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Abstract

We consider the numerical approximation of the stochastic Darcy problem with log-normal
permeability field and propose a novel Multi Level Monte Carlo approach with a control vari-
ate variance reduction technique on each level. We model the log-permeability as a stationary
Gaussian random field with a covariance function belonging to the so called Matérn family,
which includes both fields with very limited and very high spatial regularity. The control
variate is obtained starting from the solution of an auxiliary problem with smoothed perme-
ability coefficient and its expected value is effectively computed with a Stochastic Collocation
method on the finest level in which the control variate is applied. We analyze the vari-
ance reduction induced by the control variate, and the total mean square error of the new
estimator. To conclude we present some numerical examples and a comparison with the stan-
dard Multi Level Monte Carlo method, which shows the effectiveness of the proposed method.

Key Words: Log-normal random-fields, Multi Level Monte Carlo, Control Variate, Stochas-
tic Collocation, Matérn covariance, Stochastic Darcy Problem

AMS subject classification: 60H35, 65C05, 65N30, 65N15, 35R60

1 Introduction

We consider the numerical approximation of an elliptic Partial Differential Equation (PDE) with
random diffusion coefficients, modeled as a random field with limited spatial regularity. This
problem arises e.g. in the study of groundwater flows, and has a great importance in hydrology:
in this context the diffusion coefficient is given by the permeability of the subsoil and it is often
modeled as a lognormal random field.

Several models for its covariance function have been proposed in literature, which lead to realiza-
tions having different spatial smoothness. We consider in this work covariance functions belonging
to the so called Matérn family [21] which includes models having a whole range of possible regu-
larity. Among these, a widely used covariance model belonging to this family is the exponential
one which has realizations that are only Holder continuous with exponent smaller than %, hence
not even differentiable and featuring the same roughness as a Brownian motion. On the other
extreme, the Matérn family also includes the “double exponential” (or Gaussian) covariance, which
has infinitely differentiable realizations.

In the case of smooth random fields, great attention has been devoted in the last decades
to methods emplying polynomial chaos expansions of the solution, either in their Galerkin or
Collocaition versions (see e.g. [1, 2, 4, 10, 12, 13, 14]). The first step in setting up these methods
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consists in expanding the input random field in series; one could use, for instance, a Karhunen-
Loéve or Fourier expansion. By this way, the random field is parametrized by a countable sequence
of (hopefully independent) random variables. In practice, the series expansion will have to be
truncated to high accuracy, so as to work only with a finite number of random variables, and a
global multivariate polynomial approximation of the solution to each one of the retained random
variables is sought. This approach has been shown to be very effective in the case of smooth highly
correlated random fields, when only a moderate number of random variables can be retained in
the expansion [3, 11]. On the other hand, the performace strongly degrades in the case of rough
random fields and/or fields with a short correlation length which require a very large numebr of
random variables to obtain accurate solutions. In such cases, a polynomial chaos approach may
not be competitive with other sampling methods such as Monte Carlo or Quasi Monte Carlo.

A more traditional approach, better suited to treat the rough case, is offered by Monte Carlo
type methods [5, 8, 17], which, however, feature a very slow convergence rate. Their computational
cost is often unaffordable since, to obtain an accurate solution, many PDE solves will be needed,
each one requiring a very fine mesh due to the roughness of the coefficient. Multi Level Monte
Carlo methods (MLMC) have been recently proposed in literature (see e.g. [6, 13, 16]) in order to
reduce the variance of the Monte Carlo estimator, and consequently reduce the number of solves
on the fine grid.

The goal of this work is to combine the power of polynomial chaos methods in treating the smooth
coeflicient case, with the robustness of the MLMC approach in treating the rough coefficient case.
This will be done in the framework or a control variate technique. The control variate is obtained
as the solution of the PDE with a regularized version of the lognormal random field as input
random datum and its mean can be successfully computed with a Stochastic Collocation method,
using for instance the quasi optimal sparse grid procedure illustrated in [3]. The solution of this
regularized problem being highly positively correlated with the solution of the original problem,
allows us to achieve substantial variance reduction.

