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Numerical smoothing and hierarchical approximations for efficient
option pricing and density estimation
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Abstract

When approximating the expectation of a functional of a certain stochastic process, the
efficiency and performance of deterministic quadrature methods such as sparse grids, and hier-
archical variance reduction methods such as multilevel Monte Carlo (MLMC), may be highly
deteriorated in different ways by the low regularity of the integrand with respect to the input
parameters. To overcome this issue, a smoothing procedure is needed to uncover the available
regularity and improve the performance of the aforementioned numerical methods. In this work,
we consider cases where we cannot perform an analytic smoothing. Thus, we introduce a novel
numerical smoothing technique based on root-finding combined with a one dimensional integra-
tion with respect to a single well-chosen variable. We prove that under appropriate conditions,
the resulting function of the remaining variables is a highly smooth function, potentially allowing
a higher efficiency of adaptive sparse grids quadrature (ASGQ), in particular when combined
with hierarchical transformations (Brownian bridge and Richardson extrapolation on the weak
error) to treat high dimensionality effectively. Our study is motivated by option pricing problems
and our main focus is on dynamics where a discretization of the asset price is needed. Through
our analysis and numerical experiments, we illustrate the advantage of combining numerical
smoothing with ASGQ compared to the Monte Carlo (MC) approach. Furthermore, we demon-
strate how numerical smoothing significantly reduces the kurtosis at the deep levels of MLMC,
and also improves the strong convergence rate, when using Euler scheme. Due to the complexity
theorem of MLMC, and given a pre-selected tolerance, TOL, this results in an improvement of
the complexity from O (TOL72'5) in the standard case to O (TOL72 10g(TOL)2). Finally, we
show how our numerical smoothing combined with MLMC enables us also to estimate density
functions, which standard MLMC (without smoothing) fails to achieve.
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1 Introduction

In many applications in quantitative finance, one is usually interested in computing efficiently

(1.1)

Efg(X)],

where X is a certain stochastic process and ¢ is an observable of the state process X.
Approximating (1) is usually challenging due to a combination of two complications:

1.

2.

The high dimensionality of the input space, a consequence of i) the time-discretization of
a stochastic differential equation (SDE) describing the dynamics of the asset price, ii) path
dependence of the option price on the whole trajectory of the underlying (i.e., X is a path of
an asset price, not the value at a specific time), or iii) a large number of underlying assets,
and so forth.

The low regularity of the payoff function, g, with respect to the input parameters.

There are mainly two classes of methods for approximating (ILI]), and in this work, we introduce a
numerical smoothing technique as means to improve the performance of both approaches.

1.

The first class of methods relies on deterministic quadrature methods (sparse grids (SG)
quadrature [8], adaptive sparse grids quadrature(ASGQ) [20], quasi Monte Carlo (QMC) [26],
etc, ...) to approximate the integral arising from (I.I]). Both the high dimension of the input
space and the existence of discontinuitied! in the integrand heavily degrade the performance
of deterministic quadrature formulas. Despite the significant progress in SG methods [§] for
high-dimensional integration of smooth integrands, few works have been carried out to deal
with cases involving integrands with discontinuities.

Some works [17] 18 19} [, 27] have addressed similar kinds of problems, characterized by the
presence of discontinuities, but with more emphasis on QMC. We note that [17, [18] [19] focus
more on theoretical aspects of applying QMC in such a setting. On the other hand, here we
focus more on specific practical problems, where we include the adaptivity paradigm. Other
works [6l 27) [5] address the low regularity of the integrand by performing analytic smoothing
based on conditional expectation tools, before applying quadrature methods. For instance,
the authors in [27] imposed very strong assumptions to perform analytic smoothing. In our
work, we do not make such strong assumptions, which is why we use numerical smoothing.

In the first part of this work, we consider cases where analytic smoothing cannot be done, and
we introduce a novel numerical smoothing technique based on i) identifying the exact location
of the discontinuities using root-finding algorithms, ii) employing suitable transformations of
the integration domain, and iii) a pre-integration step with respect to the dimension con-
taining the discontinuity. We prove that under appropriate conditions the resulting function
of the remaining variables is a highly smooth function, thus potentially allowing a higher
efficiency of ASGQ, in particular when it is combined with hierarchical transformations to
effectively treat the high dimensionality. We apply the ASGQ method to solve the integra-
tion problem. Given that ASGQ benefits from anisotropy, the first representation consists

!By discontinuities, we refer to either discontinuities in the gradients (kinks) or discontinuities in the function
(jumps).



of applying a hierarchical path generation method (PGM) based on Brownian bridge con-
struction, with the aim of reducing the effective dimension. The second technique consists
of applying Richardson extrapolation to reduce the bias (weak error), which in turn reduces
the number of time steps needed at the coarsest level to achieve a certain error tolerance
and consequently the total number of dimensions needed for the integration problem. Our
analysis, along with the numerical experiments, illustrates the advantage of our approach,
which substantially outperforms the Monte Carlo (MC) approach even for high-dimensional
cases and for dynamics where discretization is needed such as the Heston model.

. The second class of methods relies on MC methods (standard MC, Multilevel Monte Carlo
(MLMC) [16],...) to approximate the expectation in (LI]). Although the rate of convergence
of standard MC is insensitive to both the dimension of the input space and the regularity of
the observable g, it is very slow. On the other hand, MLMC, which is based on a hierarchical
representation of the expectation and has a better speed of convergence than standard MC, is
badly affected by the low regularity of g. These negative effects consist of i) a large variance
and a low strong convergence rate that affect the speed of convergence of the MLMC method
(see [15l 4] and our numerical experiments in Section [6]) and ii) a high kurtosis at the deep
levels of MLMC, affecting the robustness of the estimator (see Section and our numerical
experiments in Section [6]). Furthermore, when g is a Dirac delta function, standard (without
smoothing) MLMC or MC fail to approximate the density functions due to the singularity
present in g, and the resulting infinite variance.

Avikainen in [4], and Giles, Higham, and Mao in [15] used MLMC for such a task without
smoothing and obtained a poor performance for the MLMC estimator. On the other hand,
a second approach was suggested in [11, [14], which used implicit smoothing based on the
use of conditional expectation tools. There are two potential issues with this approach: i) in
general cases, one may have dynamics where it is not easy to derive an analytic expression
for the conditional expectation, and ii) this approach used a higher order scheme, i.e., the
Milstein scheme, to improve the strong order of convergence, and consequently, the speed of
convergence of the MLMC estimator. Such a scheme becomes very computationally expensive
for higher dimensional dynamics. Different non-smooth payoff functions were considered
in [11Il 14] (Asian, barrier, digital) but the only considered dynamics were the geometric
Brownian motion (GBM) model. Finally, in [16], the authors suggested a different approach
based on parametric smoothing. In fact, they carefully constructed a regularized version of
the integrand, based on a regularization parameter that depends on a regularity index of the
function of interest, and the tolerance requirement. This approach, despite offering better
performance than the standard (without smoothing) MLMC estimator and a clear setting
for theoretical analysis, has the practical disadvantage in the difficulty of generalizing it to i)
cases where there is no prior knowledge of the degree of smoothness of the function of interest,
and ii) more challenging dynamics than GBM dynamics that were tested and analyzed in [16].

In the second part of this work, we propose an alternative approach, based on numerical
smoothing technique (as explained previously) combined with the MLMC estimator. Com-
pared to the aforementioned works, our approach can be easily applied to cases where one
cannot perform analytic smoothing. Furthermore, compared to the case without smoothing,
we improve the robustness of the MLMC estimator by significantly reducing the kurtosis at the
deep levels, and also improve the variance and the strong convergence rate, and consequently



the speed of convergence of the MLMC method from O (TOL_2'5) to O (TOL_2 log(TOL)?),
with TOL being a prescribed tolerance. We emphasize that we obtain similar rates of strong
convergence and MLMC complexity as in [I1l 4], without the need to use higher order
schemes such as the Milstein scheme. In addition, our approach, compared to that of [16], is
easier to apply for any dynamics and payoff function. Furthermore, our numerical smoothing
idea enables us to approximate density functions using MLMC, a task where standard MLMC
and MC (without smoothing) fail due to infinite variance. We emphasize that estimating den-
sities using the approach in [I6] has a mean square error (MSE) behavior similar to kernel
density techniques, which increases exponentially with respect to the dimension of the state,
X (or a vector valued function that depends on the density of X) (see Remark [6.6]). However,
thanks to the exact conditional expectation with respect to the Brownian bridge, the error of
our approach is only restricted to the error of the root-finding algorithm for identifying the
exact location of the discontinuity (see Remark [6.4]); therefore, it is insensitive to the dimen-
sion of the state X. Furthermore, although we provide pointwise estimates, our approach can
be easily extended to approximate functions using similar ideas introduced in [16] 24] using
interpolation grids. Finally, compared to [11, (14 16], we add numerical results for the Heston
model, were discretization is needed unlike the GBM dynamics, which is only considered here
as an instructive example to showcase our approach.

We begin by explaining the technique of numerical smoothing and selecting the optimal smoothing
direction in Section 2l In Section [B] we explain the different building blocks, constituting our hierar-
chical methods. We provide in Sections [4.1] and an error and work discussion for both methods
that we combine with numerical smoothing, namely ASGQ and MLMC. We also provide in Section
[43] a smoothness analysis of the resulting integrand after performing the numerical smoothing.
Finally, we show in Sections [ and [6] the results obtained through the different numerical experi-
ments conducted for the ASGQ and MLMC methods. The reported results illustrate the significant
computational gains achieved by the ASGQ and MLMC methods, both combined with numerical
smoothing, over the MC and the standard (without smoothing) MLMC method, respectively.

2 Problem formulation and setting

We start with the continuous time representation of the problem we are addressing. Then, we
illustrate the spirit of our approach in the time-stepping setting.
In our context, we work mainly with three possible structures of payoff function ¢: i) g(x) =

max($(x), 0); 1) g(x) = Ligx20); 1) 9(x) = 3 (6(x) = 0) B
We introduce the notation x_; to denote the vector of length d — 1 denoting all the variables

other than z; in x. Furthermore, we assume for some j € {1,...,d}
0p d . . . H
(2.1) 8—(X) > 0, Vx € R* (Monotonicity condition)
Ty
(2.2)
lim ¢(x) = lim ¢é(zj,x_;) =400, Vx_; € R or @(x) >0, Vx € R? (Growth condition)
T;—>+00 o T;—+00 Jr =3 ’ -7 2 -7 :

J

%14 is the indicator function of the set .A, and §(.) is the Dirac delta function.



2.1 Continuous time formulation and optimal smoothing direction

In this section, we aim to characterize the optimal smoothing direction through the continuous
time formulation. We recall that the purpose of this work is to approximate E [¢(Xr)], where g is a
certain low regular payoff function, and X := (X ORS¢ (d)) is described by the following SD

d
(2.3) dX) = ai(Xe)dt + 3 by (X )dW, .

