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MULTILEVEL MONTE CARLO APPROXIMATION OF FUNCTIONS

S. KRUMSCHEID AND F. NOBILE

ABSTRACT. Many applications across sciences and technologies require a careful quantification
of non-deterministic effects to a system output, for example when evaluating the system’s re-
liability or when gearing it towards more robust operation conditions. At the heart of these
considerations lies an accurate yet efficient characterization of uncertain system outputs. In this
work we introduce and analyze novel multilevel Monte Carlo techniques for an efficient char-
acterization of an uncertain system output’s distribution. These techniques rely on accurately
approximating general parametric expectations, i.e. expectations that depend on a parameter,
uniformly on an interval. Applications of interest include, for example, the approximation of the
characteristic function or of the cumulative distribution function of an uncertain system output.
A further important consequence of the introduced approximation techniques for parametric
expectations (i.e. for functions) is that they allow to construct multilevel Monte Carlo estima-
tors for various robustness indicators, such as for quantiles (also known as value-at-risk) and
for the conditional value-at-risk. These robustness indicators cannot be expressed as moments
and are thus not easily accessible usually. In fact, here we provide a framework that allows
to simultaneously estimate a cumulative distribution function, a quantile, and the associated
conditional value-at-risk of an uncertain system output at the cost of a single multilevel Monte
Carlo simulation, while each estimated quantity satisfies a prescribed tolerance goal.

Keywords. multilevel Monte Carlo, parametric expectation, distribution function, quantiles,
conditional value-at-risk, characteristic function, moments
AMS subject classifications. 65C05, 60H35, 65C20, 65Y20, 60E10

1. INTRODUCTION

Parametric expectations, such as ®(¥) = E(qﬁ(ﬁ, Q)) for some random variable ), are com-
monly used in a wide range of applications. For example, when characterizing the distribu-
tion of an uncertain system output @, say. Here, perhaps most notably are applications in
which the cumulative distribution function Fi(9) = E(I(Q < ¥)) or the characteristic function
(V) = E(exp(i9Q)) of the random variable Q are sought-after on some interval ©. But also
many problems arising in the field of stochastic optimization, such as

min (£(6(0.)) + oy 2(600.0%) ~ E(016.9))")

rely heavily on accurate and computationally affordable approximations of these parametric
expectations. Consequently, an efficient approximation of parametric expectations, such as
®(9) = E(¢(9,Q)) with ¥ € ©, uniformly on the interval © is of fundamental interest.

In many situations sampling @) requires the solution of a complex problem (e.g. stochastic
differential equation, stochastic/random partial differential equation, etc.), which inevitably
involves a discretization step and can only be done up to a prescribed tolerance level. For the
approximation of moments of a random variable ) based on such approximate samples, the
multilevel Monte Carlo method [7,13,14,25] has been established as a computationally efficient
sampling method that is applicable to a wide range of applications. However, its applicability
for general parametric expectations and quantities that cannot be expressed as moments is not
straightforward and requires special treatment. For example, recently multilevel Monte Carlo
techniques have been incorporated into stochastic approximation algorithms used for stochastic
optimization in the context of diffusion processes [12]. In this work, we present a multilevel Monte
Carlo methodology that allows a uniform approximation of general parametric expectations, in
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other words of a function. Moreover, we carefully analyze the proposed methodology and provide
a full complexity analysis.

Somewhat related topics have been addressed in [20]. Two of the main differences compared
to the present work are the following. Firstly, the aforementioned work considers the case
where exact sampling from the law of @ is possible and, secondly, there the construction of
the multilevel hierarchy is based on different interpolation grids. Conversely, in this work we
do not assume that sampling from the law of @) is possible and we construct the multilevel
hierarchy based on different approximations to the law of ) instead. In fact, the present work is
somewhat closer to the work presented in [15], where the authors discuss multilevel Monte Carlo
ideas for the uniform approximation of a random variable’s cumulative distribution function
(CDF). Here, we build upon ideas presented in that work, but extend and generalize these
further to approximate general parametric expectations. A direct implication of the greater
generality of our work is, for example, that it enables us to derive novel multilevel Monte Carlo
estimators for the characteristic function in addition to CDF approximations. This is particularly
useful when characterizing a random variable’s distribution in the presence of atoms (i.e. for
mixed distribution) or in cases when not all moments exist (e.g. Lévy distribution). A further
important consequence of the results presented here is that they provide multilevel Monte Carlo
estimators for derived quantities, such as for quantiles (also known as value-at-risk) or for the
conditional value-at-risk. It is noteworthy that these quantities cannot be expressed as moments.
Consequently, they had been out of reach for an efficient treatment via standard multilevel Monte
Carlo methods until recently. In fact, first results in this direction, at least for quantiles, are
available through the recent works on multilevel stochastic approximation algorithms |9, 12].
Although these first results are certainly insightful, this research direction is still in its infancy,
so that efficient multilevel Monte Carlo quantile estimators applicable to a wide class of problems
are still of major interest. Moreover, to the best of our knowledge the conditional value-at-risk
has still been inaccessible for an efficient treatment using multilevel Monte Carlo techniques so
far.

The rest of the paper is organized as follows. In Section 2 we present the multilevel Monte
Carlo estimator for parametric expectations in a general setting and provide the corresponding
complexity analysis. In the following Sections 3—4 we apply these abstract results to two different
scenarios and illustrate the theoretical findings with numerical examples. Specifically, in Section
3 we present a novel multilevel Monte Carlo estimator for the characteristic function of a random
variable, while we present and analyze an approximation to a random variable’s CDF in Section
4. Moreover, in Section 4 we also present multilevel Monte Carlo estimators for various derived
estimators, such as a quantile and a conditional value-at-risk. Finally, Section 5 offers a summary
and a discussion of our results.

2. APPROXIMATION OF PARAMETRIC EXPECTATIONS ON COMPACT INTERVALS

Throughout this work, we consider a real-valued random variable ) defined on a probability
space (€, F,P). As anticipated in the introduction, we assume that it is not possible to sample

from the distribution of @) exactly. Instead, we assume that one can only draw samples Qg) from
a random variable (), which is a suitable approximation to () and which is defined on the same
probability space. Specifically, we consider a hierarchy of approximations on different levels ¢ =
0,1,..., in the sense that the level ¢ approximation ), of () corresponds to some discretization
parameter hy and the different approximation levels are related by hy_1 = shy for some s > 1, so
that hy = s~*hg for £ > 0 and Q; — @ in an appropriate sense (specified below) as ¢ — co. For
example, @y could be derived from an approximate solution to a stochastic/random (partial)
differential equation that is obtained via a numerical scheme with discretization parameter hy.
Based on this multilevel hierarchy we aim at approximating

o(0) = E(6(9,Q))

uniformly on some compact interval © C R for a given function ¢: ©® x R — R. The multilevel
Monte Carlo approximation of ® on © is obtained by first evaluating ¢ in a set of nodes in © by
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a standard multilevel Monte Carlo estimator and then appropriately interpolating the collected
values to obtain a function on ©. More precisely, let
0:=(01,6,...,0,)  eO",

denote the set of n € N deterministic nodes. With a slight abuse of notation, we denote by f(6)
the vector with components f(6;), 7 = 1,...,n, for any function f: R — R. Furthermore, let
L € Ny and N := (Ng, Ny, ...,Nz)T € NI The collection of the pointwise multilevel Monte
Carlo estimators is then denoted by @g : R®™ — R” and is given by

&Y (6) [ Z¢(9J,Q20>)+i£§j¢(9ﬁ@§“>) ¢(6J,QZ”)]
{=1 i=1
(=0 1=1

1<j<n

upon setting ¢(-,Q—1) = 0. Here, (Q§ ,Q; D) ; = 1,..., Ny, denote the independently and

identically distributed (i.i.d.) samples from (Qg, Q—1) that are also mutually independent across
levels. The extension (e.g. by means of interpolation) of this collection of pointwise estimators
to a function on © is eventually achieved by

AN _
o, " =T, (27 (0)) ,

where Z,, denotes an appropriate extension operator. The accuracy of this extension depends, of

course, on the regularity of ®. In this work we will consider two different scenarios: ® € C¥*1(0)

for some k € Ny or & being analytic. In the first case we will consider extension operators that
satisfy the following assumptions.

1<j<n

Assumption A1l (Extension operator). Let k € Ny be given. The sequence of linear extension
operators L, : R™ — L>°(0O) based on the set of nodes § € O", satisfies

i) 1] = Ta(FO) | (o) < cin™*HD for any f € CHH1(@),
(it) || Zn(@)[| Lo (o) < c2ll@llgoo for any z € R™,
(1ii) the cost for computing T, (x) based on n fixed nodes is uniformly bounded by csn,
for all n € N. Here, the constants ¢y, co,c3 > 0 are independent of n.