In our Multi Level Monte Carlo method with Control Variate (MLCV) the choice of a suitable
regularized version of the input random field is crucial: a highly smoothed problem will be easily
approximated by Stochastic Collocation but might fail to achieve good variance reduction. On
the other hand, a poorly smoothed problem will provide substantial variance reduction in MLMC
but will not be effectively approximated by Stochastic Collocation. In this work we regularize the
log-permeability field by convolution with a Gaussian kernel with properly tuned variance.

We analyze the mean square error of the estimator and the overall complexity of the algorithm.
We also propose possible choices of the regularization parameter and of the number of samples
per grid so as to equilibrate the space discretization error, the statistical error and the error in
the computation of the expected value of the control variate by Stochastic Collocation.

The outline of the paper is the following: after introducing some notation in Section 2, in Section
3 we present the problem setting and we recall the most important results concerning the well
posedness of the continuous problem and its finite elements approximation. In Section 4 we recall
the standard Multi Level Monte Carlo method and its associated mean square error. Section 5 is
the core of the paper. Here, we introduce the new MLMC method with control variate (MLCV)
and present a complete analysis of the statistical error associated to the MLCV estimator. We
also present the practical algorithm we have used to calibrate the parameters appearing in the
MLCV method and to optimize the number of samples per level as well as the size of the sparse
grid to use in the Stochastic Collocation to achieve a given tolerance; the main result is given in
Theorem 5.1; for easiness of exposition the most technical proofs have been confined to several
appendices to the paper. In Section 6 we present some numerical results and a comparison with
the standard MLMC method. Finally, we draw some conclusions in Section 7.

2 Notation

Given a bounded Lipschitz domain D € R?, we introduce the following notation. For any k € N
we denote with C*(D) the space of continuously k times differentiable functions with the usual



norms. For any positive real o we set & = k + s with & € N and s € (0,1] and we indicate C* the
Hoélder space for which the following norm is bounded

K |D'v(z) — Dv(
: y)|
V|eamy = [V|okmy + |[V]cam) = max || D"|| 07, + max sup - ,
e @) = ¥lex@) + - @) Hlih=) 1B%leo ) lili=k 4 yeD |z —yl*®
where i is a multi-index of N¢ with [i[; = Z:l ix, Div = S on i?li‘; - and |- | denotes the euclidean
"0z )

norm in R, Notice that with this definition, the space C' denotes the space of Lipschitz continuous
functions and not the usual space C! of continuously differentiable functions. We will also use the
usual Sobolev spaces H¥(D), k € N, characterized by corresponding norm and seminorm

‘v‘?‘lk(D):/ Z ’DiU(x)|2dx7 ||’UH?—I]€(D):/ Z ’Div(x)|2dx7
D il =k D il <k

as well as the fractional Sobolev spaces H*(D), a € R, using the Sobolev-Slobodetskii seminorm
|U|Ha(D)1

|Div(z) — D"v(y)’2
|.17 _ y|d+2s

H’UH?—IO‘(D) = HU”?{k(D) + |U‘?-IQ(D) = HU”?{k(D) + Z / dudy.

i1 =k DxD

In the following, whenever possible, instead of the usual H'(D) norm, we will use the equivalent
H} (D) norm, defined as

ol = [ [V,
D

Given a Banach space B and a complete probability space (2, F,P), it is also useful to introduce
the Bochner space Lj(€2, B) as the Banach valued space of g-integrable functions equipped with

the norm |[v]|s(q,p) = ]E[||v||qBﬁ, where E denotes the expectation operator E[v] = [, vdP .
Finally, to simplify the notation, sometimes we will use the symbol < to indicate a bound in which
the hidden constant is just a positive real number that does not depend on anything (mesh size
h, regularity of the random field a, etc.).