Jj=1

First, we start by hierarchically representing W. We can write

. t . ; t i
WO (t) = TW(])(T) +BU(t) = ﬁZj + BW(t),

with Z; ~ N(0,1) iid and where {BU )};;:1 are the Brownian bridges.
Now, let us denote the optimal smoothing direction by v, which we characterize in the following.

Given the definition of v, we represent Z := (Z1, ..., Zy) hierarchically as
Z = PyZ + P, Z ,
—~ ~—

One dimensional projection  Projection on the complementary

where we writd] PyZ = (Z,v)v, and || v ||= 1. We can easily show that Z, := (Z, v) is normal
with E[Z,] = 0 and Var(Z,) = 1 (since v is a deterministic direction). Furthermore, for any
1 <j <d, we can write (with w :=Z — Z,v)

(2.4) Zj = Zyvj + (PLZ); = Zyv; + wj.

Going back to the SDE (2.3)), we have

dxV = a;(X,)dt + zd: by (Xt)zjj—% + zd: bi;(X)dBY.
j=1 j=1
Using (2.4]) implies
(2.5) dx? = | a;(X,) +zdjb»j(xt)2”“j dt + zdjb--(xt)ﬂ dt+zdjb--(xt)d3<j>.
' j=1 l VT j=1 ! VT Jj=1 ! t

If we define Hy (Z,,w) := g(X(T)), then observe that, given the representation of X given by
(25) and decomposition [24]), we can write

Elg(X(T))] = E[E[Hy (Zy, W) | W]
(2.6) Var [g (X(T))] = E [Var [Hy, (Z,,w) | w]] + Var [E [Hy (Z,, w) | w]].

3Without a loss of generality, we show the monotonicity condition for an increasing function. However, the
assumption still holds for a decreasing function, which can be the case when considering a spread option.

4We assume that the {W(j)}?zl are uncorrelated and the correlation terms are included in the diffusion terms b;.

SWe use (.,.) to denote the scalar product operator.



Therefore, given (2.6]), we characterize the optimal smoothing direction as the one that maximizes,
at the final time, the smoothing effect, which is essentially the variance of the component orthogonal
to the discontinuity. This implies that v solves the following equivalent optimization problems

(2.7) max E [Var [Hy (Z,,w) | w]] <= min Var[E[H, (Z,,w) | w]].
it T

Solving the optimization problem (2.7)) is a hard task, and the optimal smoothing direction v is

problem dependent. In this work, we aim to determine v heuristically given the structure of the

problem at hand. In the following Section, we provide more insights on how to choose v and also

how to perform the numerical smoothing in the time-stepping setting.

2.2 Motivation and idea of the numerical smoothing

To illustrate our approach, we consider in this section the example of an arithmetic basket call
option under the multi-dimensional GBM model. We note that our approach is easily extended to
any dynamics and payoff functions (see Sections [H and [0l for the different examples that we test).
We specifically consider the process X to be the discretized d-dimensional GBM model given by

dXt(7) — O'(j)Xt(j)th(j), 1 S] S d,

where {W® ... WD} are correlated Brownian motions with correlations pij, and {o\@)
the volatilities of the different assets.
We also consider the payoff function g given by

d
=1 are

d
(2.8) g(X(T)) =max [ Y ¢, XUN(T) - K0,
j=1
with {c¢; }5;:1 are weights of the basket, K is the exercise price, and T is the time to maturity.
We denote by (ij ), e Z](\?)) the N Gaussian independent random variables (rdvs) that will

be used to construct the approximate path of the j-th asset Y@, with IV being the number of time
steps used in the discretization. We denote (9 : (Zf]), .. ,Z](\?)) — (By), . ,B](\],)) the mapping of
the Brownian bridge construction and by ® : (At,B) — <Y(Tl ), ... ,Ygfl )), the mapping consisting
of the time-stepping scheme, where B := (Bil), e B](\}), e B%d), . ,B](\?)) is the non-correlated
Brownian bridgeﬁ. Then, we can express the option price as
—(1) —(d —At
ElgX(T)] ~E[g (X7, X5 )| =B [gX™(1)]

::E@o@(B?%”wahuwahuwB%U}
—E [goq> (zp(l)(Zfl),...,Z}V”),...,¢<d>(z§d>,...,z§$>))}
(2.9) = /d NG(ZF),...,ZZ(\}),...,z§d),...,zj(\?)))pde(z)dz§l) ...dzg\})...zid)...dz](\?),
R X

where G :=go®o (w(l), . ,w(d)), and pgx N is the multivariate Gaussian density given by

1 .,
paxn(z) = e

SWithout loss of generality, the correlated Brownian bridge can be obtained through a simple matrix multiplication.



In the discrete case, we can show that the numerical approximation of X (j)(T), using Forward
Euler, satisfies

B LN [C) N1 )
©) _ v { g ) () ( ')] @) () 7(3) .
2.10 X0 =xP I 1+ Z=2Pat+0DABY | = xP [ 19(2), 1<j<d
( ) (1) 0 1 T 1 0 n:of ( 1 ) J

Remark 2.1. Note that (2I0) holds even for stochastic volatility models, with the particularity
of ¢U) being non constant that changes value at each time step.

2.2.1 Step 1: Root-finding for determining the discontinuity location

The first step of our approach is to smoothen the problem by solving the root-finding problem in
one dimension after using a sub-optimal linear mapping for the coarsest factors of the Brownian

increments Z; := (Z{l), cee Z{d))
(2.11) Y = AZ,,

with A being a certain d x d matrix that represents the linear mapping. To make connection with
Section 211 the smoothing direction v is then given by the first row of the linear mapping A.

A general choice for A should be in the family of rotations, which is problem dependent choice.
For instance, if we consider the basket call option, then a sufficiently good choice of matrix A
would be a rotation matrix with first row leading to Y7 = Zle Z{Z) up to re-scaling, and with
no constraints for the remaining rows. In practice, we construct A by fixing the first row to b
L.1,,4 and the remaining rows are obtained by the Gram-Schmidt procedure.

Vd
From (2.10), we have
() VYT 6 N
X1 =X TL 2 (A7) = x5 [[ FOv. Y, 1<j<d,
n=0 n=0

where, by defining A™ := A~!, we have

, DAL . G (L , .
o mv g mv
FOY,Y )= |14+ ——ADY, + — = (;_ZjAji Y; | At + 09 ABY

Given that the irregularity is located at the strike price K (see (Im))ﬁ, and in order to determine
Y7, we need to solve, for fixed y_,

d N—-1
K=", x7 T FOwi(K),y-1),
j=1 n=0

which implies that the location of the discontinuity for the approximate problem is equivalent to
finding the roots of the polynomial P(y;(K)), given by

d N—-1
PYF(E) = [ Y ex? TI FO ) | - K.
j=1 n=0

We use Newton iteration method to find ¥}, approximation of the discontinuity location, yj.

"We denote by 11xq the row vector with dimension d, and where all its coordinates are equal to one.
80ne may have different locations depending on the considered payoff function.



Remark 2.2. Due to using the hierarchical Brownian bridge construction, we suggest that the
coarsest factors of the Brownian increments are the most important, compared to the remaining
factors. Furthermore, the choice of the linear mapping A creates a new hierarchy in terms of
smoothness.

Remark 2.3. Although we consider the case of the basket call option under the multivariate GBM
model to illustrate our numerical smoothing idea, we believe, thanks to our formulation of this step,
that this idea can be extended in a straightforward manner to any kind of payoff and dynamics.

2.2.2 Step 2: Pre-Integration (Conditional expectation)

At this stage, we want to perform the pre-integrating step with respect to the direction where
we performed the root-finding to determine the discontinuity location, namely y7. In fact, using
Fubini’s theorem, we have from (2.9)

(1) =~(d) <At
ElgX(T)] ~E g (X7 ... X5 )| =B [oX>(1))]
= / G (z%l), .. zj(\}), . ,z%d), . 725\(,1)) pde(z)dzil) . .dz](\}) e zgd) .. .dz](\',i)
RAXN
= / I (Y—l,Z(,lzv S ( 1)) Pdfl(yfl)dyflpdx(N—l) (Z(jiv - (d)) dZ( ) -dz(,dl)
RAN—1
(2.12) —E {1 (Y,l,zﬂli, N .,z&‘?)}

|

~B[T(Yo,2Y,. . 29)

where
I (y—luzgzu o 7z(7dl)) = / G (ylay—hz(jiu oo ( 1)) p’ljl(yl)dyl
R
" ) (a) i M (d)
(213) = G(ylay—laz—lu"'uz—l) Py1(yl)dy1+ G(yluy—luz—la"'u 1) pm(yl)dKJL
—0 Uik
and I its approximation using Newton iteration and Laguerre quadrature, and given by
Nq
(2.14) T(y_1.2%,....2") =3 m@ (gk @) .y_1,2%, ..., @)
k=0

where 7] is the approximated location of the discontinuity, and N, is the number of Laguerre
quadrature points ¢ € R with {p = 7] and corresponding weights 7 @

Since G has a discontinuity, computing h in (ZI3]) should be carried carefully to not deteri-
orate its regularity. We generally do not have a closed form for the function I. Therefore, the
pre-integration step should be performed numerically after solving the root-finding problem, as
explained in Section 2221l In our work, the pre-integration step is performed by summing the
terms corresponding to the uni-variate integrals in each region where G is smooth. To this end,
we use the Gauss-Laguerre quadrature to obtain I, given by (Z.I4]), which is an approximation of

I defined in ([ZI3]).

90f course, the points ¢ have to be chosen in a systematic manner depending on 7.




Both approaches that we use in this work, namely ASGQ and MLMC methods (see Section
B) aim to efficiently approximate the resulting expectation, E [T (Y_l,Z(_li, .. .,Z(_d%)}, defined
in (2Z12) and (2I4), and obtained after the numerical smoothing step, as described in Section
This numerical treatment enables us to uncover the available regularity, and hence achieve a
highly smooth integrand, I, inside the expectation (see Section 3] for a smoothness analysis of
I). Therefore, applying a deterministic quadrature technique such as ASGQ, with careful handling
of the high-dimensional integration problem defined by (2.12]), becomes an adequate option for
computing the option price, as we will investigate later. On the other hand, we also emphasize that
the numerical smoothing step plays a role of variance reduction that improves the performance of
the MLMC method, as we will illustrate numerically in Section [61

Remark 2.4. The pre-integration step described previously can be generalized to the case when
there are multiple discontinuities, which can be either due to the payoff structure or because of
using the Richardson extrapolation. In this case, one needs a prior knowledge of those multiple
locations.

Remark 2.5. It is observed that for most considered payoffs, the discontinuities arise along a lower-
dimensional manifold, and the additional computational costs for the zero finding are negligible.
There might be, for a given (y_1, z(_I%, ... 7z(_d%): i) Case 1: no solution, i.e., the integrand is smooth
(best case); ii) Case 2: a unique solution; iii) Case 3: multiple solutions.

