ — 0). It should be remarked that the SDE case is not explicitly studied for
the algorithm in E, Liu and Vanden-Eijnden (2005).

6.2. Numerical tests.

6.2.1. A toy problem. Let us illustrate the main features of the algorithm by
evaluating its behavior when used for solving a toy system for which we are able
to obtain an exact solution. Consider

dy} = ((Ix?+ 1) = v") + vV2dW,,

which is an Ornstein—Uhlenbeck system having a unique invariant measure with
normal distribution with mean (|x|?> + 1)~1/2 and variance 1, and define the SDE
system

dXt - F(Xl)dt + G(Xt)dWl,
with

Ly —(xP+ 1)‘/2).
1 b

w21 (1 0)
) = A0 . A 1 )
8. y) \/2|x|2+3(y AT

with F, G defined as before and where W is a real Brownian motion independent
of the planar Brownian motion W. The form of the assumed coefficients is chosen
to satisfy the regularity and uniform bound hypothesis in (Hs.) and (Hs;.) and

rocn=
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F1G. 1. Q-0 plot comparing the rescaled errors in the simulation with n = 510 and the theoretical
limit distribution (the reference line represents a perfect match). Left: SDE decreasing step. Right:
SDE interpolated.

to give a simple effective equation expression. In fact, it is easily verified that the
exact effective equation is

X_( xh+s+w! )
TN\ s+ W w2/

We will look at the numerical results of applying the decreasing step with
sequence Yy = k=173 and the EMsDS version with sequence Yy = k=5 and
A = 3. Let us examine the distribution of the error at a fixed time 7 =1 (i.e.,
r=X1— X)) Figure 1 shows a Q-Q plot of the rescaled simulated errors /n¢
and the limit distribution error in the studied cases. As shown, the empirical dis-
tributions obtained after 1600 simulations with n = 510 verify the expected limit
behavior.

Figure 2. Left plots in a log—log scale the evolution of the L, error

~ 1/2
¢, = (E| sup |X, — X,
= (e 1%~
in function of the number of steps n, comparing both versions of the algorithm.
The empirically obtained slope (close to —0.5 in both cases) represents the power
of the approximation and is the one expected from the convergence theorems.
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L2 error vs. steps L2 error vs. execution time
o | = Basic (rate: —0.49) ~ Extrapolated (Rate: -0.5) ‘ o | = Basic (rate: -0.2) ~ Extrapolated (rate: -0.22)
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FIG. 2. Left: Ly error as a function of steps for the SDE case (log—log scale). Note that the esti-
mated values for the slopes verify the rate of convergence for the algorithm in both implementations.
Right: Ly error as a function of execution time for the SDE case (log—log scale). Although a higher

price must be payed for a small step number, the slope difference signals a change in the asymptotic
order of convergence.

We show as well in Figure 2 (right) a comparison in the efficiency of both meth-
ods (measured as the error in terms of the execution time) of each one of the algo-
rithms. The effect of the extrapolation in the cost of the algorithm is evidenced in
the difference in slope of the empirical plot for both algorithms. Note that solving
for A in Table 1 we get Apgps = O(t7%2) and Agmsps & O (7 ~92%2), values
that are retrieved in the numerical experiment. It is worth observing the difference
in the intercept of both lines, showing that the higher slope comes with a cost in
the initial error. The conclusion drawn from the toy example may well be gener-
alized: the user should consider implementing the extrapolated version only when
requiring a very high precision on the approximation results.

6.2.2. Pricing in finance. We apply now the algorithm to a pricing problem
in finance. Consider the mean-reverting corrected Heston’s stochastic volatility
model presented in Fouque and Lorig (2011) and given by

dXz =I"Xtdt + E[X;thx,

dY, = ' Z,(m — Y,)dt +v\/2Z,e= 1AW,
dZ, =«(0 — Z,)dt +o+/Z, dW},
Zl = \/Z(l + Y12)7

where we assume W, W', W} are one-dimensional Brownian motions with cor-
relations pyy, px; and py,. We suppose the model is already written in terms of
the risk neutral probability measure with known parameters and initial conditions
given in Table 2. We are interested in pricing several types of options depending
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TABLE 2
Initial condition and parameters of the model

X0 20 Yo m v K r 0 o Pxy  Pyz Pxz

100 0.24 0.06 0.06 1.0 1.0 0.05 1.0 0.39 0 0 —0.33

on the whole trajectory on this model. For this test, we price a floating strike Asian
call (the payoff being ACqoa = ST — 7! [ S; dt) and a lookback call with floating
strike (with payoff LCqoat = ST — Smin)-

In this test, we compare the algorithm with a simple Euler scheme with different
values for €. We carry out 6000 Monte Carlo simulations. The results are presented
in Table 3.

Note that the system does not satisfy all the hypothesis (H ;) and (H;.s.),
particularly it fails to satisfy the boundedness of the coefficients with respect to
the slow variables, and the uniform ellipticity hypothesis. Nevertheless, the MsDS
algorithm seems to work even under these relaxed conditions, and, in addition,
appears to be more stable than the algorithm using small values of ¢. Note as well
that for similar values of total operations [represented by the column n x M (n)],
the MsDS algorithm gives better results.

APPENDIX A: TECHNICAL RESULTS

A.1. Weak convergence of tuples.