3 Problem setting

In this work we consider the groundwater flow problem in a highly heterogeneous saturated porous
medium which is well described by the Darcy law relating the velocity field to the pressure gradient,
together with a mass balance equation:

u=-—-aVp in D,
div(u) = f in D,
P =g on FJ-D, j=1,...,mp,

u-n=>0 onI‘j-V,jzl,...,mN7

where I'p = U715 I‘f denotes the Dirichlet boundary, I'y = U;’L:A{I‘év denotes the Neumann bound-

ary and Tp UTy = 8D, I'p N 'y = (. Here p is the pressure , u the velocity field and a = -
represents the intrinsic permeability, i.e. the ratio between the permeability of the medium x and
the dynamic viscosity p; f is an external source or sink term and D € R? a bounded open domain.
In the following, since the dynamic viscosity p is assumed to be constant, we will refer to a as
a permeability. A key issue in the study of groundwater flows in heterogeneous media concerns

the characterization of the subsurfaces proprieties. In many cases we have only a very limited



knowledge of the input data of the problem and particularly the permeability field. In order to
deal with this uncertainty the permeability is often modeled as a spatially correlated random field
depending on a random event w of a suitable probability space (Q,F,P) [21]. Hence also the
solution (p,u) of (1) will depend on w and the problem (1) is interpreted in a probabilistic sense
as

u(z,w) = —a(z,w)Vp(z,w) in D,

div(u(z,w)) = f(x) in D,

a.s. in Q) 2
ple.w) = g,(@) onT?, j=1,.mp, .
u(z,w) - n=0 on I‘;V, j=1,..,mpn,

where a.s. means “almost surely” . A widely used model for the permeability field a describes it
as a lognormal random field [6, 3, 21], namely a(z,w) = ¢7(®%) with +(x,w) a Gaussian random
field having mean p(xz) = E[y(z,-)] and covariance function cov,(z1,z2) = E[ly(x1,-)y(z2,-)] —
w(x1)p(ze). The choice of the covariance function is a delicate issue. It directly relates to the spa-
tial smoothness of the random field realizations and strongly influences the choice of the numerical
method to use. Equations (2) have been extensively studied during the last few years from both
the theoretical and numerical point of view. Denoting V, = {v € H'(D): v =g onIp}, the
variational formulation associated to problem (2) is: find p € V; such that

bo(p,v) = L(v) Yv €V, (3)

where the bilinear form b,, (parametrized by w) and the linear functional L are defined as:

bw(u,v):/Da(amcu)Vp(nc,w)Vv(nc)dac7 L(v):/Df(x)v(x)dx.

Well posedness results for the problem (3) can be found in [5, 22, 23] where it is shown that the
solution p is unique in the space LE(Q2, V), Vg € Ry. Moreover, the following regularity result is
shown in [5, 6]:

Lemma 3.1. Let D be a convex Lipschitz domain and let f € H* (D) and g =0 on I'p = dD.
Let a(x,w) be the input random field of problem (3) and denote apae(w) = max, 5 a(r,w) and
Umin(w) = min 5 a(z,w). If

® Upin(w) € LE(Q), Vg € Ry,
e a(z,w) € LE(Q,CY(D)) for some 0 < a <1 and Vg € Ry;
then for the problem (3) the following regularity result holds:

1

lp(s )l mr+e(py S - 603.1(Wa04)\|f||Hﬂ—1(D), VO< B <a as. inf.

If the hypothesis hold also for a > 1 then

oG, w)lazpy S Cs.a(w, @) fllL2py, a.s. in Q,

where
amam(w ||a(~,w)||Ca(5) ZfOé <1
C . a’:rgnin(w) - 4
2= 4@t )lom W
3 if a > 1.
amin(w)

Moreover the constant Cs. ;(w, ) is g-integrable for any ¢ € Ry, i.e. Cs 1(w,a) € LE(Q) Vg € Ry



Proof. The proof of this result follows the one given in [6] by replacing [6, Lemma A.2] with
Lemma B.1 in Appendix, in order to make explicit the dependence of the bound with respect to
the regularity « of the random filed a. |

Remark. This result may seem slightly different than the one presented in [6] but actually it is
not; in fact in our work we use the C* norm instead of the usual C* one: this makes possible to
recover a bound for the H? norm only when « is strictly larger than one. Secondly here we explicitly
write the dependence of the constant with respect to the degenerating part which is (’)(%_B) when
8 — a.