For an appropriate analytic function ®, we will consider extension operators with the following
properties.

Assumption A2 (Extension operator for analytic functions). The sequence of linear extension
operators Ip,: R™ — L*°(0O) based on the set of nodes 6 € O™, satisfies
(i) \|f — I, (f(@)) HLOO(@) < c1p™™ for any suitable function f that is analytic in © and for
which p > 1,
(it) | Zn(2)| oo oy < c2In(n)||z]lpoe for any x € R,
(1ii) the cost for computing I, (x) based on n fized nodes is uniformly bounded by csnlog(n),
for all n € N, with constants c1, co,c3 > 0 independent of n.

Remark 2.1. Assumption Al is, for example, satisfied for an interpolation with piecewise poly-
nomials (i.e. splines) of degree k on a uniform grid [8]. An example for which assumption A2
holds true is that of polynomial interpolation in Chebyshev points on © = [—1,1], say, of a
function f that is analytic on © and analytically continuable to the closed Bernstein ellipse with
elliptical radius p > 1 [26].

The error of the multilevel approximation @N’n is quantified through the mean squared error
MSE (&) -_]E(chN" . ) .

The asymptotic analysis that will follow is partly based on considering an increasing number
of nodes in O, in the sense that § € R™ with n — oo as the prescribed mean squared error
3



tolerance tends to zero. It is therefore necessary (and natural) to consider elements of R™ as
elements of an appropriate sequence space, which we will then use to investigate the statistical
properties. Specifically, it is convenient to work in the Banach space ¢>°. For a random variable
¢ with values in ¢£*° and finite second moment so that & € L2(£2;£>°), the variance is defined as

Var (€) := E(||¢ — E(€)]17=) -
It follows that

(1) E(|lz — &l7) < 2]z — E(&)|7 + 2 Var (€) ,

for any deterministic x € R™ and random variable £ € R™. Moreover, it holds that Var (§) <
4E(||§H§oo) In this Banach space setting, the formula for the variance of a sum of real-valued
independent random variables becomes an inequality. In fact, for a sequence (51-)1 ey Of
mutually independent R”-valued random variables it holds that

N N
(2) Var (Z fi> < cln(n) ZVar (&),
i=1 i=1

where ¢ > 0 is a generic constant [23]. See also [19, Lemma 1], where this inequality has been
used in the context of a multilevel method.

Before we can characterize the computational complexity of the multilevel Monte Carlo ap-
proximation é)g’n, we need to specify the cost model for evaluating the function ¢. Throughout
this work we assume that the computational cost of evaluating ¢(¥, ¢) is bounded by a constant
for any (9,q) € © x R. Moreover, we denote by ¢, the computational cost for generating a
sample (Qg, Qy—1), £ € Ny. Then the following result holds.

Theorem 2.1. Let ®(v¥) = E(¢(19, Q)) Suppose there exist constants o, 8,y > 0 such that
2a0 > min(f,v) and

(i) supyeo |E(6(9,Q) — ¢(9,Q0))| < c1ly®,
(i1) E(suppco o9, Qo) — (9. Qe1)|* ) < c2hs?,
(iii) o <ecsh™ 7,
for all £ € Ny with positive constants c1, ca, cg independent of £.
If & € CFTY(O) for some k € Ny and if assumption Al is satisfied for that k, then for any

e > 0 there exists parameters L € No, n € N and N € NI such that the corresponding
multilevel Monte-Carlo estimator (Dg’” satisfies

(3) E([8)" = @]} (o)) = O

Furthermore, for any 0 < e < e~! the associated computational cost Qj(cf)g’”) s bounded by

e?n(eY)?, iff=n

C((i)g”) < 5_(2+%+1) ln(afl) + 111(671) 57(2+¥) . ifB<n,

e 2, f B>
If ®: © — R is analytic in © and if assumption A2 holds for ® with p > 1, then for any e > 0
there exist parameters L € No, n € N and N € NYFTY such that the corresponding estimator

@g” satisfies (3). Moreover, for any 0 < € < min(p~1,In(2)) the required computational cost is
bounded by

e~2n(e—1)?, ifB=",
(@)™ e (=) + (e ) P e S i<,
g2, if B>7.



Proof. The mean squared error can be bounded by
MSE (3" = ]E(H(I) — T, (2(0)) + T, (®(0) — BV (0)) Hiw(@))

(4)
2 = 2
<2([[0 = (@O} ) + E(IT(00) 2O 1)) )

To bound the right-hand side of (4) further, we will treat the two regularity classes for ®
separately.

We begin with the finite regularity case, that is ® € C**(Q) for some k € Ny. As a
consequence of the properties of the extension operator Z, satisfying assumption Al, it follows
that

MSE ($7"") < 2¢ (n_Q(kH) + IE<H<I>(6) — o7 (9);@))
< 2c(n*2<’“+1) +2||®(6) — E(®Y (0))||7. + 2 Var (iﬁ(e))) ,

where we have used property (1). That is, the mean squared error can be decomposed into
three terms: one controlling the interpolation error, one the bias, and one the variance. From
hypothesis (i), we find that the bias is bounded by

|®(0) —E(7 (0))]| o = max |E(6(0;, Q) — ¢(0;,QL))|

1<j<n

S Sup‘E(¢(ﬂa Q) - ¢(19a QL))l S Clh()as_aL .
Y€

Similarly, for the variance term we find that

_ L _Var ¢(07Q)_¢(07Q—)
Var (7 (9)) < cln(n) Z ( KNK o )

=0
L E &0, Q) — 38, Qo_1)| L g
< 4cln(n) Z <Supﬂ€®‘ ( ]\2 Q) ) < deeahg? ln(n)z SN
=0

¢
where we have used property (2), the fact that Var (§) < 4E(H§sz) for any € € L(€2;4°), and
hypothesis (ii). Combining these bounds, we eventually obtain

L —Be

*N,n —2(k+1 —2aL
(5) MSE (¢,") Sn (k1) 1 5 —Hn(n); N,

In view of this bound, we choose
n= {Eﬁlw and L = [a‘llogs(e_l)] )

to obtain a contribution of O(s?) originating from the first and the second term in (5), respec-
tively. Notice that n > 2 and L > 1, since € < 1. Moreover, it holds that

(6) e <P < svema

for any v > 0. The computational cost Q(@g’n) of constructing the estimator é)g’n is given
by the sum of the cost for computing all pointwise estimators and the cost for computing the
extension to a function. That is, for a generic constant ¢, the cost is bounded by

L L
Q:(i)g’n) < c(Z Ne(eg+n) + n) <n+ ZNg(sf’Y + n) .
=0 /=0
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Treating the variables N = (Ng, N1,..., Nr) as continuous and minimizing the cost C( N")

with respect to N, subject to the constraint ZZ:O Niz = &2ln(n)” ! eventually implies

_ |2 _
(7) N; = In(n lv+nz‘/ 8 (st + n) 0<I<L.

Consequently, the mean squared error is O(g?) as asserted. Bounding the number of samples
per level by Ny < 1+ e~ 2In(n) \/s—lﬁ(s” +0) ks (s“Y 4+ n), which is a consequence
of (7), the corresponding computational cost is bounded by

(Y™ <n(L+2) + Zh-i-é In(n (Z\/ —th h—l—n)
s1E
n(L+2)+1_877 e 2In(n <Z\/ —5( 57+n>
2
<R In(e™!) + 7 4 2In(c7Y) (Z \/ 5B (st + n)>
=0

where we have also used property (6). To quantify the sum, we introduce L* = [y~ !log,(n)] —
1 > 0, which implies that s¥ < n for all ¢ < L*. Now, we distinguish two cases. Firstly, we
consider L < L*, which, in the absence of rounding errors, implies o > v(k + 1). In that case it

holds that

L L B _LB
Zws—w(sh—i-n) < \/%Zsfeg = \/%826_782 Svn.
=0 =0 52 —1
Secondly, for L > L* we find that
L L+1, B=r,
Z\/ h+n)<c<\f+ Z ><\F+ ST, <,
= (=L*+1 S%L*’ B>n.