Generally, we assume that we are in the first or second case. This assumption is reasonable,
for instance, if we are in the setting described by conditions ((2.1]) and ([2.2])). Then for each fixed
y—1, the function G either has a simple root y} or is positive for all y; € R.

In many situations, case 2 (which is thought to include case 1) can be guaranteed by monotonic-
ity (see assumption (2.I])). For instance, in the case of one-dimensional SDEs with z; representing
the terminal value of the underlying Brownian motion, this can often be seen from the SDE itself.
Specifically, if each increment “dX” is increasing in z1, no matter the value of X, then the solution
X7 must be increasing in z;. This is easily seen to be true in examples such as the GBM model
and the Cox-Ingersoll-Ross (CIR) process .

Even in the multi-dimensional case, such monotonicity conditions can hold in specific situations.
For instance, in the case of a basket option under the multivariate GBM, we can choose a linear
combination of the terminal values of the driving Brownian motion, denoted by Y7 in (2I1I), such
that the basket is a monotone function of y; (the coefficients of the linear combination will depend
on the correlations and the weights of the basket). However, in that case, this may actually not
correspond to the optimal “rotation” in terms of optimizing the smoothing effect.

Remark 2.6. If the ASGQ used for computing the integral of I depends on derivatives (or difference
quotients) of I, then we may also need to make sure that derivatives of I are close enough to the
derivatives of I. This may require higher order solution methods for determining y7.

3 Hierarchical Integration Methods Combined with Numerical
Smoothing

We recall that our goal is to compute the expectation in ([2.9]). To perform this task, our approach
can be seen as a two-stage method. In the first stage, we uncover the available regularity in our



problem through a numerical smoothing procedure, based on a root-finding algorithm to determine
the location of the discontinuity with respect to the coarsest factors, followed by a pre-integration
step (see Sections [Z2]). After performing the first stage of our methodology, we end up with an
integration problem (2.I2)) of a highly regular integrand (see our smoothness analysis in Section
[4.3) that lives in (dN — 1)-dimensional space, which becomes very large due to either i) a large
number of time steps, N, used in the discretization scheme, or ii) a large number of assets, d. The
second stage of our approach consists of efficiently approximating the high-dimensional expectation
(integral) ([2.12]). To this end, we design mainly two methods , namely i) a hierarchical ASGQ,
using the same construction as in [20, [5], and ii) the MLMC method, as described in [12, [13].

We briefly describe the ASGQ and MLMC methods in our context in Sections B.1] and [3.2],
respectively. To make effective use of ASGQ, we use a similar idea that was introduced in [5], and we
apply two hierarchical representations to overcome the issue of facing a high-dimensional integrand.
We first apply a hierarchical path generation method, based on Brownian bridge construction, with
the aim of reducing the effective dimension. Then, we apply Richardson extrapolation to reduce
the bias, resulting in considerably reducing the dimension of the integration. We refer to [5] for
more details on how to apply these two hierarchical representations.

3.1 Adaptive sparse grids quadrature (ASGQ)

Using the same notation and construction as in Section 4.1 in [5], the ASGQ estimator used for

approximating (Z12)), and using a set of multi-indices Z € N¥V~1 is given by
dN—1
(3.1) = AQR, with AQF = ( 11 Al) QB
BeT i=1

and 5 . /
AQE - {QN—QN, with 8' = B —e;, if B; > 0,
Q?,, otherwise,
where QP is the Cartesian quadrature operator with m(B;) points along the ith dimension.

If we denote by Eiotal, Ascq the total error of approximating E [¢(X(T))] using the ASGQ
estimator, @y (defined by (B8.])), then we have a natural error decomposition

5‘total, ASGQ S ‘E[Q(X(T))] - K |:I(y,1,Z(71%, cee 7Z(:il)):| ’ + ‘E [I(yflvz(flia e 7Z(:il)):| -E |:I(yflvz(fliv cee 7Z(:il)):|’

Bias

+[B T2 )] - Qu|
Quadrature error

(3.2) < 5B(N)+5Q(TOLAS(;Q,N, d),

where &g is the quadrature error, £p is the bias, TOLasaq is a user-selected tolerance, and I
and I are given by ([ZI3]) and (ZI4]). We refer to Section EI] for more analysis on the error of the
ASGQ method, and to Section 4.1 in [5] for more details on the construction of the ASGQ method.

3.2 Multilevel Monte Carlo (MLMC)

Let X be a stochastic process and f : R — R be a smooth scalar observable. Let us assume
that we want to approximate E [f(X(T"))], but instead of sampling directly from X(7"), we sample

10



<A . . . .
from X t(T), which are rdvs generated by an approximate method with step size At. Let us

assume also that the variates XAt(T) are generated with an algorithm with weak order, O (At),

i.e., B [f(X(T)) — f(XAt(T))] = O (At). Let ups be the standard Monte Carlo estimator of

E [ f (XAt(T ))} defined by (X[%s] (T') are independent and distributed as XN(T )

M
1 <At
K i = i Z f(X[m] (T)).
m=1
Consider now the following decomposition of the global error

E[f(X(D)] = par = (B [fX(D) = F&X ()] ) + (B [FX @) = pa ) -

To achieve the desired accuracy, TOL, it is sufficient to take At = O (TOL) so that the first term
on the right is O (TOL) and, by the Central Limit Theorem, impose M = O (TOL_2) so that
the statistical error given by the second term on the right is O (TOL) [10]. As a consequence, the
expected total computational work is O (TOL_3).

The MLMC estimator, introduced by Giles [12], allows us to reduce the total computational

work up to O (TOLJﬂmaX(Q%) log (TOL)2X1{5:V}>, where («, 3,7) are weak, strong and work

rates respectively. We refer to [9,[13] for the theorem of the computational complexity of the MLMC
estimator for different scenarios.

We construct the MLMC estimator as follows: consider a hierarchy of nested meshes of the
time interval [0, T], indexed by £ =0,1,..., L. We denote by At the step size used at level £ = 0.
The size of the subsequent time steps for levels ¢ > 1 are given by Aty = K ~Aty, where K>1 is
a given integer constant. In this work, we take K = 2. Hereafter, X, denotes the approximate
process generated using a step size of At,. We also denote by M, the number of samples at level
¢. Consider now the following telescoping decomposition of E [ f(X(T))]

At At

L
E [¢gXr(T))] =E [f(Xo(T))] + Y E [f(Xe(T)) = f(Xe-1(T))]
=1
Var[f(Xo(T))] > Var[f(Xe(T)) — g(Xe—1(T))](\ ast )
My > My(\, asl )
Then, by defining
Qo= > Sojm(T))
Q= 3 (Iagm(T) = IR 1y (1) 1< 4L

we arrive at the unbiased MLMC estimator, Q, of E [f(XL(T))]
—~ L ~
33) a=Ya.
=0

We note that the key point here is that both Xg’[m (1) and Xg_l’[m (') are sampled using different
time discretizations but with the same generated randomness.
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In our context, our aim is to approximate E I(Y_l,Z(_lg,...,Z(_d%)], defined in ([212). We

denote by I, and I, the level ¢ approximations of I and I expressed in (ZI3) and ZI4) (I,
computed with N, time steps; N,, the number of Laguerre quadrature points at level /; and
TOLNewton,¢ the tolerance of the Newton method at level ¢). In this case, Qy, defined in (B3)), is
given by

N 1 _ _
Qei= 37 2 Teimd = T ma))

my=1

In the context of option pricing or density estimation of asset price dynamics, the standard
MLMC estimator (without smoothing) fails or does not have the optimal performance and robust-
ness due to the singularity present in the payoff or the delta functions, implying that the MLMC
estimator suffers from i) a high kurtosis at the deep levels, ii) high variance, and iii) low strong
convergence rate. We refer to Section [0l for a numerical illustration of these issues.

To explain the effect of the high kurtosis on the robustness and performance of the MLMC
estimator, let G denote a rdv, and let Gy denote the corresponding level £ numerical approximation.
We also define Y, = Gy — Gy_1. Then, the standard deviation of the sample variance for the rdv Y
is given by

(34) USZ(YZ) = VT/I‘[MYVZ] \/(H — 1) + 2

E[(Ye—E[Ve])"]
(Var[Yy])?

Hence, O (k) samples are required to obtain a reasonable estimate for the variance.

For the setting of the MLMC method, accurate estimates for V; = Var[Yy] are required. There-
fore, when the kurtosis of Y7 is high, it affects both the robustness (no reliable estimates of the
sample variance, V;) and also the performance (too many samples are required to control 052(v))
given by (B.4])) of the multilevel estimator.

In this work, we address the aforementioned issues and propose a novel approach that is based
on the MLMC method combined with the numerical smoothing idea, as explained in Sections 2.1
and Our approach of numerical smoothing improves the robustness of the MLMC estimator,
by reducing significantly the kurtosis at the deep levels, and also improves the complexity of the
MLMC estimator by reducing the variance and increasing the strong rate of convergence.

where the kurtosis k =

4 FError discussion and smoothness analysis

4.1 Error and work discussion for ASGQ combined with numerical smoothing

In this section, we discuss and analyze the different errors that we have in our approach when using
the ASGQ method combined with the numerical smoothing idea. Let us denote by @y the ASGQ
(as defined in Section B.I]) that we use to approximate E [¢g(X(T"))], then following the notation of

12



Section .21 we have the following error decomposition

Elg(X(T)] - Qv = Elg(X(T))] - E [¢(X™"(1))]

Error I: bias or weak error
+E[r(voz8, 2| B [T (Y2, 29)]
Error II: numerical smoothing error
(4.1) +E[T(v028, . 2D)] - aw,

Error III: ASGQ error

Since we use schemes based on forward Euler to simulate asset dynamics then we have
(4.2) Error I = O (At).

Given the details in Section B.I] we have, for Nasaq quadrature points used by the ASGQ method,
(4.3) Error I = O (NgéjGQ) ;

with p := p(N,d) > 0 is related to the degree of regularity of I, defined in (212 and (Z.I3)),
in the dNV — 1 dimensional spacd=]. We note that the claimed rate of convergence of Error III is
justified by our smoothness analysis in Section B3], with the assumption that I converges to I for
sufficiently large N, (number of quadrature points used in the one dimensional quadrature in the
numerical smoothing procedure) and small tolerance TOLnewton- Furthermore, since we expect that
the regularity index p is monotone decreasing function of the dimension of the problem, which is
dN — 1, then handling the high dimensionality using hierarchical representations such as Brownian
bridge and Richardson extrapolation enable us to work in the region where the smoothness of I is
not deteriorated.