In what follows we focus on the case in which the log-permeability Gaussian random field v is
stationary and has a covariance function belonging to the Matérn family:

2 _ v _
covw<x,y>—co~vw<m—y|>—r<;)’2y_l(@z y) K, (\@'ILy'), v>05 ()

where 02 is the pointwise variance , L. is a correlation length, I' is the gamma function, K, is
the modified Bessel function of the second kind and v is a parameter that governs the regularity
of the covariance function and, consequently, of the realizations of the random field. In particular
the following holds:

e the covariance function is Holder continuous, namely cov, € C* (D x D) (see appendix C,
Lemma C.1),

e the realizations of the random field are a.s. Hélder continuous, (-, w) € C*(D),V0 < a <v
(see appendix C, Lemma C.2).

Hence for v = 0.5 the covariance function is only Lipschitz continuous and the field is Holder
continuous (-, w) € C*(D) with a < 0.5. On the other hand, for v — oo the covariance function
as well as the field are continuous with all their derivates, namely cov,(-) € C*(D x D) and
v(-,w) € C®(D) a.s. in Q. It is important to notice that every log-normal random field a that can
be obtained starting from a Gaussian log-permeability v having a covariance function belonging
to the Matérn family satisfies the hypothesis of Lemma 3.1.

The goal of the analysis is to compute statistics of some quantities of interest given by a linear
functional Q(p) € R related to the solution of (2).

In order to numerically solve problem (3) we consider a piecewise linear finite element approx-
imation py, of p on a regular triangulation 7, of the domain. The approximate solution pj, € V}, 4
solves the problem

b (pn,v) = L(v) Vv € Vi, (6)

where V3, = {vs € Co(D) : wvplg € PLVK € T, and v, = Ing onI'p}, and Ip,g is a suitable
interpolation of the Dirichlet boundary datum.

Concerning the finite element approximation error of the original problem (2) the following result
holds:

Lemma 3.2. Let D be a convex Lipschitz domain and let a(x,w) be a log-normal stationary
random field with realizations a.s. in C¥(D), I'p = 0D, g = 0 and f € L?*(D). If a < 1, by
using linear finite elements for the spatial discretization, and assuming all integrals are computed
exactly in (6), it holds:

1 .
lpCyw) = ()l o) S —— 503.2(w,0<)||f||L2<D>hBa VO<f<a as inf
where
a/maz w
Cg.g(w,oz) = amméw))CgJ(w,a).



If a > 1 it holds
Ip(,w) = pr(, )y ) S Co2(w, ) fll2pyh a.s. in Q.

Moreover the random variable Cs o(w, @) is g-integrable for any g € Ry, i.e. Cgo(w,a) € LE(Q)
Vq S R+.

Remark. Since Cso(w,a) € LE(Q) Vg € Ry, we deduce immediately from Lemma 3.2 in the case
a <1 the bound

cs.2(, q)
||P*ph||Lg(Q;Hé(D)) S 7||f||L2(D)hB VO < B <a,

where cs.2(a, q) = [|Cs.2(+, @)||L2(q), and in the case a > 1 the bound
lp = 21l Lo (0.3 () S €3.2( DI fll 2 () e

For the methods proposed in this work we need to expand the input random field in a countable
number of independent identically distributed standard normal random variables y,,, namely

v(z, )+ Z AnYn (W)bn (2), (7)

where ), are coefficients whose decay depends on the smoothness of the covariance function and
b,, are suitably normalized functions in D, which may be for instance Fourier modes or Karhunen-
Loéve modes, namely the eigenfunctions of the covariance operator T., : L?(D) — L?(D) given
by

Tvv(x):/l)v(y)covw(@y)dy.

In order to use numerical methods to solve the problem we will consider truncated versions of the
random field:

N (2, y (W) +Z\ﬁyn bp(z)  wherey = (y1,..,yn), (8)

with N chosen so that the error due to the truncation (see [7]) of the input random field is
sufficiently small compared to the space discretization error induced by the finite element approx-
imation. In the case of a random field with limited regularity, since the decay of the coefficients
An in (7) is slow, many terms will have to be included in (8) to have a truncation error sufficiently
small. In the following, for simplicity we will write v instead of 5 every time we will be dealing
with a numerical discretization of equations (2).