Notice that the right-hand side above is also dominating the sum in the case L < L*. Collecting
all the parts together, we eventually find

(e H)?*, B=1v,
Qf(fi)JLvn) < 57@%1 ln(f-:_l) +ea + 57(%%“) ln(s_l) +e72 ln(g_l) g_;%ﬁ , B<,
gv(kﬁl) , 8>.
Using the hypothesis 2a > min(8, ), the claim follows and the proof for ® € C*+1(©) is
complete.
Consider now ®: © — R analytic in © and such that assumption A2 holds for ® with p > 1.
The proof of the claim in this case is very similar to the previous one. Indeed, starting from
inequality (4), the mean squared error can now be bounded by

MSE (Ci)gn) < c(,o +1In(n H<I> —E(2}(9)) Hjoo + In(n)? Var (éf(e)))

<—2n1 2—2aL1
o+ Infrn)s% + In(n zNg,

where we have used the same steps that led to (5) before. Now, choosing

n=[log,(c7")] and L=[a"log,(¢ " In(n))] ,
6



and then minimizing the cost bound

L
Q(@JL\T”) < Z Ny(cg +n) + nlog(n)
(=0

subject to the constraint 7, 5;\52 = &2In(n)"? yields

—1B L
sli—i—nz s*w(sh—i—n) , 0<I<L.

N; = |e2n(n)?

Therefore, the mean squared error is of order O(¢?) and the corresponding cost is bounded by

L, B=7,

Q(@gn) S nlog(n)+n(L+1)+s_%ln(n)% +e2n(n)*n4¢"2n(n)> eiwgﬁln(n)¥ , B<7,
B_

n" , B>~.

Noticing that 2 <n <In(e™!), 0 < In(2) <In(n) SIn(ln(e ™)) <In(e7!),and 1 < L SIn(e™?)

for 0 < ¢ < min(p~!,In(2)), completes the proof. O

Remark 2.2. The condition 2« > min(3,) in the statement of Thm. 2.1 above is satisfied in
many applications. It is nonetheless noteworthy that this condition is not essential for the proof
of the complexity result above. In fact, omitting this condition will not change the analysis,
it will merely add an extra e/*In(e~!) term to the complexity. This term originates from
the 25:0 ¢, contribution to the cost, which may no longer be dominated by an O(¢~2) term in
absence of the 2ac > min(f,~y) condition.

2.1. A more refined complexity result. The proof of Theorem 2.1 above reveals that the
contributions from (¢; + n) to the overall computational cost are essentially constant on every
level £ for which ¢ < L*, because the cost is dominated by the cost for evaluating ¢ there. That
is, the cost of generating samples on these levels is negligible compared to n. Consequently,
there is no complexity benefit in using the contributions from the levels £ < L*. In fact, by not
considering these coarse levels within the construction of the multilevel Monte Carlo estimator
at all, we will be able to improve upon the complexity result presented in Theorem 2.1. That is,
we will consider an estimator with a possibly positive lower level bound L € Ny and, as before,
an upper level bound that is denoted by L > L. The refined multilevel estimator then reads

~

z NZ . .
(8) @i% =17, (CI)ZZ(Q)) s (i)gz(ﬁ) = [Z ]\172 Z ¢<9j, le,f)) _ ¢(9j, Qéz’gl))] ,
=L =l 1<j<n

with ¢(-,Qr—1) = 0. Here, the number of levels is L + 1, with L := L — L > 0. Notice that
this approach can still degenerate to a single-level (i.e. classic) Monte Carlo method, namely if
L = 0. Intuitively this will only happen, if either a very crude tolerance demand is required
(e.g. € being of order one), or if the generation of highly accurate samples is very cheap (e.g.
when exact sampling is possible); see also Remark 2.3 below. In all other cases, in particular
asymptotically as € — 0, the estimator will have a full multilevel structure. Its computational
complexity is summarized in the following result.

Theorem 2.2. Let (V) = IE(qb(q?, Q)) Suppose there exist constants o, 8,y > 0 such that
2a > min(p, ) and
(i) supyee|E(4(9, Q) — #(9, Q)| < crh®,
(i) E(Supﬂe(a}ﬁb(ﬁv Qe) — ¢(9, Qe—1)\2)§ cohy”, E<Sup§€@\¢(29, Qe)\Q)S 2 < 00,
(iii) ¢ < c3hi™7,

for all £ € Ny with positive constants cy, ca, o, cs independent of £.
7



If & € C*TY(O) for some k € Ny and if assumption Al is satisfied for that k, then for any
e > 0 there exist parameters L,L € Ng with L:=L —L >0,n €N, and N € NL+1 such that

the corresponding multilevel Monte-Carlo estimator P LZ satisfies

) E(Héﬁ%-@u;(e)) — 0(2).

Furthermore, for any 0 < € < e~! the associated computational cost C( gz) 18 bounded by

=2}

e2n(e™Y)?, iff=1,

2 N,n —1 _ =8 .
(@, 7) Shn(e™) =5 i<y,
2, if B>,

if L>0, and by ¢(&37) S (1)~ (+2) ir L =0,

If ®: © — R is analytic in © and if assumption A2 holds for ® with p > 1, then for any
€ > 0 there exist parameters such that the corresponding estimator <I> ﬁ satisfies (9). Moreover,

for any 0 < e < min(p~',In(2)) the required computational cost is bounded by

e (e 1)?, ifB=n,
(&) (=)’ P )5 | ifp<ny,
B 5‘2, if B>,

if L >0, and by €()7) Sn(e=)* ae~(+2) 4r L =0,

Proof. The proof is very similar to the proof of Thm. 2.1 and we only discuss the differences.
Here, we use

n = [a_k%rl—‘ and L= [aillogs(aflﬂ )

as before and set L = min(L*, L) with L* = [y log,(n)] — 1. Selecting

—18 L B
Np = {s_an(nﬂ , N = 5_2ln(n) s;ﬁ Z \/m , L<I<T,
(=L

results in the mean squared error of order O(e 2). Recall that the computational cost is bounded
by €(® N") Sn+ ZZ L N¢(s* +n), from which the claims then follow. In fact, for L =0 (i.e.

L=1I) tﬁe assertion is obvious and for L > 0 (i.e. L = L* < L) we note that
L+L L+L 2
@(@g%) (L+2)n+ Zsz'y—i-e In(n 23572
=L
The argument for the case of ® being analytic is analogous. O

Remark 2.3. An explicit identification of the case L = 0 (i.e. of the case when the multilevel
estimator degenerates to a classic Monte Carlo estimator) in terms of the rates «, 3, and 7 is
not straightforward. This is mainly due to the dependence on several (unknown) constants as
well as to integer rounding in practice. However, formal calculations provide some insight. In
fact, treating the variables as continuous reveals the necessary condition vy(k+ 1) < « for having
L = 0 (i.e. a single level method) in the case of ® € C¥¥1(©). This agrees well with our intuition
that a single-level Monte Carlo methodology will be sufficient, whenever highly accurate samples
are very cheap to obtain (e.g. exact sampling). Moreover, notice that the condition y(k+1) < «
also implies that the complexity result in Thm. 2.2 is superior to the one in Thm. 2.1 even for
L=0.
8



Due to the complexity improvement of the multilevel Monte Carlo estimator identified in the
refined complexity Thm. 2.2 compared to the one of Thm. 2.1, we will only use the improved
estimator (8) in what follows. It is moreover noteworthy that the results above illustrate that the
multilevel Monte Carlo estimator offers a worse complexity for the case of an analytic function
®, than for ® € C*¥T1(@). This is due to the worse Lebesgue constant (cf. condition (i) in
assumption A2), which is necessary for global Chebyshev polynomial interpolation for example.
The benefit of an analytic function ® will, however, become apparent below, where we will
derive multilevel Monte Carlo approximations for derivatives of ®. Finally, we mention that L*
is typically close or equal to the coarsest level considered for the application at hand. If, however,
the sampling is indeed significantly cheaper than the evaluation of ¢ (e.g. if exact sampling is
possible or if the evaluation of ¢ itself requires some additional numerical simulations), then one
should telescope not only on the number of samples per level, but also on the number of nodes
used per level. Such a construction would thus result in a multi-index Monte Carlo estimator
[17], an approach that we will leave for future work.

2.2. Approximation of derivatives. In view of the multilevel estimator construction (8), one
may think that an alternative extension of the pointwise estimates to a function is possible,
provided the samples on all levels are saved. That is, it may be tempting to simply consider the
mapping © 3> ¥ — @gf(ﬁ) instead of the function @gg =1, (@JLVZ(H)). However, this naive
approach is not guara?l’teed to be accurate between the nodes 6, so that uniform error criterion
may not be met. Moreover, considering an appropriate extension operator Z, is crucial when
also approximations to derivatives of ® are sought after. As a matter of fact, this is desirable in
many applications including the stochastic optimization problem mentioned in the introduction,
but it is also essential in scenarios related to the characteristic function and the CDF as we will
discuss in the following sections.