Regarding Error IT in (41]), let us denote by y; the exact location of the discontinuity and by

7 the approximated location of the discontinuity obtained by Newton iteration (without loss of
generality, we assume that y7 < 77), then we have |y} — 7]| = TOLNewton and

Error I1 := E [1 (Y,l,zgi,...,z@f)} _E {T (Y,l,zgi,...,z@m

< sup I(y,l,zgi,...,z(jl))—T(y,l,z(jz,...,z(:jl))’
(1) (d)
Y—1,Z2_1,--Z_4
(4.4) =0 (N;*) +0 (Iyi = 7™ ) = 0 (N;*) + O (TOLF b0 -

where k > , Ny is the number of points used by the Laguerre quadrature for the pre-integration
step, and s > 0 is related to the degree of regularity of the integrand, G, with respect to yl
The first error contribution in (£4]) is coming from the one dimensional pre-integration step
using Laguerre quadrature, as explained in Section Given that G is a highly smooth function
in the parts of the integration domain separated by the discontinuity location, then we have an

0Tn this case, the weighted mixed derivatives of I are bounded up to order p.
"The value of x depends on the payoff, for instance, x = 0 for a digital option and x = 1 for a call/put payoffs.
121n this case, the derivatives of G with respect to y1 are bounded up to order s.
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exponential convergence of the quadrature, which justifies the term N, °. The second error contri-
bution in ([44) is due to the gap created by integrating the function G over domains separated by

an approximate location of the discontinuity 7] instead of y}, which is the exact location.
Given (@), (£2), (£4) and (43)), then heuristically, we have as a total error estimate

Newton

(45) o, ascq = Blg(X ()] - Qn = 0 (A8) + O (Nlq ) + O (N;*) + O (TOLEEL )

For an optimal performance of our approach, we need to optimize over the parameters present in
([£3)) to achieve a certain error tolerance, TOL, with the least amount of work, by solving (4.4])

min Workasaq o< Nasaq X Ny x At~1

(4.6) (NascQ;Ng, TOLNewton)
s.t. Etotal,asaq = TOL.

Although we do not solve (LG) in our experiments in Section [l (we choose the parameters heuris-
tically such that we achieve a sub-optimal performance of our method), we show in Appendix [B]
that, for a given error tolerance TOL, and under certain conditions for the regularity parame-
ters s and p (p,s > 1), a lower bound on the computational work the ASGQ method is of order
Workasaq = O (TOL_l). This is significantly better than the MC method which, in the best
scenario, achieves a computational work of order O (TOL_3).

We emphasize that the optimal performance for ASGQ can be deteriorated i) if p and s are
not large enough, or ii) due to the adverse effect of the high dimension that may affect the rates
badly. Remember that when using sparse grids (not adaptive), then error III (given by (£3)) in our

case) will be O <Ns_é’ (log (Ns(;))(d_l)(p +1)> (where d is the dimension of the integration domain,
and for functions with bounded mixed derivatives up to order p). In our case, when p > 1, we
claim that error III is of order O (NgéjGQ» and the deterioration of the rate in practice may be

due to ignoring that log term, implying the curse of dimensionality effect. Furthermore, although
we work in the pre-asymptotic regime (small number of time steps, V), we should emphasize that
the regularity parameter p may be deteriorated when increasing the dimension of the integration
problem by increasing V.

Remark 4.1. Although we carried out our previous analysis without using Richardson extrapo-
lation, we should mention that using this hierarchical representation improves the complexity rate
of ASGQ (as we observed through our numerical experiments in Section [Bl).

4.2 Error and work discussion for MLMC combined with numerical smoothing

In this section, we discuss the different errors when using the MLMC method combined with the
numerical smoothing idea. Following the notation of Sections2.21land [B.2] we have then the following
error decomposition

Elg(X(T)] - @ = Blg(X(T))] - E [¢(X""*(T))]

Error I: bias or weak error

+E[ (Y2, 2] - B [T (Yo 2 2]

Error II: numerical smoothing error
(4.7) +E[TL (Y_l,zﬁli,...,z@{)} —0.

Error III: MLMC statistical error
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Since we use schemes based on forward Euler to simulate asset dynamics then we have
(4.8) Error I = O (Atg).

Error IT in (4.7) is given by the same structure as in (4.4]). Regarding the structure of Error III, we

have @ as an unbiased estimator of E [TL (Y_l, Z(_li, e ,Z(_d%)] and the only type of error is the

statistical error, equal to \/ZZL:LO M[lw, with V, := Var [Tg — 75_1]. We note that the optimal

Ng,¢At, " log(TOLy!

Newton,¢

number of samples of the MLMC estimator is M, oc \/ Ve )E, and from our

numerical experiments (see Section [6]), we observe that V; oc Aty (dl + da N o .+ dgTOLNeWtomg),
with d; 2 3 being constants and r > 1. Therefore,

VeNg. oAty 10g (TOLR, ion ) = (d1Nge + 2Ny ™ + dsTOLnewion ot ) 108 (TOLSL on )

~ leq,l log (TOL;Ielwton,f) )

implying that

L
(4.9) Error lII = O Z \/Nq,l log (TOL;Iclwton,e)
t=Lo

Given (A1) , (A8), (£4) and (4.9), then we have as a total error estimate

~

Erotal, MLMC = E[g(X(T)] - Q

L
Z \/qul log (TOL;Ielwton,f) +0 (Nq_,ls/) +0 (TOLchr\)\l/ton,L) :

{=Lg

(4.10) — O (AtL) +0 J

For an optimal performance of our approach, we need to optimize the parameters present in (£I0])
to achieve a certain error tolerance, TOL, with the least amount of work, by solving (4.11])

min WOI‘kMLMC X Zt{‘:O Mg (qugAtgl)
(4.11) (L.Lo.{Me}f_:Nq, TOLnewton )

s.t. Eoral,MLMc = TOL.

In Section [0, we determine the optimal parameters solving (4.11]) heuristically.

4.3 Smoothness analysis

For an optimal performance of the ASGQ method, explained in Section 3] we require the integrand
to be analytic or highly smooth. In fact, although we face the issue of the “curse of dimensionality”
when increasing either the number of time steps, IV, or the number of assets, d, the high smoothness
of the integrand implies a spectral convergence for ASGQ. For this reason, we attempt in this Section
to provide a smoothness analysis of the integrand of interest.

3Note that qugAtzl log (TOLf1 ) corresponds to the cost per sample per level in the MLMC estimator.

Newton,£
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4.3.1 Haar construction of Brownian motion revisited

For simplicity, we shall assume throughout that we work on a fixed time interval [0,7] with 7" = 1.
With the Haar mother wavelet

1, 0<t<i,
Y(t) =4 -1, +<t<1,
0, else,
we construct the Haar basis of L? ([0, 1]) by setting
or(t) =1 (1) Yng(t) =229 2"t —k), neNy, k=0,...,2" — 1.

We note that supp ¢, , = [27"k, 27" (k+1)]. Moreover, we define a grid D" := { th|e=0,...,2"" }
by t} = 2n—ﬂf. Notice that the Haar functions up to level n are piece-wise constant with points of
discontinuity given by D™.

Next we define the antiderivatives of the basis functions

U_4(t) ::/0 Y_1(s)ds; U, k(t) ::/0 Ui (8)ds.

For an i.i.d. set of standard normal rdvs(coefficients) Z_1, Zp j, n € No, k =0,...,2" —1, we can
then define a standard Brownian motion

oo 2™—1

Wi=Z a0 1)+ Y > ZniUnilt),
n=0 k=0
and the truncated version
N 2™"—1
W =Z 30 1)+ Y Y ZnsUni(t).
n=0 k=0

Note that W/ already coincides with W along the grid DY. We define the corresponding incre-
ments for any function or process F' by

ANF = () — F).

4.3.2 Smoothness analysis
For simplicity we consider a one-dimensional SDE for X, given by
(4.12) dX, = b(X,)dW,, Xo=u=€R.

We assume that b is bounded and has bounded derivatives of all orders. Recall that we want to
compute, for some function g : R — R which is not necessarily smooth, E [¢ (X7)]. We also define
the solution of the Euler scheme along the grid DY by Xév = Xp = = and (For convenience, we
also define X9 := XJ\.)

(4.13) XN =X+ (X)) AW

16



Clearly, the rdv X év is a deterministic function of the rdvs Z_; and ZV = (Znk)
Abusing this notation, let us, therefore, write

n=0,...,N, k=0,..27—1"

(4.14) XY =X (2-1,27)

for the appropriate (now deterministic) map X éV ‘R xR2V7 =1 5, R. We shall write y = z_1 and
zV for the (deterministic) arguments of the function X}V.

We offer a note of caution regarding convergence as N — oo: while the sequence of random
processes XV converges to the solution of (@IZ]) (under the usual assumptions on b): this is not
true in any sense for the deterministic functions.

Define the deterministic function HY : R2" 1

— R, given by
(4.15) HN(N) = E[g (X} (Z-1,2V))].
Then, HY satisfies Theorem

Theorem 4.2. Assume that XY, defined by (&I3) and @I4), satisfies Assumptions[A1 and[A.3.
Then, for any p € N and indices ny,...,n, and ki,...,k, (satisfying 0 < k; < 2" ), the function

HY defined in (&I5), satisfies (with constants independent from n;, k;)

oPHN N »
=0 (92~ Zi=1mi/2)
827111]@1 . '8an,kp (Z ) ( )
The result also holds (mutatis mutandis) if one or several zy,, 1, are replaced by y = z_1 (with n;
set to 0). In particular, HY is a smooth function.

Remark 4.3. We actually expect that H” is analytic, but a formal proof seems subtle. In
particular, note that our proof below relies on successively applying the above trick for enabling
integration by parts: divide by % and then integrate by parts. This means that the number of
terms (denoted by M below) increases fast as p increases due to the product rule of differentiation.
Hence, the constant in front of the O <2_ e/ 2) term will depend on p and increase in p. In that
sense, Theorem needs to be understood as an assertion about the anisotropy in the variables
Zn,k Tather than a statement on the behavior of higher and higher derivatives of H N 1In fact, we
can see that in our proof the number of summands increases as p! in p. Therefore, the statement
of the theorem does not already imply analyticity. Of course, this problem is an artifact of our
construction, and there is no reason to assume such a behavior in general.

Sketch of a proof of Theorem [{.2. We apply integration by parts p times as in the proof of Propo-
sition [AL7] which shows that we can again replace the mollified payoff function gs by the true,
non-smooth one g. Moreover, from the procedure, we obtain a formula of the form

oPHN
8zm7k1 e 6an,kp

(ZN)=/Rg(chrv(y,zN))l\/12—Fe’y;dy,

where B represents a long sum of products of various terms. However, notice the following struc-
ture: ignoring derivatives w.r.t. y, each summand contains all derivatives w.r.t. 2p, gy, 20, k,
exactly once. (Generally speaking, each summand will be a product of derivatives of X%V w.r.t. some
Zn; k;S, possibly with other terms such as polynomials in y and derivatives w.r.t. y included.) As all
other terms are assumed to be of order O(1) by Assumptions[A ] and [A:3] this implies the claimed
result by Lemma [A.8] d

17



5 Numerical experiments: Numerical smoothing with ASGQ

In this section, we conduct our experiments for three different examples of payoffs: i) a single digital
option, ii) a single call option, and iii) a 4d-basket call option. The three examples are tested under
two different dynamics for the asset price: i) the discretized GBM model (a didactic example), and
ii) the discretized Heston model, which is a relevant application of our approach.