4 Monte Carlo and Multi Level Monte Carlo Methods

In this section we review briefly the idea of Monte Carlo and Multi Level Monte Carlo sampling:
let us denote by Qp(w) the quantity of interest computed by finite elements on the triangulation
Tr and for the random elementary event w € 2. The mean of the quantity of interest can be
approximated by generating a sufficiently large random sample of size M. To generate independent
realizations of the log-permeability wc can use expansion (8), possibly with a very large N. Then
the Monte Carlo (MC) estimator Qh a7 of the mean of ) associated to a particular spatial mesh
of size h and a sample size M is defined as:

At = MZQh wi), (9)



where @} (w;) are independent random variables all distributed as Q. The mean square error of
this estimator is given by:

(Q5)? = EQYG ~ BlQ)?] = O 4 (glg, - ).
Hence the error naturally splits in two terms: a statistical error given by the variance of the
estimator and a bias term related to the finite element approximation of the PDE and the quantity
of interest. The Monte Carlo approach is straightforward to implement, but unfortunately presents
a rather slow convergence rate with respect to the sample size M which makes the computation
of accurate solutions very demanding.

Multi Level Monte Carlo methods [6, 8, 9, 13, 16| have been recently proposed and studied in
order to reduce the variance of the MC estimator and its overall computational cost needed to
meet a given tolerance. The basic idea is to consider a sequence of consecutive meshes of spatial
step size hg > ... > h; > ... > hp and to use the linearity of the expectation operator to write
the mean of the quantity of interest on the finest grid h;, as a telescopic sum of the mean of the
quantity of interest on the coarsest level plus a sum of correcting terms given by the difference on

two consecutive levels:
L

ElQn.] = E[Qn] + ZE[Qm — Qn, -

=1

Hence, the idea of independently estimating via standard MC estimators the terms on each level,
with suitably chosen sample sizes, in order to minimize the overall complexity. Given a sequence
{M;}£_, of sample sizes to be used on each level, the Multi Level Monte Carlo (MLMC) estimator
is given by

L M,

N 1

Q%f}%ﬂc/fl} = Z i Z (@n, (wi,i) — Qn,_, (wii)) , where Qn_, = 0;
=0 =1

whose mean square error is:

AMLMC \2 _ @i AMLMC 2] _ - Var(Qn, — Qni_,) N2
e(Qn ), ony)” = El(Qny oy — EQ)) ]—Z M + (E[Qn, — Q). (10)

In the construction of the method a key point is the choice of the sample sizes M; on each
level and the choice of the mesh sizes h;. Several strategies have been proposed by different
authors. Just to mention a few, Giles, Scheichl et al. in their works [8, 16] consider a continuous
minimization problem in My, ..., M, to determine the sample sizes on each level given the mesh
hierarchy {h;}~ ,: the finest level of the hierarchy is chosen so that the bias term meets half of
the prescribed tolerance. Alternatively Schwab et al. in [13] select the samples sizes to equilibrate
all the L + 1 terms in the right hand side of (10). A global optimization of the MLMC strategy
has been investigated in [18] where the authors show that geometric sequences of h; = hoS~!,
with 8 > 1, lead to nearly optimal MLMC samples; however, the corresponding meshes are in
general not nested. Also, optimal strategies might not split equally the prescribed tolerance into
the discretization error and the statistical one.

5 Multi Level Monte Carlo method with Control Variate
(MLCYV)

As mentioned in the introduction, sparse grid collocation methods are very effective in solving
the stochastic Darcy problem (2) in case of smooth input random fields. On the other hand,
the Multi Level Monte Carlo method is more effective for problems with rough coefficients. We
discuss here how these two strategies can be combined to further improve the performance of the



MLMC method in case of rough coeflicients by exploiting the well known control variate variance
reduction technique ( see e.g. [26]). The idea is to introduce an auxiliary problem having a
smoothed coefficient, which can be effectively approximated by a deterministic method as, for
instance, a Stochastic Galerkin or a Stochastic Collocation one, and use the quantity of interest,
computed from the corresponding solution, as control variate in the Multi Level Monte Carlo
sampling.