The advantage of extending the pointwise estimate to a function ™ via an appropriate

L,L
extension operator Z,, is that it provides a natural and efficient way of computing derivatives
of the estimated function. Notice that this is not possible without the extension operator in
general. To see this, consider the CDF ®(d) = E(I(Q < ¥)) for example. Any finite sample
size (single- or multilevel) Monte Carlo approximation will, as a function of ¢, only provide a
piecewise constant approximation, regardless of the regularity of ®. Consequently, derivatives of
the estimated function will vanish almost everywhere, so that no further information concerning
the derivatives of ® can be gained. Conversely, by taking advantage of the extension operator
T, it is possible to overcome this shortcoming.

To characterize the accuracy of derivative approximations, we have to strengthen the assump-
tions on the extension operators.

Assumption A3 (Derivatives of the extension operator). For k,m € Ny given so thatm < k+1,
let the sequence of extension operators I,: R™ — C™(O) based on the set of nodes 8 € O™ satisfy
assumption AJ Furthermore, for all n € N the operators I, satisfy

(i0) 117 = 2T, (F0) o) < can™ 1) for any | € CF41(@),

(v) ”dﬁm n(2) | oo gy < 5™ [ Tn(@) | Lo (o) for any x € R,

(vi) the cost for computing %In(x) is proportional to the cost of computing I, (x).
Here, the constants cq,cs5 > 0 are independent of n but may depend on m.

Similarly, for analytic functions we will assume the following.

Assumption A4 (Derivatives of the extension operator for analytic functions). Let f € C*°(©)
and the sequence of extension operators I,: R™ — C*(0O) based on the set of nodes 6 € O™ be
such that assumptz'on A2 holds with p > 1. Moreover, for any m € Ny it holds that

(@/U) Hf 197n ( (0))“1100(@) S C4pin;
(v) udﬁm 2 (@) ey < 512 |Za(@) o) for any z € R,

(vi) the cost for computing %In(m) is proportional to the cost of computing I, (x),
9



for all n € N with the constants cq,c5 > 0 being independent of n but possibly depending on m.

Remark 2.4. Assumption A3 holds true for example for C"" continuous piecewise polynomials
(i.e. splines) of degree k on a uniform grid, provided that k + 1 is even (so-called odd degree
polynomials) [18]. As for Assumption A2, Assumption A4 is satisfied for polynomial interpola-
tion on Chebyshev nodes as a result of the spectral convergence [26, Ch. 21| and the Markov
brothers’ inequality [16].

Now we are in the position to address the complexity result for the approximation of deriva-
tives. It is noteworthy that the following result concerning derivatives of ® is based on identical
hypotheses on the function ¢ as is Thm. 2.2 for the approximation of ®.

Theorem 2.3. Let () = E(¢(19,Q)) and m € N. Suppose that the hypotheses (i) — (iii) of
Thm. 2.2 are satisfied for ¢.
If & € C*1(O) for some k € Ny such that m < k and if assumption A3 is satisfied for that k,

then for any 0 < ¢ there exist parameters L, L € Ng with L ==L —L >0, n € N and N € N/+!
N,n

such that the m-th derivative of corresponding multilevel Monte Carlo estimator <I> = satzsﬁes
N 2

(10) <H M — Chqu’LZ Lw(@)) = 0(e?).

Furthermore, for any 0 < € < e~! the associated computational cost Q:(d%m @N") 1s bounded by

2
am e (e, i f=n,
-1 _ y=BY)_k+1 .
Q:<d/l9m(I)LL> 5111(5 ) e (24;;:(11 )k+17'm , Zfﬁ<ﬂy7
—2

g “FHl-m if 8>,

if L >0, and by C(ddﬂm @Nn) Se (i tmex (=) ln(a_l) if L=0.
If ®: © — R is analytic in © and if assumption A4 holds for ® with p > 1, then for any

0 < € there exist parameters such that the m-th derivative of the corresponding multilevel Monte

Carlo estimator @Nﬁ satisfies (10). Moreover, for any 0 < ¢ < min(p~1,In(2)) the required

computational cost is bounded by

5*21n(5*1)2+4m

qm - ) Zfﬁ =7,
n — + m - m .
(b)) )
e?, ifB>7,
if L =0, and by Qf(dcf;:n gf) < 67(2+%)1H(€71)3+%+2m(2+%) if L=0.

Proof. The mean squared error can be decomposed into

MSE <ddﬁmq>gl?) = E(H@(m) N cZTmmI ((I)]LVL(Q))H;(@)>

dm 2

- 2
= 2H<I>(m) B dﬁmI"(q)(e))HLoo(e) * E(Hdﬁm Tn(2(0) - (I)JLVvL(G))HLoo(@) '

Next, we proceed as in the proof of Thm. 2.2. For ® € C*t1(©) and assumption A3 being
satisfied, we find that

=

S_M

d™ N B B -
11 - n\ < —2(k+1-m) 2m —2al 2m
(11) MSE( ﬁmCPLL) Sn +nMs + n“" 1n(n) N,

Therefore, we chose



and, L = min(L*, L), with L* = [y 'log,(n)| — 1. Next, minimizing the cost bound of the
corresponding function approximation, that is

d Nn
c(dW@LL) ZNg co+n)+

subject to the constraint Zﬁ:L s]_vie = e2n(n) 'n=2", yields

L
Np = [e?In(n)n®™] , N, = e *In(n)n*™/ l'y i Z s~ (s +n)| , L<I<L.

These choices eventually result in the asserted mean squared error of O(¢?) and also provide the
cost bound

L7, B=",

Q(dmfle ”> <nL+ 575 4 e 2 In(n)n?™ e~ St , B<7,
dym™ = L.L _B=y

n v, ﬁ>’77

with L = L — L, from which the claim follows.
The analysis for the case that ®: ® — R is analytic and that A4 is valid is very similar
and therefore omitted. For the sake of completeness, we merely report the parameter choices:

n= ﬂogp(s_lﬂ, L = [alog, (e ! In(n)n*™)], as well as

s—B
s+ n

M=

N = [e2In(n)n®™] , N, = e %n(n)*n*™ sB(s+n)| , L<I<L.

14
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Notice that Thm. 2.3 above is stated under weak assumptions on the function ¢. Specifically,
we only assume that hypotheses (i) — (iii) of Thm. 2.2 are satisfied for ¢, but we do not make
such assumptions for the derivatives of ¢.

Remark 2.5. As mentioned in Remark 2.3 already, an explicit identification of the case L = 0
in terms of the rates «, B, and « is not straightforward. Here, a formal calculation provides
the necessary condition y(k + 1 —m) < o — m for having L = 0 (i.e. a single level method) in

the case of ® € C**1(©). Notice that this necessary condition also implies that X < k+11 —
so that the computational complexity for the single level estimator simplifies to QI( am @gZ) <

k+1
€ ~(2ri=mta) ln(e_l) in the absence of integer rounding.

3. APPROXIMATION OF THE CHARACTERISTIC FUNCTION

The characteristic function ¢g: R — C of a random variable () is given by

e (1) := E(exp(i¥Q)) ,

and it completely defines the random variable’s probability distribution. The characteristic func-
tion is thus a convenient and alternative tool to (analytically) characterize the distribution of
the random variable () compared to an approach based on the cumulative distribution function,
which may be cumbersome, for example due to the presence of atoms (i.e. for a mixed distribu-
tion). Notice that the characteristic function always exists, since exp(it@) is bounded. Finally,
it is noteworthy that the characteristic function can also be defined for vector-valued random

variables.
11



3.1. The multilevel estimator. In view of Euler’s formula, the characteristic function of Q)
can be written as

©q(¥) = E(cos(¥Q)) + iE(sin(¥Q)) = ®1(9) + iP2(0) ,
with @,(9) := E(¢r(9,Q)) for r € {1,2}, where ¢1(9, Q) = cos(¥Q) and ¢2(¥, Q) = sin(VQ).

A natural approximation of the characteristic function ¢g on the set © C R is therefore to use
the results from Sect. 2 by simultaneously constructing multilevel Monte Carlo approximations
to both ®; and ®5. That is, we consider an approximation of the form

~N,n — =
Gymi=T(e)1(0) ,  @rp(6) = DY, 7(0) +i®Y, £(6)

based on extending the collection of pointwise estimates

BN, (0 [Z qu(ej,cz;“) o (05, Q4 )]

We recall that ¢, (9,Qr—1) = 0 for notational convenience. Alternatively,one could, of course,
directly approximate 9 — E(exp(iﬁQ)). This would, however, require to extend the framework
presented in Sect. 2 to complex—valued functions. It is moreover noteworthy that the collection
of pointwise estimators ®~ _(6) defined above is based on the same samples for both values of

1<j<n

7L, L(
r € {1,2}. Consequently, the additional effort for approximating two functions instead of one is
negligible. As before, the accuracy of such an approximation to the characteristic function ¢g
is quantified through the mean squared error, viz.