Remark 5.1. Although, the discretization of the GBM dynamics is not needed for some of the
examples that we consider. We emphasize that we aim to show the efficiency of our proposed
approach for dynamics where discretization is required, such as the Heston model that we test in
this work. On the other hand, examples under the GBM are only considered here as instructive
examples to showcase our approach.

For each example, we estimate the weak error (Bias) of MC, then we conduct a comparison
between MC and ASGQ in terms of errors and computational time. While fixing a sufficiently
small error tolerance in the price estimates, we compare the computational time needed for both
methods to meet the desired error tolerance. For all our numerical experiments, the reported errors
are relative errors, normalized by the reference solutions. Furthermore, we conduct our numerical
experiments for two different scenarios: i) without Richardson extrapolation, and ii) with level 1
of the Richardson extrapolation. We note that in all cases the actual work (runtime) is obtained
using an Intel(R) Xeon(R) CPU E5-268 architecture.

We show the summary of our numerical findings in Table[5.T] which highlights the computational
gains achieved by ASGQ combined with numerical smoothing compared to the MC method to
meet a certain error tolerance, which we set approximately below 1%. We note that the results
are reported using the best configuration with Richardson extrapolation for each method. More

detailed results for each case are provided in Sections 511, 5.1.2] 5.1.3] 5.2.1] and (.2.2]

Example Total relative error CPU time (ASGQ/MC) in %
Single digital option (GBM) 0.7% 0.7%
Single call option (GBM) 0.5% 0.8%
4d-Basket call option (GBM) 0.8% 7.4%
Single digital option (Heston) 0.6% 6.2%
Single call option (Heston) 0.5% 17.2%

Table 5.1: Summary of relative errors and computational gains, achieved by ASGQ combined with
numerical smoothing, compared to the MC method, to meet a certain error tolerance. We note that
the ratios are computed for the best configuration with Richardson extrapolation for each method.

5.1 Options under the discretized GBM model

In this section, we are interested in the one dimensional lognormal example where, given a standard
one-dimensional Brownian motion {W;,0 <t < T'}, the dynamics of the stock are represented by

dXt = O'Xtth.
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5.1.1 Single digital option under the discretized GBM model

The first example that we test is the single digital option under the discretized GBM model, with
parameters : T'=1, 0 = 0.4 and Sy = K = 100. The exact reference value of this case is 0.42074.
Figure [5.I] shows a comparison of the numerical complexity for each method under the two
different scenarios. This Figure shows that, to achieve a relative error below 1%, level 1 of the
Richardson extrapolation is the optimal configuration for both the MC and the ASGQ methods.

10t

CPU time
CPU time

“»- ASGQ

-®- ASGQ+Rich(level 1) %
. Cl: ASGQ

Il Cl: ASGQ+Rich(level 1)

10°4 5. MC
-®- MC+Rich(level 1)
. Ci: MC

MW Ci: MC-+Rich(level 1)

107!

102 10 102 10
Error Error

() (b)

Figure 5.1: Digital option under GBM: Comparing the numerical complexity of the different meth-
ods with the different configurations in terms of the level of Richardson extrapolation. CI refers to
95% confidence intervals. a) MC methods. b) ASGQ methods combined with numerical smoothing.

We compare these optimal configurations for each method in Figure 5.2, and we show that
ASGQ combined with numerical smoothing outperforms MC in terms of numerical complexity. In
particular, to achieve a total relative error around 0.7%, ASGQ combined with numerical smoothing
and level 1 of Richardson extrapolation requires approximately 0.7% of the work of MC combined
with level 1 of Richardson extrapolation.
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- MC+Rich(level 1)

108 -®- ASGQ+Rich(level 1)
BN CI: MC+Rich(level 1)
Il Cl: ASGQ+Rich(level 1)

CPU time

Error

Figure 5.2: Digital option under GBM: Computational work comparison for the different methods
with the best configurations, as concluded from Figure .1l To achieve a relative error below 1%,
the ASGQ method combined with numerical smoothing and level 1 of Richardson extrapolation
significantly outperforms the MC method combined with level 1 of the Richardson extrapolation.
CI refers to 95% confidence intervals.

5.1.2 Single call option under the discretized GBM model

The second example that we test is the single call option under the discretized GBM model, with
parameters: T'=1, 0 = 0.4 and Sy = K = 100. The exact reference value of this case is 15.8519.

Figure 53] shows a comparison of the numerical complexity for each method under the two sce-
narios. This Figure shows that, to achieve a relative error of 1%, level 1 of Richardson extrapolation
is the optimal configuration for both methods.

10° “p. MC <>+ ASGQ

.®- MC+Rich(level 1) .- ASGQ+Rich(level 1)
. Ci: MC 10t Bl Cl: ASGQ

W Cl: MC+Rich(level 1) B Cl: ASGQ+Rich(level 1)

CPU time
CPU time

10*

1072
Error Error

(a) (b)

Figure 5.3: Call option under GBM: Comparing the numerical complexity of the different methods
with the different configurations in terms of the level of Richardson extrapolation. CI refers to 95%
confidence intervals. a) MC methods. b) ASGQ methods combined with numerical smoothing.

We compare these optimal configurations for each method in Figure (.4, and we show that
ASGQ combined with numerical smoothing outperforms MC in terms of numerical complexity. In
particular, to achieve a total relative error around 0.5%, ASGQ combined with numerical smoothing
and level 1 of Richardson extrapolation requires approximately 0.8% of the work of MC combined

20



with level 1 of Richardson extrapolation.

«$+ MC+Rich(level 1)
-®- ASGQ+Rich(level 1)
BN Cl: MC+Rich(level 1)
B Cl: ASGQ+Rich(level 1)

10?

10t

CPU time

107!

Error

Figure 5.4: Call option under GBM: Computational work comparison for the different methods
with the best configurations, as concluded from Figure 5.3l To achieve a relative error below 1%,
the ASGQ combined with numerical smoothing and level 1 of Richardson extrapolation significantly
outperforms the MC method combined with level 1 of Richardson extrapolation. CI refers to 95%
confidence intervals.

5.1.3 Basket call option under discretized GBM model

The third example that we consider under the GBM model is the multi-dimensional basket call
option. We consider now the four dimensional basket call option with parameters: 01234 = 0.4,
p=03T=1r =0, 53’2’3’4 = K = 100, and c¢j 234 = 1/4. The reference value for those
parameters is 11.04. Our experiments show that Richardson extrapolation did not improve the
performance of both considered methods, and figure[5.5shows that ASGQ combined with numerical
smoothing requires approximately 7% of the work of MC to achieve a total relative error of around
0.8%.

10° - MC

-& ASGQ
- Ci: MC
- Ci: ASGQ

CPU time

1072 2x1072 3x107?  4x1072
Error

Figure 5.5: 4-dimensional basket call option under GBM: Computational work comparison for the
different methods. To achieve a relative error below 1%, ASGQ combined with numerical smoothing
significantly outperforms the MC method. CI refers to 95% confidence intervals.

21



5.2 Options under the discretized Heston model

In this section, we consider testing options under the discretized Heston model [21] 7} 23] 2] whose
dynamics are given by

dSy = pSydt + \/0;SedW; = puSidt + p\/viSedWP + /1 — p2\/v; S dW;
(5.1) dve = k(0 — vy)dt + &/ dWY,

where S; is the price of the asset; v is the instantaneous variance, given as a CIR process; (Wts , Wt”)
are correlated Wiener processes with correlation p; p is the rate of return of the asset; 6 is the mean
variance; k is the rate at which v; reverts to €; and € is the volatility of the volatility.

Given that the SDE for the asset path is now dependent upon the solution of the volatility
SDE in (5.1, we must simulate the volatility process first and then use it to simulate the asset
path. Therefore, a numerical approximation (discretization) is needed to obtain both paths. To
this end, many simulation schemes have been proposed in the literature. In Appendix [Cl, we give
an overview of the most popular methods in this context. These methods mainly differ in the way
they simulate the volatility process to ensure its positiveness.

Note that we are using ASGQ, which is very sensitive to the smoothness of the integrand.
We found numerically (see section [C.4) that using a non-smooth transformation to ensure the
positiveness of the volatility process deteriorates the performance of the ASGQ. We suggest an
alternative way in this work, to guarantee the positiveness of the volatility process, to simulate it
as the sum of Ornstein-Uhlenbeck (OU) or Bessel processes as suggested in Appendix [C.3|

In the literature [2, 25] (1], more focus was on designing schemes that i) ensures the positiveness
of the volatility process and ii) has a good weak error behavior. In our setting, an optimal scheme
is defined through two properties: i) the behavior of mixed differences rates, which is an important
feature for an optimal performance of ASGQ (see Appendix for more details), and ii) the
behavior of the weak error in order to apply the Richardson extrapolation when it is needed. We
refer to Appendices [C.4.1] and [C.4.2] for more details on the comparison of the different schemes,
which suggest that the Heston OU-based scheme, defined in Section [C.3] gives the best results
according to our criteria. Therefore, in our numerical experiments, we use this scheme with the
ASGQ method. For the MC method, we use the full truncation scheme, as explained in Section

[C1l

Remark 5.2. Although we compare different simulation schemes for the Heston model, to ensure
a sub-optimal performance of the ASGQ combined with numerical smoothing, we emphasize that
we do not claim that the chosen scheme is the optimal scheme for all parameters constellations,
and a more thorough study on this topic is left as a future work. In this work, we instead aim at
highlighting the advantage of our numerical smoothing idea.

Remark 5.3. Although we only illustrate the numerical results for one set of parameters for the
Heston model, we note that we obtained almost similar results for many other cases.

5.2.1 Digital option under the discretized Heston model

We consider the digital option under the discretized Heston model with parameters: Sp = K = 100,
v9=0.04, u=0, p=-09, k=1,&=0.1, 8 =0.0025. The reference solution is 0.5145.

Figure shows a comparison of the numerical complexity for each method under the two
different scenarios. From this figure, we can conclude that, to achieve a relative error of 1%, level
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1 of Richardson extrapolation is the optimal configuration for the ASGQ method, and without
Richardson extrapolation is the optimal configuration for the MC method.
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Figure 5.6: Digital option under Heston: Comparing the numerical complexity of the different

methods with the different configurations in terms of the level of Richardson extrapolation. CI
refers to 95% confidence intervals. a) MC methods. b) ASGQ methods combined with numerical

smoothing.
We compare these optimal configurations for each method in Figure 5.7, which shows that, to

achieve a total relative error around 0.6%, ASGQ combined with numerical smoothing and level
1 of Richardson extrapolation requires approximately 6% of the work of MC without Richardson

extrapolation.
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Figure 5.7: Digital option under Heston: Computational work comparison for the different methods
with the best configurations, as concluded from Figure To achieve a relative error below 1%,
the ASGQ combined with numerical smoothing and level 1 of Richardson extrapolation significantly
outperforms the MC method without the Richardson extrapolation. CI refers to 95% confidence

intervals.
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5.2.2 European call option under the discretized Heston model

We consider the call option under the discretized Heston model with parameters: Sp = K = 100,
vo=0.04, u=0,p=-09, k=1, & =0.1, 8 = 0.0025. The reference solution is 6.332542.