PROOF OF PROPOSITION 4.10. (a) Let us start by proving (45). Note that the
approximations defined by (9) are defined in the same sample space of the effective

TABLE 3
Simulation values

Method e n M (n) n x M(n) Asian Lookback
Euler 1073 5 x 100 1 5 x 10* 40,988 81,591
Euler 1073 107 1 1 x 10° 40,503 81,256
Euler 1073 2 x 107 1 2 x 10° 40,086 80,769
Euler 10~4 5 x 100 1 5x 109 22,091 54,119
Euler 10~4 107 1 1 x 100 21,897 53,806
Euler 10~4 2 x 107 1 2 x 10° 20,908 52,095
Euler 1075 5% 100 1 5 x 10° 18,203 45,947
Euler 1075 107 1 1 x 107 15,164 39,123
Euler 1075 2 x 107 1 2 x 107 20,659 51,240
MsDS - 50 3540 1.77 x 103 20,738 47,920
MsDS - 100 10,010 1 x 100 20,681 48,841

MsDS - 200 28,290 5.66 x 10° 20,669 49,557
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equation (3) and that we have, thanks to Theorem 4.6, that
~ n P
sup | X — X;|— 0.
0<s<t

Hence,
(66) (X, X", W)= (X, X, W).
Now, nA%" is deterministic, continuous and

(%_ LCIE I

lim nAY" = lim 2n
2n?

n—oo n—oo

and the convergence is uniform in ¢.
On the other hand, we can easily verify that for any 7, and 1 <i <d,,

i t |nt] 1 .
nB, """ = n/ vollds =) —vl" +

but by the Cauchy—Schwarz inequality we have

E[ sup (m;#vir? 2} SE[

0<t<T
Then it suffices to study the convergence of the Gaussian martingale Z}Zg n=12x
vé‘”. Let 0 < j <d,. Then the independence properties and an application of a
multi-dimensional C.L.T. gives us that

|nt] 1 ) |nt] 1 ) 1 |nt] ) ) P
<Z " 3 ﬁv&_/’"> =~ D 6.
i=0 i=0

i=0

nt — |nt] ;.,
_ ? s
032 L

. 1 in
th)fk

k=1

2
n in2

We conclude that B! is (up to a modification) a Brownian motion independent from
W and X, by remarking its Gaussian nature with independent increments property
and covariance matrix as the one of the standard Brownian. Thus (45) follows.
Note that we have shown property (x) as well, and consequently goodness of the
sequence.

(b) To prove (46) note first that \/n B%1Ji s a continuous martingale. In view
of the results in Jacod (1997), we examine the component-wise quadratic variation.
By standard techniques we find

t

(VnBELIn [y gBiin) 2n/0 (Wi — W) (W] —W;/)ds

P
— iy,
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and due to independence we find as well that, taking, j # j/,
(VaBZhin wi) L5 o,
<ﬁ32;i,j;n’ «/HBZ;i’j,;n)t = 0; <\/EBZ;k;", Wj)t —0.

By Theorem 4-1 in Jacod (1997), B*" convergences stably in law toward B? a
standard Brownian Motion independent from W; for the definition of this type
of convergence see Aldous and Eagleson (1978) or Jacod (1997). Since all the
processes are continuous, stable convergence in law implies joint convergence.
Therefore considering (66), we have

(X, X", W, BE") = (X, X, W, B?).

Note that we proved tightness of the quadratic variation of the martingale /nB>",
so that it has property (x), and therefore it is good.

Now, B¥" is also a continuous Gaussian martingale, and we can make use
again of Theorem 4-1 in Jacod (1997). Let us check the convergence in prob-
ability of its quadratic variation toward ¢/ and of its quadratic covariation with
respect to the other martingales. Indeed, it is straightforward that if j # j’,
(B3hJsn , B3 My = 0, while we deduce from the multidimensional C.L.T.
(B3”~J’”, B3’ Jiny, LN 1;—;»t. As before this also shows goodness of B3 Us-
ing the same techniques we prove for any i, j, I that (B3l /uB¥imy, =
0, and (B3?l’j?”, W) = 0. Hence

(X, X™ w,B*" B*") = (X, X, W, B>, B%).

We prove now the convergence in probability toward zero of the remaining terms
in the left side tuple in (46).
Since n71/2 — 0 and nA%" = A°, we have n!/24%" = 0 and thus n!/? x

A0 20,
On the other hand, for any ¢ > 0 and %,

t
E[(vnB%k", \/EBO;/“”)Z] = n/ (s — g)zds
0
1/n t—|nt]/n
=Zn/ rzdr—l—n/ rdr
0 0

|nt|+1

nt ]| 1 »

Z 2 =00,

So that by the Burckholder-Davis-Gundy inequality, E[supy,<7 |/nB%"|?]

. . a P s .
tends to zero as n — oo, implying \/nB%”" — 0. In addition, it can be readily
seen that

E[jnatkn gl =0
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for j # k, so that we have by using convex and Cauchy—Schwarz inequalities,

d,T
2 9

0<r<T

d T ) .
B[ sup [Vl [l =ar ) [ B[(W] - W) <
j=1

and hence, by the law of large numbers, \/n A" LN E[/nAb"] =0.

Finally, as \/nB"" converges in law to a Brownian, B" %5 0. Therefore (46)
is proved. [

APPENDIX B: CHOLESKY DECOMPOSITION

PROOF OF LEMMA 3.4. Since G + AG is the lower triangular factor of H +
AH, we have
i—1
(Gii + AGi i) =H; ;i + AH;; — Y (Gix + AG; ).
k=1
By algebraic manipulation and the fact that G is the Cholesky decomposition of H,
we get

AH;; =2 "V AGi 1 Gix il
AGij=————T= = = [ (AGi)* + ) (AGi* ).
bt k=1

The first claim follows by controlling the last term by induction in i, Theorem 3.3
and norm equivalence given by (11). The case i > j is proved in the same way.
O
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