~N,n

MSE(ANn) :zIE( goLL goQH

('OLL

Lo® @(C)) '

The following result, which is essentially a spacial case of Thm. 2.2, then characterizes the
computational complexity of the multilevel Monte Carlo approximation to ¢¢.

Corollary 3.1. Let pg = ®1 + 1Py with ®,.(9) := E(qbr(ﬁ, Q)) forr e {1,2}, where ¢1(9,Q) =
cos(VQ) and ¢p2(9, Q) = sin(IQ). Suppose that the hypotheses (i) — (iii) of Thm. 2.2 are satisfied
for both ¢1 and ¢o.

If &1, P9 € C*T1(O) for some k € Ny and if assumption Al is satisfied for that k, then for
any € > 0 there exist parameters L,L € Ny with L :== L —L >0, n € N, and N € NI such
that the corresponding multilevel Monte Carlo estimator gbg’g satisfies

(12) E(lleyr - vall, . o) = OE-

L>® 9@))

Furthermore, for any 0 < € < e~! the associated computational cost (’:(g&gg) s bounded by

e(e!)*, i B=7,
~N, -1 _ =8 .
@) SwE) {5 gaay
e?, B>,
. ~N.n < -1 _(2+1) . i
if L >0, and by Q(‘PL,L) Nln(e )5 o) if L=0.
If ®1,P5: © — R are analytic in © and if assumption A2 holds for ®1,®y with p > 1, then
for any € > 0 there exist parameters such that the corresponding estimator @g’g satisfies (12).

Moreover, for any 0 < ¢ < min(p~!,In(2)) the required computational cost is bounded by

e 2In(e1)?, ifB=7,
e(epy) s Py T | rg<y,
e 2, if B>,

ol

if L >0, and by Q(QILVE) < ln(e_1)3+55*(2+%) if L=0.
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Proof. The mean squared error can be decomposed as

E( 2 ) = E(“q)l B In(@ﬁm(e))\\;(@)) +E<H¢’2 _I”((iév\éyf(e)) Hiw(@) ’

L>(6,C)

due to the linearity of the extension operator. As the terms on the right-hand side are nothing
else but the mean squared errors corresponding to a multilevel Monte Carlo approximation of
®; and P9, respectively, the claims then follow directly from Thm. 2.2. O

~Nn

3.2. Moment estimation. As mentioned above, the characteristic function g of a random
variable () completely characterizes its probability distribution. As a consequence, moments of
@ can be directly derived from ¢g. In fact, if a random variable 7 has moments up to M-th
order, then g € CM(R) and it holds that

E(Q™) = (—)"¢y”(0), 0<m <M.

In view of this identity, it appears natural to use an approximation to ¢¢g to derive approxi-
mations to the first M € N moments simultaneously. This task can be approached from two
different perspectives. The first one is to tune the general multilevel formulation to the construc-
tion of moments, that is to minimize the computational cost for constructing a multilevel Monte
Carlo estimator for ¢ subject to the constraint that the maximum mean squared moment error
is of order O(£2). The second perspective is to view the computation of moments simply as a
pure post-processing step. That is, assuming one has access to an approximation to the charac-
teristic function (g with (uniform) mean squared error of order O(g?), it remains to quantify
how big the corresponding maximum mean squared moment error is, if moment estimates are
computed from said approximation.

First, we present the result based on the classic multilevel Monte Carlo perspective, i.e. using
the constraint minimization approach for the maximum mean squared moment error.

Corollary 3.2. Let M € Ny and pg = ®1 + i®; with ®,(9) := E(¢,(9,Q)) for r € {1,2},
where ¢1(9, Q) = cos(¥Q) and ¢2(9, Q) = sin(V¥Q). Furthermore, let the interval © C R be such
that 0 € ©. Suppose that the hypotheses (i) — (iii) of Thm. 2.2 are satisfied for both ¢1 and ¢2.

If &1, ®y € CF1(O) for some k € Ny such that M < k and if assumption A3 is satisfied for
that k, then for any 0 < e there exist parameters L, L € Ng with L := L —L >0, n € N, and

N € N such that multilevel Monte Carlo estimator @gg satisfies

(13) max E(ﬁE@yn)—(—n"q¢fg)””anf>::cxa%.

0<m<M
Furthermore, for any 0 < € < e~! the associated computational cost €y is bounded by
k+1
S G R R
¢ S ln(afl) 5_(2+’Y;76)kf1+—1M , if <7,

_9_k+1 .
e i8>,

if L>0, and by €y < e Crimtmex Gomm=mn)) In(e1) 4f L = 0.

If &1, P5: © — R are analytic in © and if assumption A4 holds for &1, ®o with p > 1, then for
any 0 < € there exist parameters such that the multilevel Monet Carlo estimator @gg satisfies
(13). Moreover, for any 0 < & < min(p~!,In(2)) the required computational cost €y is bounded
by

e~2n(e~ 1) MM ifB=",

_1\3+4M - —8
¢y Sn(e™?) - 5_(2+%)ln(6_1)%(1+2M) s i B<v,
8_2 y Zf/B > ’Y 9

ifL=0, and by €y < e~ (FHDm(e-1)>Tar2MEHL) 4y g
13



Proof. The mean squared error of the estimated m-th moment, 0 < m < M, based on the
characteristic function approximation is bounded by

5|0 - 62 0] ) <E(suplel’ @) - () 0] )

Y€O

2
< Z:: (ch " - chTmI" (q)r\LL )HLoo(@))

Each term of the sum above is a mean squared error of a multilevel Monte Carlo derivative
estimator as it has been analyzed in the proof of Thm. 2.3. There it was also shown that these
errors increase monotonically as m increases (ignoring constants), see relation (11), so that the
claims follow. O

Next, we address the post-processing scenario, i.e. the case when moment approximations
are computed by differentiating a previously obtained multilevel Monte Carlo approximation of
¢q. Given this function estimator (e.g. in terms of a spline), derivatives are straightforwardly
available and the computational cost to obtain them is negligible compared to the cost of con-
structing the functional multilevel estimator, i.e. moment approximations come for (almost) free.
However, as the function estimator has not been tuned for the estimation of moments, these
approximations may not satisfy the same tolerance request. The result below quantifies the loss
of accuracy of this post-processing approach.

Corollary 3.3. Let ¢ AN" be the approzimation of pg with mean squared error O(e 2) (in the

umform norm) that is zdentzﬁed in Cor. 3.1. Furthermore, let the interval © C R be such that
0€0O. Then, for any m € Nq it holds that

2m
ANy (m) ]2 g R+l d1, 0y € CHL(O) ,m <k
El IE(O™ N, 0 ><€2 ) ) ) ,
<’ @) = (=" (()OLL) ( )‘ ~ ln(€*1)4m, D1, Dy analytic .

Proof. For m € Ny, denote by MSE,,, the mean squared error of the m-th moment, that is
m m ( ~Nn (m) 2
MsE, = 5([B(@") - (- ()5) o) ).

This error can be bounded by
2 2

2
dm
MSE, <2 ) E( e - 21, (@,(0) H A (9.(0) - N, (0 | .
- g ( " dy™ ( ( )) L>°(0) dym™ ( r(0) = r|L, ! )> L>°(©)
As ¢ AN” is the O(?) mean squared error approximation of ¢ identified in Cor. 3.1, we have in
particular that E(HIn (®r(0) — @ —(9)) Hi (@)) = O(e?) for r € {1,2}. In view of assumption

r|L,L
A3 and assumption A4, respectively, we thus find

5([m@m - e o)) 52 {

from which the claim follows. O

n?m . oy, 0y c CHLYO) , m <k,
n*™m . &, ®y analytic ,

Related work on multilevel Monte Carlo estimators for higher order moments has recently
been presented in [6]. There, the authors study a multilevel estimator for central moments, in
contrast to the novel results for (raw) moments above. Further conceptual differences include the
fact that the underlying assumptions for our framework (i.e. hypotheses (i) — (iii) of Thm. 2.2)
are independent of M, while the setting of [6] requires uniformity of related assumptions with
respect to central moment order smaller or equal to M. This uniformity assumption implies the
need for considering the worst case scenarios, which may deteriorate the method’s performance.
On the other hand, the computational complexity of the moment estimators presented here
(Cor. 3.2) depends on M, while the complexity result in the aforementioned work does not.
We also note that the simultaneous moment estimators presented here are a byproduct of the
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function estimators, while the work in reference [6] focuses on the estimation of central moments.
Finally, we reiterate that the assumptions of Cor. 3.2 are weaker than the ones used in [6], as
they are independent of M. It is worthwhile pointing out however, that one could, of course,
strengthen the assumptions of our framework to be comparable to setting of [6] by imposing
corresponding hypothesis on the first M derivatives of ¢1 and ¢5. As a consequence of Thm. 2.2
we would then also obtain standard multilevel Monte Carlo complexity results (up to logarithmic
terms) that are independent of M.