Figure 5.8 shows a comparison of the numerical complexity for each method under the two
different scenarios. From this Figure, we conclude that level 1 of Richardson extrapolation is the

optimal configuration for both the MC and the ASG(Q methods.
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Figure 5.8: Call option under Heston: Comparing the numerical complexity of the different methods
with the different configurations in terms of the level of Richardson extrapolation. CI refers to 95%
confidence intervals. a) MC methods. b) ASGQ methods combined with numerical smoothing.

We compare these optimal configurations for each method in Figure[5.9, which shows that ASGQ
outperforms MC in terms of numerical complexity. In particular, to achieve a total relative error
around 0.5%, ASGQ combined with numerical smoothing and level 1 of Richardson extrapolation
requires approximately 17% of the work of MC combined with level 1 of Richardson extrapolation.
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Figure 5.9: Call option under Heston: Computational work comparison for the different methods
with the best configurations, as concluded from Figure 5.8 To achieve a relative error below 1%,
the ASGQ combined with numerical smoothing and level 1 of Richardson extrapolation significantly
outperforms the MC method combined with level 1 of Richardson extrapolation. CI refers to 95%

confidence intervals.
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6 Numerical experiments: Numerical smoothing with MLMC

In this section, we illustrate the advantage of combining the idea of numerical smoothing with
MLMC in the context of quantitative finance. We consider two examples: i) the first one is for
computing the price of a digital option under the GBM and Heston models (see Section [6.1]), and ii)
the second example is for approximating the density function of asset prices, for GBM and Heston
models (see Section [6.2]). The idea and results of Section [6.1] can be generalized to i) options having
low regularity in the payoff function, or ii) computing distribution functions. On the other hand,
examples in Section can be generalized to: i) computing density functions, which involves the
use of Dirac delta functions and whose expectation is hard to approximate using MLMC due to
the infinite variance, and ii) computing Greeks for an option with a non-smooth payoff function.

In this section, we mainly compare the different examples: i) standard MLMC estimator (with-
out smoothing), and ii) MLMC estimator combined with numerical smoothing (as explained in
Section 2.2)). We note that the parameters of the numerical smoothing, (TOLNewton, /Vg), are cho-
sen heuristically to solve the optimization problem (ZTT]).

6.1 MLMC for digital options

In this section, we illustrate the advantage of combining our numerical smoothing idea with the
MLMC method to compute option prices for non-smooth payoff function. For illustration, we
consider the price of the digital option, i.e., we want to approximate (K is the strike)

(6.1) Elg(X)] = E[lx>k].

When comparing the different methods, we use the Euler-Maruyama scheme for the GBM example,
and for the Heston example we use i) the full truncation scheme (we refer to it by the FT scheme)
(explained in Section [C.I]), and ii) the Heston OU-based scheme (we refer to it by the OU scheme)
(explained in Section [C.3]).

6.1.1 Results for the digital option under the GBM model

As an illustration, we choose the digital option under the GBM model with parameters: Sy = K =
100, T =1, r =0, and o = 0.2. We summarize the obtained results for approximating the price
of the option in Table [6.1] and more details are illustrated by Figures [6.1], [6.2] and .3l From these
figures and Table [6.1] we can see two main results:

1. A significant reduction of the kurtosis at the finest levels, xr,, of the MLMC algorithm when
using numerical smoothing. In fact, the kurtosis is reduced by a factor of 236 (compare the
bottom right plots in Figures and [6.3]). We stress that this is an important improvement
for the robustness of the MLMC estimator, as explained in Section and in [13].

2. Numerical smoothing significantly reduces the variance of the coupled levels in MLMC and
improves the strong convergence rate, 3, from § = 1/2 to f = 1 (compare top left plots in
Figures and [6.3]), resulting in a reduction in the order of MLMC numerical complexity
from O (TOL_Q'S) to O (TOL_2 (log(TOL))2) (see Figure[6.1]). From Figure[6.I], we see also
that MLMC combined with smoothing significantly outperforms standard MLMC in terms
of computational work.
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Method KL, a B v Numerical complexity
MLMC without smoothing 709 1 1/2 1 O (TOL™??)
MLMC with numerical smoothing 3 1 1 1 O <TOL_2 (log(TOL))2)

Table 6.1: Digital option under GBM: Summary of the MLMC numerical results. kp, is the kurtosis
at the finest level of MLMC, and («, 3, y) are weak, strong and work rates, respectively. TOL is the
user-selected MLMC tolerance. These results correspond to Figures [6.1] [6.2], and [6.3] respectively.
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Figure 6.1: Digital option under GBM: Comparison of the numerical complexity (expected work,
E [W], vs tolerance, TOL, in a log-log scale) of the different methods i) standard MLMC, ii) MLMC
with numerical smoothing. MLMC combined with numerical smoothing outperforms MLMC with-
out smoothing, and also achieves a better numerical complexity rate that is O (TOL_2 log(TOL)2).
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Figure 6.2: Digital option under GBM: Convergence plots for MLMC without smoothing, combined
with Euler-Maruyama discretization.
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Figure 6.3: Digital option under GBM: Convergence plots for MLMC with numerical smoothing
(TOLNewton = 1073, N, =8) , combined with Euler-Maruyama discretization.

Remark 6.1. We note that observing a decaying variance of P, in the top left plot in Figure
is expected since we use a Brownian bridge for path construction, and the integrand only depends
on the terminal value of the Brownian bridge, which has a variance scale of order At. This implies
that, for the particular case of digital option under the GBM dynamics, we expect the numerical
complexity of the MC method with smoothing to be of order O (TOL_Q). Furthermore, we stress
that this observation only holds for the the GBM dynamics, which we use it here as a didactic
example, and our main interest is to test our approach for dynamics where discretization of the
asset price is needed, such as the Heston dynamics, presented in the following Section.

Remark 6.2. We also emphasize that our approach can be extended in a straightforward manner
to any kind of dynamics, since it is based on the numerical smoothing idea. In the following Section,

we show the advantage of our approach for the Heston model where discretization of the asset price
is needed.

6.1.2 Digital option under the Heston model

As an illustration, we choose the digital option under the Heston model with parameters: T = 1,
So=K =100,v9 =0.04, u =0, p=—-0.9, k =1, £ = 0.1, 8 = 0.0025. We summarize the obtained
results for approximating the price in Table and more details are illustrated by Figures [6.4] [6.5]
[6.6] and [6.71 From these figures and Table [6.2] we can make the following observations:

1. The significant reduction of the kurtosis at the finest levels, xz,, of MLMC when using numer-
ical smoothing (using both OU-based scheme or FT scheme). In fact, the kurtosis is reduced
by a factor greater than 27 (compare the bottom right plots in Figures [6.5] [6.6] and [6.7]). We
stress that this is an important improvement for the robustness of the MLMC estimator, as
explained in Section B.2] and in [13].

2. Numerical smoothing (with OU-based or FT schemes) reduces significantly the variance of
coupled levels in MLMC, and improves the strong rate from § = 1/2 to = 1 (compare top
left plots in Figures [6.5] [6.6] and [6.7]), resulting in reducing the computational work, and the
order of MLMC numerical complexity from O (TOL™*%) to O (TOL_2 (log(TOL))2> (see

Figure [6.4]).
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Method kr «a B v Numerical complexity
MLMC without smoothing + FT scheme 245 1 1/2 1 O (TOL_2'5)
MLMC with numerical smoothing + OU-based scheme 7 1 1 1 O (TOL Zlog(TOL)?)
MLMC with numerical smoothing+ FT scheme 9 1 1 1 O(TOL *log(TOL)?)

Table 6.2: Digital option under Heston: Summary of the MLMC numerical results. xr is the
kurtosis at the finest level of MLMC, («, 3,7) are weak, strong and work rates, respectively. TOL
is the user-selected MLMC tolerance. These results correspond to Figures [6.4] 6.5, [6.6] and
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Figure 6.4: Digital option under Heston: Comparison of the numerical complexity (expected work,
E [W], vs tolerance, TOL, in a log-log scale) of the different methods i) standard MLMC (based on
the FT scheme), ii) MLMC with smoothing (based on OU scheme), and iii) MLMC with smoothing
(based on the FT scheme). MLMC combined with numerical smoothing (OU or FT schemes)
outperforms standard MLMC, and also achieves a better numerical complexity rate.
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Figure 6.5: Digital option under Heston: Convergence plots for MLMC without smoothing, com-
bined with the FT scheme (explained in Section [CT]).

Remark 6.3. Although we just illustrated the benefit of our approach when combined with MLMC
for computing the digital option price under the GBM (Section [6.1.1]) and Heston dynamics (Section
[6.1.2), we emphasize that it can be easily extended to any kind of model dynamics and to any low
regular observable, g. For instance, this idea can be applied to approximate distribution functions
involving the heavy-side function as the observable g.
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Figure 6.6: Digital option under Heston: Convergence plots for MLMC with numerical smoothing
(TOLNewton = 1073, N, = 32), combined with the OU scheme (explained in Section [C.3)).
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Figure 6.7: Digital option under Heston: Convergence plots for MLMC with numerical smoothing
(TOLNewton = 1073, N, = 32), combined with the FT scheme (explained in Section [C.)).

6.2 MLMC for approximating densities and Greeks

In this section, we explore the idea of combining the numerical smoothing with the MLMC method
to compute density functions and Greeks for non-smooth payoff functions. In this context of density
estimation, the numerical smoothing procedure combines root finding algorithm, to determine the
location of the discontinuity, with a conditional expectation, computed exactly, with respect to the
Brownian bridge. We recall that MLMC without any smoothing will fail due to the infinite variance
caused by the singularity of the delta function. The aim in this case is to approximate the density,
px (u), for a given stochastic process X, at point u, which is given by

px(u) = E[0(X —u)],

where 0 is the Dirac delta function.
We can easily show, by conditioning with respect to the Brownian bridge, that

paxu) = E0CX — )] = <= lexp (= (" ()" /2) )
(6.2 ~ =B o (~ 7)) /2) ()]
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where y*(u) is the exact discontinuity location, and ¥ is the approximated discontinuity location,

obtained by solving numerically: X (7;7*(u),z_1) = u, where z is N —1 (2N — 1) Gaussian random
vector used for Brownian bridge construction for the GBM dynamics (Heston dynamics), with N
being the number of time steps.