3.3. Numerical example. To illustrate the performance of the multilevel Monte Carlo esti-
mators presented above, we consider a stochastic differential equation (SDE) model that is used
to describe a financial (European) call option. Specifically, we consider one asset that follows a
geometric Brownian motion

(14) dS=rSdt+oSdW , S(0)=25p,
and the quantity of interest @) is the corresponding discounted “payoff”, which is given by
Q:= 6_TTII1aX(S(T) - K, 0) , T'>0,

where K > 0 denotes the strike price. It is interesting to note that the random variable @
does not have a continuous distribution. In fact, it has an atom at the origin, in the sense that
P(Q = 0) = P(S(T) < K) > 0, since S(T) is log-normally distributed with mean Spe™” and
variance Sp2ex T (e"QT —1).

The characteristic function of a log-normally distributed random variable is not analytic in
the origin [21]. Consequently, the characteristic function of the derived quantity @ is also not
analytic in the origin. In what follows, we will therefore focus only on the finite regularity versions
of the presented approximation techniques. Furthermore, no closed-form expression for the
characteristic function of a log-normally distributed random variable is known. However, various
approximating formulas, mainly based on an asymptotic expansion, exist in the literature; see,
e.g., [2]. In any case, we are not aware of a closed form expression for the characteristic function
of the derived quantity Q = e~ "7 maX(S (T) - K, 0). To compute a reference solution for the
numerical experiments that follow, we proceed as follows. Let fg(7) denote the density of S(T'),
then the characteristic function of ) can be expressed as

2
— VT 4 In(Se 00 ,
wQ(t)Zl—;erf<(T 2) + n(K)) +/ fS(T)(K+quT)et(T+lq) dq ,
0

2 V2T o

where erf(z) = % foz e’ ds. A highly accurate numerical reference solution can then be
obtained by using a symbolic software package such as Maple.

For the numerical experiment, we discretize the SDE (14) via the Milstein scheme with uniform
time step [22, Ch. 10.3], which reads

2
Sn+1:Sn(l—FTh—FU\/?Lfn-i-%h(fnz—l)) s S():So,

so that S,, ~ S(nh) for h = T/np and 0 < n < np. Here, (fn)n>0 denotes a sequence of i.i.d.
standard normally distributed random variables. The hierarchy of approximations is constructed
based on using a time step hy = T27¢ on level £. Figure 1 illustrates the results corresponding
to the parameter values r = 2—10, o = %, T =1, K = 10, and Sy = 10. Furthermore, the
multilevel Monte Carlo estimator is constructed to approximate the characteristic function ¢q
uniformly on the interval © = [—1,1]. Fig. 1(A) then shows the accuracy of the multilevel Monte
Carlo estimator of ¢q for various values of k. Recall that the parameter & corresponds to the
regularity of the real and imaginary parts of the characteristic function. In practice this value
is usually unknown. On the one hand, as long as the used value of k does not overestimate
the true regularity, Cor. 3.1 still holds. On the other, a very small value of k results in a poor
computational complexity. For the current example we know that the real and imaginary parts
of ¢g are smooth and we use k € {0,1,2,3,5,7} to illustrate the performance of the multilevel
Monte Carlo estimator with respect to the regularity parameter k. In fact, in Fig. 1(A) the
15
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FIGURE 1. Performance of the multilevel Monte Carlo approximation of the
characteristic function ¢g of Q@ = e max(S(T) — K, 0) for various values of k.

mean squared error of each estimator (denoted by MSE in the figure and it is approximated
by repeating the experiment 100 times) is compared to the squared tolerance demand 2. We
observe that the MSE is clearly in the range of O(¢?) for all cases of k. Moreover, Fig. 1(A) also
indicates that the implementation is actually conservative for this example, in the sense that
it produces estimates that are more accurate than required, provided the tolerance demand is
sufficiently small. Fig. 1(B) illustrates the computational complexity for the same values of k.
For this example, one finds that the rates characterizing the hypotheses (i) — (iii) of Thm. 2.2
are « = 1, f = 2, and v = 1. Based on the formal calculation (i.e. ignoring integer rounding)
described in Rem. 2.3, the necessary condition for the multilevel estimator to degenerate to a
classic (i.e. single-level) Monte Carlo estimator thus turns out to be k = 0 here. This is confirmed
by the results shown in Fig. 1(B). In fact, for £k = 0 we observe a computational complexity of
order (9(5_3 In (5_1)). Conversely, for k£ > 1 the estimator is a proper multilevel estimator and

we observe a computational complexity of order 0(5_2 In (5_1)), as predicted by Cor. 3.1.

4. APPROXIMATION OF THE CUMULATIVE DISTRIBUTION FUNCTION

One of the most commonly used way to characterize the distribution of a random variable )
is via its cumulative distribution function (CDF) Fg: R — [0, 1], which is given by

Fo(0) :=P(Q <),

In view of the identity P(Q < ¢) = E(I(Q < ¢)) it may appear that the CDF Fy is straight-
forwardly amenable to a multilevel Monte Carlo approximation via the techniques developed in
Sect. 2. This is, however, not the case. In fact, a naive approach based on F(¥) = E(¢(19, Q))
with ¢(9,Q) = I(Q — ¥ < 0) will suffer due to the discontinuity of the function ¢(¢J, ), in the
sense that the rates o and § characterizing the hypotheses (i) and (ii) in Thm. 2.2, respectively,
will deteriorate. Furthermore, the discontinuity also means that a numerical estimation of these
rates (so-called screening procedure) will become prohibitive, because many samples on fine lev-
els may be required to adequately resolve the effects of the discontinuity. Although it is possible,
e.g. using the results in [4], to derive sufficient conditions for the hypotheses (i) and (ii) that
are also amenable for a numerical treatment, the resulting rates are, however, not optimal and
deteriorate in fact, making this approach disadvantageous.

The issues related to using the discontinuous function I(- < 0) when approximating the CDF
have also been noted in [15]. There, the authors remedy this defect by introducing a carefully
constructed regularized version gg, say, of I(- < 0), where the tuning of the regularization
parameter § is part of the presented complexity analysis. Consequently, the regularization
parameter § depends on the tolerance requirement €. However, as the method presented in
[15] relies on rates a and [ that depend on said regularization parameter, this means that the
hypotheses on the rates are € dependent. This is not problematic when theoretical results for
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the rates are available, as it is the case for the SDE based examples the authors considered in
[15]. But this £ dependency gets critical when the rates need to be estimated numerically (e.g. in
an offline screening step). In fact, the hypotheses’ dependency on the regularization parameter
turns screening the rates into a prohibitive task, as the screening would have to be carried out
for every tolerance demand of interest. Finally, we mention that this tolerance dependence can
be removed by, e.g., taking advantage of the Lipschitz property of the regularized function gs,
which would, however, also result in a deterioration of the rates, as a weak error condition was
replaced by a strong error condition.

Here, we introduce an alternative approach that does not explicitly require a regularization
of the indicator function. Moreover, it relies on easily verifiable rate hypotheses, making this
strategy amenable for a wide range of applications. Instead of seeking a CDF approximation
directly, our approach is based on finding an appropriate function ®: ® — R such that

(15) ' =Fg.
One candidate to satisfies this identity is
O(0) =E(p(Q 1)), with ¢(z) = |2[[(z<0)

provided that Fy € C1(0), so that there are no atoms present in ©. We reiterate that even
in the presence of atoms (i.e. if Fy ¢ C'(0©)) a characterization of the quantity of interest
@ is nonetheless possible using the techniques developed in this work, for example via the
characteristic function (cf. Sect. 3). Notice that the presented antiderivative based approach
yields a function ¢ that is continuous (and even Lipschitz continuous), in contrast to the indicator
function. Furthermore, as a consequence of identity (15), it follows that the function ® is even
more regular than the CDF Fg. Consequently, the idea is to use the results presented in Sect. 2
to construct a multilevel Monte Carlo approximation of the CDF with rate hypotheses that are
amenable for both theoretical and numerical verification. Specifically, we will first construct an
approximation of the form (8) for the function ® such that also ® is approximated accurately
with respect to the tolerance demand. We then define the CDF estimator via identity (15). Its
computational complexity is thus a direct consequence of Thm. 2.3 with m = 1.

Corollary 4.1. Suppose that the hypotheses (i) — (iii) of Thm. 2.2 are satisfied for ¢p(¥,Q) =
|Q—9I|I(Q < V). If Fg € C*1(O) for some k € Ng and if assumption A3 is satisfied for that k,
then for any 0 < e there exist parameters L, L € Ng with L:= L—L >0, n € N, and N € N/+!
such that the corresponding multilevel Monte Carlo CDF estimator Fé\[g satisfies

(16) ]E<HFQ _ ﬁﬁfH;(@) _ 0.

Furthermore, for any 0 < € < e~! the associated computational cost (’:(F](L,’L) 1s bounded by

In(e™)?,  fB=r,
AN, Cokt2 gy | sty
Q(FL,ZTL) Se (e ) 4T w T if g <y,

L, if8 >,
if L >0, and by €(BN7) < e Ciiitmax ) i (e=1) if L = 0.

If Fo: © — R is analytic in © and if assumption A4 holds for Fo with p > 1, then for any
0 < e there exist parameters such that the corresponding multilevel Monte Carlo CDF estimator

Fév’zn satisfies (16). Moreover, for any 0 < & < min(p~1,In(2)) the required computational cost
is bounded by
ln(571)6 ) if B = e
N, - —1\7 _a=b =8 .
(A7) S () § e mEe T i<y,
L, if B>,

if L =0, and by €(BNy) S e+ (e-1)* 3 +2(43) yrp — o,
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It is noteworthy that one can, of course, approximate even higher order derivatives of ® in
the same way. In fact, using Thm. 2.3 with m = 2 yields the computational complexity for
an approximation of the probability density function Fé Related results regarding multilevel
Monte Carlo approximations to probability density functions have also been presented in [15],
again making use of an explicit regularization procedure. As mentioned above already, the
rate hypothesis in [15] are tolerance dependent, which could make estimating them numerically
prohibitive. However, in cases where these hypotheses can be verified theoretically (which is
for example the case for the geometric Brownian motion problem considered in Sect. 3.3), we
point out that the multilevel procedure introduced in [15] and the one presented here provide
the same complexity results for the estimation of both a cumulative distribution function and
of a probability density function. Here, we also mention the work in [5], in which the authors
construct a multilevel Monte Carlo approximation of the probability density function based on
an appropriate moment matching procedure within the maximum entropy framework.

Finally, we remark that the multilevel Monte Carlo CDF approximation F Nf constructed

above, may not be a monotonically increasing function on ©. This can, however simply be
achieved by as a post-processing step when replacing the estimated function FL Z” by the function

© > ¢ > SUPyc[min(O),4 F év fn (9), since this replacement does not increase the uniform mean

squared error (16).

4.1. Estimating quantiles. In addition to characterizing a random variable’s distribution via
its CDF, another class of important statistical quantities are quantiles. In fact, quantiles are
commonly used in various applications, ranging from financial mathematics (often called “value-
at-risk”) to robust design optimization, for example when specifying failure probabilities or when
constructing hypothesis tests. However, quantiles, such as the median, can in general not be
expressed in terms of moments of the random variable Q). In fact, the T-quantile ¢, = ¢, say, is
given by
qr = Fél(T) =inf{0 e R: Fp(¥) > 7}, 7€(0,1).

Consequently, an efficient quantile estimation using standard multilevel Monte Carlo techniques
had been hampered thus far. As mentioned in the Sect. 1 already, first advances have been
made in the context of multilevel stochastic approximation algorithms [9,12]. We also mention
the work [10] that addresses the computational complexity of quantile estimation based on the
empirical single level CDF estimator, as well as an approximation scheme, in the context of
physical models with uncertain inputs. Unlike the aforementioned works, here we will use an
available multilevel Monte Carlo CDF approximation to estimate quantiles as a post-processing
step and assess their accuracy.

We do not treat here the problem of non-unique quantile estimation, i.e. the case when the
CDF is constant in a region of support. This is a non trivial problem even in the classic Monte
Carlo setting; see [11]. That is, here we only consider the case that there exists a unique root of
the function ¥ — Fg(v¥) — 7, for 7 € (0,1) given, so that Fig(g) = 7. As anticipated above, we
therefore define the quantile estimator ¢ as any value (if not unique) ¢, such that

AN A
FL,Z(q)_T7

with F év fn being a multilevel CDF estimator. Notice that the fact that F is (locally) invertible

does not imply that the multilevel Monte Carlo approximation F év Zn is so as well. However,

this is not a problem, since any ¢ satisfying the identity above will be a sufficiently accurate
approximation of ¢. In fact, the result below shows that this post-processed quantile estimator
satisfies the same prescribed tolerance goal as does the corresponding CDF' estimator.

Proposition 4.1. Let FNn be the approzimation of the CDF Fy € C*(©) with mean squared

error O(e?) that is Zdentzﬁed in Cor. 4.1. For T € (0,1), let ¢ be the T-quantile, in the sense
that ¢ € F~Y(7), and let § be any approzimate T-quantile satisfying Févzn((j) = 7. Furthermore,
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suppose that the interval © C R is such that q,¢ € ©. If infycq Fé(l?) > 0, then
2
E((q —q) > = 0(e?) .

Proof. Set F = Févfn . It then follows from the hypotheses and Taylor’s theorem that

la — 4lIFL(6)] = [Fala) — Fo(d)l = |F(4) — Fo(d)
for some & between ¢ and ¢q. We thus find that

)

sup|F'(9) — F(9)] ,

17 B —
a7) lo—dl< infyco F5 (V) veo

from which the claim follows. O

In view of property (17), the proof above also reveals that estimating “rare” quantiles, i.e.
quantiles for which infyco Fég () is small, may not be very accurate. In order to use the devel-
oped multilevel Monte Carlo techniques to estimate such quantiles effectively, one will thus have
to combine them with specialized techniques, such as rare-event simulation techniques [1]. We
will leave this aspect for future work. It is noteworthy, however, that this is not just a shortcom-
ing of our techniques, but it is rather a general one for general purpose sampling techniques. In
fact, a factor of the form F’ (q)f2 is also affecting the (asymptotic) mean squared error results
for the classic Monte Carlo based quantile estimators; cf. [28].

4.2. Simultaneous approximation the CDF, quantiles, and the conditional value-at-
risk. While the previous section assesses the accuracy of a multilevel Monte Carlo quantile
estimator via post-processing a CDF' estimator, here we will describe an approach that enables
extracting even more characteristic information about a random variable’s distribution via ap-
propriate post-processing steps. The approach is motivated by the remedy that we already used
above to overcome the lack of regularity of the indicator function when constructing a CDF
approximation. Specifically, mimicking (15), we can consider a function ¥: ® — R such that

(18) V' =Fg—r7,
for some value 7 € (0,1) given. A natural candidate for this identity to hold is
W) = E((Q—9)), with w(z) =72+ |2[I(2 <0),

which also has all the advantageous properties (increased regularity, Lipschitz continuous ),
etc.) that the function ¢ — E(|Q — 9|I1(Q < ¥)) offered for the CDF estimation. Furthermore,
by construction, this function ¥ has the property that if ¢ € © is such that Fg(q) = 7, then
q € argming.g V(). However, using this minimization approach to approximate the T-quantile
directly based on an order O(e?) mean squared error approximation of ¥ may not be advis-
able, due to the minimizer’s sensitivity with respect to perturbations of the objective function.
Specifically, an order O(?) mean squared error approximation of ¥ may only yield an order O(¢)
mean squared error approximation of the minimizer (i.e. of the quantile), unlike the approach
in Prop. 4.1 for which we ensured that the derivative approximation is sufficiently accurate as
well. Despite the fact that an approach based on W directly is not advisable in general, the
function ¥ will nonetheless enable us to derive an effective estimator, for which identity (18)
will be essential. In fact, upon noticing that

Y()=T1242|I(z<0) =72 +(1—-7)2" =2" — (1 —17)z,
we find that
19) W)= -7)(9+ 1 E(@-9)) ~EQ) = (1 - 1) (®() - EQ))

where

() =E(6(9,Q) . with 6(0,Q) =9+ —(Q )"
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The function @ is such that its minimum value is the so-called conditional value-at-risk [24],
which is an important robustness indicator in various applications, ranging from robust design
optimization to mathematical finance. By definition, equation (19) shows that

(20) V() = (1-7)2'(V),

implying that both ® and ¥ have the same minimizer, namely the 7-quantile ¢, say. This
motivates to use an appropriate multilevel Monte Carlo approximation to the function ® with
7 € (0,1) given, which will then provide approximations to the CDF Fy, the 7-quantile, and the
conditional value-at-risk, respectively, each via post-processing steps. In other words, the follow-
ing procedure enables a simultaneous approximation of these quantities, all of which characterize
the distribution of a random variable Q:

1. Use Thm. 2.3 with m = 1 to construct a multilevel Monte Carlo approximation @g% =

of ® that provides a (uniform) mean squared error of order O(£?) for both the function
and its derivative, that is MSE ( ) + MSE ( ') = O(e?).