Remark 6.4. Formula (6.2]) can be easily generalized to the multidimensional case, with the dif-
ference that one needs to perform a root finding procedure in the d-dimensional space characterized
by the coarsest factor in each dimension. In fact, it easy to show, for u € R?

px(u) =E[§(X —u)] = E[pa (y*(u)) det (J (u))]
(6.3) ~ E [pa (7" (w)) det (T (w))] ,

where J is the Jacobian matrix, with J;; = g%;;, pad(.) is the multivariate Gaussian density, y*(u)
is the exact discontinuity location, and y* is the approximated discontinuity location, obtained
by solving numerically: X(7;y*(u),z_1) = u, where z is the Gaussian random vector used for
Brownian bridges construction.

We should emphasize that the only error in our approach corresponds to the root finding
procedure, and, contrary to approach based on kernel density and parametric regularization (see
Remark [6.6]), does not depend exponentially on the dimension of the problem.

6.2.1 Approximating density under the GBM model

As an illustration, we choose to compute the density px at u = 1 such that X is a GBM with
parameters: Sp, 7' =1, r = 0, and o0 = 0.2. In this case, as a reference solution, we know that
X (T) is lognormally distributed with parameters r — ¢2/2 and o.

In Table 6.3 we summarize the obtained results for estimating the density, px at u = 1, using
MLMC combined with numerical smoothing, where X follows the GBM dynamics. In Figure [6.9]
we show the detailed convergence results for the MLMC estimator combined with the numerical
smoothing. From this Figure , we can verify that we obtain a strong convergence rate of order one
(see top left plot in Figure [6.9]), which results in a numerical complexity of the MLMC estimator

to be of order O <TOL_2 (log(TOL))2), as confirmed by figure

Method kL, « B v Numerical complexity
1 1 1

GBM + numerical smoothing 5 O <TOL_2 (log(TOL))2)

Table 6.3: Density of GBM: Summary of the MLMC numerical results observed for computing the
density px at u = 1, where X follows the GBM dynamics. xj, is the kurtosis at the finest levels of
MLMC with Aty = T.278, and (a, 8,7) are weak, strong and work rates, respectively. TOL is the
user-selected MLMC tolerance. These results correspond to Figures and [6.91

We emphasize that our approach can be extended in a straightforward manner to any kind of
dynamics, since it is based on numerical smoothing based on solving a root-finding problem. In the
following Section, we show the advantage of our approach for the Heston model where discretization
of the asset price is indeed needed.

MFor a matrix A, we denote by det (A) its determinant.
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Figure 6.8: Density of GBM: Numerical complexity of MLMC with numerical smoothing for com-
puting the density px at u = 1, where X follows the GBM dynamics.
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Figure 6.9: Density of GBM: Convergence plots for MLMC with numerical smoothing
(TOLNewton = 1072), for computing the density px at u = 1, where X follows the GBM dynamics.
Remark [6.T] holds in this particular example as well.

6.2.2 Approximating density under the Heston model

As an illustration, we choose to compute the density px at u = 1 such that X is a Heston asset
with parameters: Sop = 1, vg = 0.04, u =0, p = —0.9, k = 1, £ = 0.1, § = 0.0025. In this case,
as a reference solution, we obtain the density by applying the Fractional Fourier Transform to the
characteristic function, which is known for this model. In Table [6.4] we summarize the obtained
results, using MLMC combined with numerical smoothing. In Figure [6.11] we show the detailed
convergence results for the MLMC estimator combined with the numerical smoothing, and using
the OU scheme (explained in Section [C.3]) . From this Figure, we can verify that we obtain a
strong convergence rate of order one (see top left plot in Figure [6.11]), which results in a numerical

complexity of the MLMC estimator of order O (TOL_2 (log(TOL))2>, as confirmed by figure [6.10).

Remark 6.5. Although we have only illustrated the benefit of our approach when combined with
MLMC for computing the density of the asset price under the GBM (Section [6.2.1]) and Heston
dynamics (Section [6.2.2]), we emphasize that our approach can be easily extended to any kind of
model dynamics. Furthermore, our approach can be easily extended to computing financial Greeks.
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Method KL, a [ v Numerical complexity
1 1 1 O(TOL—2(1og(TOL))2>

Heston + OU scheme + numerical smoothing 8

Table 6.4: Density of Heston: Summary of the MLMC numerical results observed for computing
the density px at u = 1, where X follows the Heston dynamics. kr is the kurtosis at the finest
levels of MLMC with Aty = T.278, (a, B,7) are weak, strong and work rates, respectively. TOL is
the user-selected MLMC tolerance. These results correspond to Figures and
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Figure 6.10: Density of Heston: Numerical complexity (expected work, E [W], vs tolerance, TOL)
of MLMC with numerical smoothing and combined with the OU scheme (explained in Section [C.3])
for computing for computing the density px at u = 1, where X follows the Heston dynamics.
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Figure 6.11: Density of Heston: Convergence plots for MLMC with numerical smoothing
(TOLNewton = 1072) combined with the OU scheme (explained in Section [C.3)), for computing
the density px at u = 1, where X follows the Heston dynamics.

Remark 6.6. We note that as an alternative to our approach, one may use kernel density estimation
techniques or a similar approach to that in [I6]. However, this class of approaches has a pointwise
error that increases exponentially with respect to the dimension of the state vector X (or a vector
valued function that depends on the density of X). For instance, given a discretization error that
should be similar to our approach, and for a d-dimensional problem, a kernel density estimator with
a bandwidth matrix, H = diag(h,...,h), the MSE is of order ¢; M~*h™® 4 coh*, where M is the
number of samples, and ¢ and ¢y are constants. On the other hand, thanks to the exact conditional
expectation with respect to the Brownian bridge, the error of our approach is only restricted to the
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error of the root-finding algorithm for finding the location of the discontinuity (see Remark [6.4]).
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A Details for the proof of Theorem in Section 4.3

We consider a mollified version g5 of ¢ and the corresponding function H év (defined by replacing
g with gs in (£I5])). Tacitly assuming that we can interchange integration and differentiation, we

have
OHYN (2N)

8X%V(Z_1, ZN)
8,2"7]@ '

:E[gg (XN (221,2Y)) HLZD
i]“v(Z*LZN)

Multiplying and dividing by MT and replacing the expectation by an integral w.r.t. the
standard normal density, we obtain

N(.N 9as (XN N N -1 N
(Al) 8H5 (Z ) _ / 9s ( T (ya z )) (aXT ( ,ZN)> aXT ( ,ZN) 1
82’n,k R 0y dy 8271-,16 \/%

If we are able to do integration by parts, then we can discard the mollification and obtain smooth-
ness of HV since we get

OHN (2N) N w0 [roxN o G NTToxN o L1 e
8Zn,k __/]Rg(XT (y,z ))8_1j ( 81] (y,Z )) 8Zn,k(y7z )\/ﬂe dy

2
e_dey.

We realize that there is a potential problem looming in the inverse of the derivative w.r.t. y
Before we continue, let us introduce the following notation: for sequences of rdvs Fy,Gx we say
that Fy = O(Gy) if there is a rdv C with finite moments of all orders such that for all N we have
|Fn| < C|Gn| as.

Assumption A.1l. There are positive rdvs C), with finite moments of all orders such that

XN

VNEN, V€1,,€p€{0,,2N—1} m

<Cp as.

orxXy

In terms of the above notation, which means that XV oxN
£1 Lp

= 0(1).

Remark A.2. It is probably difficult to argue that a deterministic constant C' may exist.

Assumption is natural, but now we need to make a much more serious assumption, which
is probably difficult to verify in practice.

Assumption A.3. For any p € N we have that

<3§f (Z-1, ZN)) T o(1).

Lemma A.4. We have
XN

8,2"7]@

(Z—17 ZN) _ 2—n/2+10(1)

in the sense that the O(1) term does not depend on n or k.

5Let us assume that XJ (y, 2") = cos(y) + zn.kx. Then ([AJ) is generally not integrable.
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N
Proof. First let us note that Assumption [A.Tl implies that a X NW = O(1). Indeed, we have

oxN OXN ox}, N
= = O()b(X}N) = 0(1).
OANW — OX[N, OANW (WHXF) = O)

Next we need to understand which increments Aév do depend on Z,, ;.. This is the case iff supp ¢,
has a non-empty intersection with ]tév , t%rl[. Explicitly, this means that

(2Nt g < k< (04 1)2-WNnHD),
If we fix N, k, n, this means that the derivative of AéVW w.r.t. Z, ; does not vanish iff
Nl < < 2Nk 4 1).

Noting that

(A2) = ‘Aévllln,k‘ < 2—(N—n/2),

AN
0 Zm 1

we thus have

2L ox N gANW
(Z 1 ZN) Z 8Aé\[TVV aZZn - _ 2N—n+12—(N—n/2)0(1) _ 2—71/2-‘1-10(1)' n

£:2N—n+1k

OXN
OZn

(A.3)

Lemma A.5. In the same sense as in Lemma[4.4 we have

?XN N
71, 72Ny =2 /21 0(1).
Byazmk( b ) o)

N . . . . N 02 AN w
Proof. AW is a linear function in Z_; and Z, implying that all mixed derivatives W

vanish. From equation (A.3]) we hence see that

2N7n+1(k+1)71

2XN 2XN  oANW

azn,kay(z‘l’ZN): ZZQJZ;W OANWOZ_; 0Zny
Further,
P°XN Qi Loexy aANwW
DANWOZ_, IANWOIAN W o7
Note that
A0 S = R T + e G ) ) = o)

N

OAYW
by Assumption [A.l We also have —7— = O(27Y), implying the statement of the lemma. O
Remark A.6. Lemma [A 4] and also hold (mutatis mutandis) for z, , = y (with n = 0).
Proposition A.7. We have %L(Z:) = O(27/?) in the sense that the constant in front of 2~™/?

does not depend on n or k.
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Proof. We have

N(,N N -1 N 2
OH (=) _ —/g(X:Jrv(y,zN)) 9 l<aXT (y,ZN)) aﬁ(y,zN)Le_T] dy
R

0% i oy dy 0% i 2o
XN 292X oxXN
_ XN (. 2N | — T N T N T N
Lo |- (5E0") 2o LGt )

axN rxl XN “oxy 1
(BEw) g™ o (52 0) (%Tk(y,zN)]E

Notice that when FN(Z_1, ZN) = O(c) for some deterministic constant ¢, then this property is
retained when integrating out one of the rdvs, i.e., we still have

1 >
FN(y,ZN “Tdy = O(e).
| w2 =S ay = o)
Hence, Lemma [A4] and Lemma [A5] together with Assumption [A.3] (for p = 2) imply that

AHN (2N)

— 2777,/2
) o

with constants independent of n and k. O

For the general case we need

Lemma A.8. For any p € N and indices ny,...,n, and ki,...,k, (satisfying 0 < kj < 2" ) we
have (with constants independent from n;, k;)

» v NV
P XD
0z, ky =+ 0%y iy,

(21, 2%) = 0 (273 17%).