2. Construct a CDF approximation BN L}: = F of Fg via post-processing. In view of equa-

=

tions (18) and (20) it is natural to use Fg ~ F := (1 — 7)®" + 7, whose mean-squared
error is guaranteed to be of order O(g?) due to

1Fg = Fll ooy = (1 = DI = || 1oy < 19" = |l 1 (o)

3. An approximation of the T-quantile ¢ is then available via minimization of o (or equiv-
alently via root finding of ¥ — F' (9) — 1), whose mean-squared error is also guaranteed
to be of order O(g?) by Prop. 4.1.

4. An approximation to the conditional value-at-risk can also be obtained via post-processing
through the approximation <i>(qA) ~ ®(q), which is also accurate with respect to the re-
quired O(e?) tolerance in view of

|2(0) = &(@)] < |®(0) — 23] + |®(d) — D(3)
1+71 A A
(1 — 7_) 1nf19€@ Fé)(ﬁ) || Q ||L (©) H HL (©)
147 ;s .
infﬁe@ F(/Q(ﬂ) ” ||L (©) + ” ”L (©)
where we have used property (17) again, as well as the term (1 + 7) as a bound for

”FQ - THLoo(e)

4.3. Numerical Example. As a numerical illustration of the multilevel techniques developed
above, we consider the random partial differential equation

(21) —Au=f, inD=(0,1)>
with homogeneous Dirichlet boundary conditions and as quantity of interest () the solution’s
spatial average. Specifically, we consider the random forcing term f given by

f(x) = =726(x1% + 292 — 21 — x9) ,

so that the exact solution is u(z) = 36€x1(1 — z1)z2(1 — x2) and the quantity of interest reads

Q= /ud:c—

Here, £ is a random variable that represents the model uncertainty. Specifically, we consider the
case where ¢ follows a chi-squared distribution with one degree of freedom (denoted by & ~ x%),
so that quantity of interest’s CDF is

[ 020,

0, else,
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FIGURE 2. Performance of the multilevel Monte Carlo approximation of the CDF
of the quantity of interest @ for various values of k.

where erf(z) = % Iy ¢~** ds as before. The boundary value problem (21) is solved numerically

via a second order finite difference scheme with a hierarchy of uniform square meshes of D =
(0, 1)2 corresponding to the mesh-sizes hy = 2=+, Figure 2 showcases the results of the
developed multilevel Monte Carlo method on the interval © = [0,10]. Specifically, Figure 2(A)
shows the accuracy of the multilevel Monte Carlo CDF approximation for various values of
the regularity parameter k. Here, the mean squared error of the estimator is approximated by
repeating the experiment 40 times. The accuracy results presented in Figure 2(A) verify that the
MSE is clearly in the range of O(¢?) for all cases of k. Figure 2(B) illustrates the computational
complexity of the multilevel Monte Carlo CDF approximation for various values of k. For this

example, we find that the rates characterizing the hypotheses (i) — (iii) of Thm. 2.2 are a = 2,

B =4, and v = 2.4, so that we expect a computational complexity of 0(6_2% ln(afl)) in view
of Cor. 4.1. This complexity behavior is confirmed by the results illustrated in Fig. 2(B).

Next, we consider the procedure described in Sect. 4.2 to simultaneously approximate the
CDF, a quantile, and the corresponding conditional value-at-risk. As described above, the pro-
cedure’s starting point is an appropriate multilevel Monte Carlo approximation of the function
(¥) = E(¢(9,Q)), where ¢(9, Q) = ¥ + 2=(Q — ¥)". For the current example it is straight-
forward to compute the exact function ®, namely

() 1 ((ﬂ—l)erf(M)\/777—1-(1—197)\/%—1-6719/2\/@), v >0,
A= T)VT (1 - )7, 9 <0,

which is used to verify the accuracy of the numerical experiments below. The performance
of this simultaneous multilevel Monte Carlo estimation procedure is showcased in Figure 3 for
two probability levels, where we have fixed the CDF regularity parameter to be k& = 6 (i.e.
Fg € C7(0); cf. also Fig. 2). Specifically, Figures 3(A) and 3(B) show the accuracy of the
estimated quantities for 7 = 0.9 and 7 = 0.95, respectively. We observe that the mean squared
error (MSE) is clearly in the range of O(g?) for both values of 7. Here, the MSE is with
respect to the uniform norm for both d and F, and with respect to the absolute value for the
quantile estimator ¢ and the estimated conditional value-at-risk <i>((j) An interesting feature for
both values of 7 is that the CDF estimator E appears to be significantly more accurate (about
two orders of magnitude) than the estimator ®. However, this is simply a consequence of the
fact that the mean squared error tolerance €? is an absolute criterion. In fact, the suprema of
the CDF Fg and of the function ® are also different by one order of magnitude, in the sense
that ||FQ”LOO(@) ~ 1, while || @[}y ~ 10 for 7 = 0.9 and [|®|| =gy & 20 for 7 = 0.95. A
noticeable difference between the quantile and conditional value-at-risk) results for 7 = 0.9 and
the corresponding results for 7 = 0.95 is that the error constants are bigger in the 7 = 0.95 case.

Essentially, the bigger constant is due to the fact that the 7 = 0.95 case corresponds to a more
21
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FIGURE 3. Performance of the simultaneous multilevel Monte Carlo approxi-
mation (k = 6) for the CDF, the quantile, and the conditional value-at-risk
associated with the quantity of interest @) for two probability levels 7 = 0.9 and
7 =0.95.

extreme quantile (same for the conditional value-at-risk), which are less accurately estimated in
view of relation (17).

As discussed in Sect. 4.2, the computational cost for the simultaneous estimation procedure
is given by the cost of computing one multilevel Monte Carlo approximation of ® that satisfies
a (uniform) mean squared error of order O(g?) for its derivative, because the other quantities
are simply derived from this approximation during post-processing steps. A direct consequence
of Thm. 2.3 with m = 1 thus is that the simultaneous multilevel Monte Carlo procedure has
a computational complexity of 0(6_2'29 ln(E_l)), which is of course identical to the multilevel
Monte Carlo CDF estimator discussed above. This complexity result is confirmed by the results
shown in Fig. 3(C). In fact, we observe that the computational complexity is almost identical
for both values of 7.

5. CONCLUSION

In this work, we have introduced and analyzed a multilevel Monte Carlo framework for the
estimation of parametric expectations, that is of functions, uniformly on an interval. Specifi-
cally, we have constructed estimators based on appropriately interpolating pointwise estimators
on a collection of points to derive function estimators. Direct applications of this framework
include the estimation of a random variable’s characteristic function and of its CDF. Further-
more, we have presented an antiderivative based formulation that allows to construct accurate
estimators for both the quantile and the conditional value-at-risk by post-processing suitable
multilevel Monte Carlo function approximations. In fact, the procedure introduced here allows
to simultaneously estimate the CDF, the quantile, and the conditional value-at-risk subject to
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a prescribed mean squared error tolerance. These theoretical findings are illustrated by means
of numerical examples.

There are still many interesting questions and extensions left open. One is for example the
extension of the results presented in this work to the case of a vector-valued quantity of interest.
This will require constructing a function (e.g. via appropriate multivariate polynomials) based
on pointwise estimates distributed in a multidimensional set ©. In order to not dominating the
overall complexity in high dimension (c.f. “curse of dimensionality”), this function extension has
to be tuned carefully. Another important direction will be to incorporate specialized methods for
estimating a quantile (also for the conditional value-at-risk) when infyee £, (1) is very small; c.f.
(17). This may happen, for example, when estimating “rare” quantiles that are located in the tails
of a probability distribution. Here, recent works on (multilevel) subset simulation techniques, see
e.g. [3,27], appear promising. Another interesting aspect that will require specialized methods
is when the CDF F{ is not very regular, say only continuous. The interpolation based results
presented here are then no longer applicable. These and related topics are part of ongoing work
and will be presented elsewhere.
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