The result also holds (mutatis mutandis) if one or several Zn; k; are replaced by y = z_1 (with n;
set to 0).

Proof. We start noting that each Aév W is a linear function of (Z_y, Z"V) implying that all higher
derivatives of ANW w.r.t. (Z_1,Z") vanish. Hence,

XN - 2Nm§1“’1 QN%E?HH XN OANW  OATW
OZnyky 0Znyk, OAY - OAYW 0Zny iy Ok,

Ly=2N-—n1+lp, Lp=2N—np+ig,

By a similar argument as in ([A.4]) we see that

oPXN

———~— = 0(1).
oay —onyw ~ W

—(N=n;/2)

By (A2) we see that each summand in the above sum is of order [T_; 2 . The number

of summands in total is H§=1 2N=n;+1  Therefore, we obtain the desired result. O
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B More details on the error and work discussion of ASG(Q method

In this Section, we show that under certain conditions of the regularity parameters p and s, we can
achieve, under the best scenario (p,s > 1), Workasaq = O (TOL_l). In fact, using the method
of Lagrange multipliers, we can show that

pts—ps p+s—ps
NASGQ oc Atrlestrts) | and Nq o At sps+pts) |
and using the constraint in (£6]), we can easily show that given an error tolerance, TOL, we have

At=0 (TOLgigtz > Therefore, the optimal work Workasgq solution of (4.G]) satisfies

s—ps

pts—ps p+
Workasaq o< Nasaq X Ny X At oc At AL ssFr+s) At plpsto+s)

2(pt+s) _1_1

C Schemes to simulate the Heston dynamics

C.1 Fixed Euler scheme

The Forward Euler scheme can be used to simulate the Heston model. To avoid problems with
negative values of the volatility process v; in (5.1]), many fixes have been introduced in the literature
(see [25]). In Table we introduce f1, fo, and f3, which, with different choices, implies different
schemes. Applying forward Euler scheme to discretize (5.1]) results in

§t+At =S+ M@Af +1\/ViALS, Z,

Vivar = fi(V) + 60 — f(Vi)) At + €4/ f3(Vi) At Zy
‘A/Hm = f3(‘7t+m),

where Z; and Zy are two correlated standard normal rdvs with correlation p.

Scheme i fo f3
full truncation scheme Vi VitV
Partial truncation scheme  V v, ‘7?'
The reflection scheme “Z‘ “7}‘ “Z‘

~

Table C.1: Different variants for Forward Euler scheme for Heston model. ‘7?' = max(0, V;).

[25] suggest that the full truncation scheme is the optimal option in terms of weak error con-
vergence. Therefore, we use this variant of the Forward Euler scheme.
C.2 Moment matching schemes

We consider two moment matching schemes that were suggested by Andersen and Brotherton-
Ratcliffe [3] (we call it the ABR scheme) and by Anderson in [2] (we choose the QE method that
was reported to have the optimal results).
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C.2.1 The ABR method

The ABR method [3] assumes that the variance v; is locally lognormal, and the parameters are
determined such that the first two moments of the discretization coincide with the theoretical
moments, that is

‘7(15 + AL = (eiﬁAt‘A/(t) i (1 - eant) 9) o 3T AT (AW, (¢)

%52571‘7(15)(1 _ 872;@At)

(C.1) L(t)* =At tlog | 1+ 5
(emmatV () + (1 = e=ranyp)

As reported in [25], the scheme, being very easy to implement, is more effective than many of the
Euler variants presented in Section [C.Il however, it was reported that it has a non-robust weak
error behavior with respect to the parameters of the model.

C.2.2 The QE method

Using the idea of moment matching, Anderson in [2] suggested a similar discretization to (CIJ) but
takes into account the shape of the Heston density function. As reported by [2], the QE scheme has a
negligible bias and a better weak error behavior, at the cost of a more complex implementation than
the ABR scheme in Section Furthermore, the QE algorithm uses two different distributions
to model the volatility depending on the initial value of the volatility. We refer to [2] for more
details about the QE scheme. We note that we obtained similar numerical behavior for both ABR
and QE schemes; therefore, we chose to illustrate the results obtained by the ABR scheme.

C.3 The Heston OU-based scheme

It is well known that any OU process is normally distributed. Thus, the sum of n squared OU
processes is chi-squared distributed with n degrees of freedom, where n € N. Let us define X to be
a n-dimensional vector valued OU process with

(C.2) dX! = aX!dt + AW},

where W is a n-dimensional vector of independent Brownian motions.
We also define the process Y; as

Then, using the fact that
d(x7)? = 2X}dX] + 2d(X), = (2a (xi)? + ﬁ2) dt + 28X AW},

we can write, using the independence of the Brownian motions,

(C.3) dYt_d<zn:( ) Zd 204Yt+nﬁ2)dt+ZBZXth

=1 i=1

Furthermore, the process, Z; = fo S X {dW} is a martingale with quadratic variation

Z)t:/o ;(X;fdu:/otyudu.
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Consequently, by Lévy’s characterization theorem, the process, Wt = fot \/LT Sy XidWE, is a
Brownian motion.
Finally, we have

aY; = (2aY; +np?) dt + 28/ Y:dW,
(C.4) = k(0= Yy)dt+ &/Y,dW,,

where k = —2a, § = —nf%/2a and ¢ = 2.

Equations (C.2)), (C.3), and show that in order to simulate the CIR process Y; given by
(C.4)), we can simulate the OU process X, with dynamics given by such that its parameters
(cr, B) are expressed in terms of those of the process Y}, that is

& =20 40k

2 TR e

Therefore, we can simulate the volatility of the Heston model using a sum of OU processes.

K
Oé——§, 5_

Remark C.1. The previous derivation can can be generalized to cases where n* is not an integer by
considering a time-change of a squared Bessel process (see Chapter 6 in [22] for details). A second
way can be used for generalizing the scheme for any non integer, n*, by writing n* = n+p, p € (0, 1),
and then we can compute, for any observable g, E [g(X,,~)] as

Efg(Xn-)] = (1 = p)E[g(Xn)] + pE [g(Xnt1)] -

C.4 On the choice of the simulation scheme of the Heston model

In this section, we determine the optimal scheme for simulating the Heston model defined in (5.1]).
In our setting, an optimal scheme is characterized by two properties: i) the behavior of mixed rates
convergence (see Section [C.4.1]), which is an important requirement for an optimal performance
of ASGQ, and ii) the behavior of the weak error (see Section [C.4.2]) in order to apply Richardson
extrapolation when it is needed.

Although we tested many parameters sets, with consistent numerical observations, for illus-
tration purposes, we only show results for one set of parameters given in table This set
corresponds to n = 1, with n being the number of OU processed used in the Heston OU-based
scheme, defined in Section Furthermore, this set does not satisfy the Feller condition, that is
4K0 > £2.

Parameters Reference solution

So=K =100, v9=0.04, p =0, p= 09, k=1, £ =0.1, 0 = £ = 0.0025, (n = 1). 6.332542

Table C.2: Reference solution using Premia with cf_call_heston method [21I]. By n we refer to the
number of OU processes for simulating the volatility process in our approach, as shown in Section

[C3l

C.4.1 Comparison in terms of mixed differences rates

As emphasized in [20], one important requirement to achieve the optimal performance of the ASGQ
is to check the error convergence of first and mixed difference operators, as expressed by the error
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contribution ((CH]), which is a measure of how much the quadrature error would decrease once AQ@
has been added to the ASGQ estimator Q% (defined in (3.1))

(C.5) ABg = Q3 - k.

An optimal behavior for ASGQ is ensured if: i) AEg decreases exponentially fast with respect
to B;, and ii) AEg has a product structure so that a faster error decay is observed for second
differences, compared to corresponding first difference operators.

In this section, we compare the three approaches of simulating Heston dynamics, namely: i)
the full truncation scheme (see Section [C.1]), ii) the ABR scheme (see Section [C.2.1]), and iii) the
Heston OU-based scheme (see Section [C.3]). The comparison is done in terms of mixed differences
convergence. In our numerical experiments, we only observe differences of mixed differences rates
related to volatility coordinates, since we use schemes that only differ in the way they simulate
the volatility process. Figure shows a comparison of first differences rates related to volatility
coordinates for the different schemes. From this figure, we have: i) the full truncation scheme is
the worst scheme, ii) the Heston OU-based scheme and both schemes based on moment matching
(ABR and QE schemes defined in Section [C.2)) show a very good performance in terms of mixed
rates convergence, i.e., the error contribution, AEg (defined in (C.H)) decreases exponentially fast
with respect to j3;.

ot SO —— B=11000000] e — o
10 Bk rate= 2.11 102 -
&= Sso - $=100100000] S~ 10
R SRR . I~
10 o.-___:‘,.__: ______ o~ rate=-0.96 105 T
3 el I~ e__S=-= f=1[0010000] | Lo
— R T~ - rate=-061 _ . _
@ 107 N f=10001000] e 10 ay 5 0o
M \\ ~o- rate= -0.76 5 — 1550000 i
in \ _oSeo & | A= ) &
Sl NN <o - AN J 10 rate= -3.29 ] Fres 287
= X o= &l g

N P — e > - $=00100000]
\ - ~~s 10-1¢ | —&= rate=-6.82
>~ -~ f=100010000]
—e- rate=-6.55
106 1077 B=10001000]
—&- rate=-6.72

.| = B=10100000]

—&- rate=-5.92

;5] == B=10010000]

~e- rate=-4.96
B=10001000]

—&- rate=-6.04
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Figure C.1: The rate of error convergence of first order differences |AEg|, defined in (CH), (8 =
1 + kB) for the example of single call option under the Heston model, with parameters given by
Set 1 in Table [C.2], using N = 4 time steps. In this case, we only show the first four dimensions
that are used for the volatility noise (mainly dW, in (&.I])). (a) full truncation scheme as in Section
[CT] (b) ABR scheme as in Section [C.2.T] (c) Heston OU-based scheme as in Section [C.3l

C.4.2 Comparison in terms of the weak error behavior

In this section, we compare i) the ABR scheme discussed in Section [C.22.] and ii) the Heston
OU-based scheme discussed in Section [C.3] in terms of the behavior of the weak convergence.
We select schemes that have a weak error rate of of order one in the pre-asymptotic regime, to
apply efficiently Richardson extrapolation, and thus, we can apply Richardson extrapolation in our
proposed methods. Figure[C.2lshows a comparison of the weak error rates for the different schemes.
From this figure, we can check that the Heston OU-based scheme has a better weak convergence
rate that is closer to 1 compared to the ABR scheme with a weak error rate of order 0.7.
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Figure C.2: The convergence of the relative weak error £g(INV) defined in B2 for the European
call option under the discretized Heston model, for parameters in Table The upper and lower
bounds are 95% confidence intervals. (a) Heston OU-based scheme, (b) ABR scheme.
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