Let v(z,w) and v¢(z,w) be the input random fields obtained respectively by considering a
covariance function of the Matérn family and the convolution of v(z,w) with a smooth kernel (e.g.
Gaussian), namely:

Y(w) = 7(w) ¥ 6()  where  o(x) = e 5 f(2me)?, (1)

analogously let a¢ = " and let p(z,w) and p¢(z,w) denote the solutions corresponding to the two
(highly correlated) input random fields. Let us assume for the moment that we know exactly the

20-
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(a) Smoothed field af, ¢ = 1/2%. (b) Smoothed field a*, ¢ = 1/2°.

(c) Smoothed field a¢, € = 1/25. (d) Original field a.

Figure 1: Three different regularizations of the same realization of a. v = 0.5, L. = 0.5, 0 = 1.

mean of the control variate Q¢ = Q(p°(-,w)) obtained starting from the solution of the auxiliary
problem having a¢ as input datum. We define

QY (w) = Qw) - Q“(w) + E[Q7].
This new variable is such that E[Q°Y] = E[Q] and
Var(Q“Y) = Var(Q) + Var(Q°) — 2cov(Q, Q°),

showing that the more positively correlated the two random fields are the more positively correlated
the corresponding quantities of interest are and the larger the variance reduction achievable. In



order to apply this strategy to solve the stochastic Darcy problem we should know the exact
mean of Q¢(w). Actually we do not have this information available but, since a(z,w) has smooth
realizations, we can successfully use a sparse grids Stochastic Collocation method to compute it
accurately as long as the smoothing parameter € remains sufficiently large. Denoting by ESC[Q¢(-)]
the sparse grid approximation of the mean of @€, the final variable on which we apply our MLMC
algorithm is

QY (W) = Qw) — Q°(w) +E*“[Q"]. (12)

In this work we always consider a nested sequence of spatial grids that halves the mesh size at
each level, hy = ho2~!. The mean of Q¢Y on the finest mesh can be written as a telescopic sum
following the Multi Level idea:

L
E[QFY] =EQL 1+ > EQL — Qi ],
=1

and the Multi Level Monte Carlo estimator with control variate (MLCV) is then defined as

QU tany = ZMZZ@m wii) — QY 1(%))7

with QSYI =0and lev (wii) = Qn, (wi,i) — Qf, (wii) + ESC[QZZ]. It can be equivalently rewritten
as

QUE ZMIZ(QM w16) = Qo () = (@ (@) = Qf,_, (@) ) + ESC[Q5, ], (13)

where again Qp,_,,Qj_, = 0. Concerning the mean square error associated to the estimator (13),
the following result generalizes (10):

Lemma 5.1. The mean square error of the estimator (13) can be bounded as

Var(QfY — QY )
M,

L
(@G’ <Y 2 (B[Q5,] -~ E5C[Q5,])° + 2E[Qn, — Q1> (14)

Proof. The mean square error associated to this estimator naturally splits into a variance and a
bias term as

Var(Qi th 1) n
M,

L
Q) = EUQNA iy ~ EIQDY =2 BlQ -

The second term on the right hand side represents the bias and can further be bounded as

EQFY — QP =ElQn, — Q5, +E5IQ5,] — Q1 < 2(EQ;, ] - E5°[Q5,))” + 2E[Qu, — Q>
|

The first term on the right hand side of (14), represents the variance of the estimator Q%ﬁc{wl b

and it is expected to be smaller than the variance of the standard MLMC estimator thanks to the
presence of the control variate. The second term represents the error due to the approximation
of the mean of the smoothed quantity of interest via sparse grid Stochastic Collocation; the third
one represents the mean of the finite element error of the unsmoothed quantity of interest. When
€ goes to 0 the regularized input random field tends to the original one. Consequently the solution
p¢ tends to the solution p; this means that the variance associated to the estimator tends to 0. On
the other hand, according to the previous considerations, an accurate approximation of the mean
of the quantity of interest E C[Q;L] by a Stochastic Collocation scheme becomes extremely costly



and practically unfeasible for rough random fields. The parameter e should therefore be chosen so
as to have a good variance reduction while still keeping a manageable sparse grid approximation
problem. The practical way in which we have chosen e as well as the others parameters (finest
level L, sparse grid level, sample sizes {M;}) in our numerical experiments will be discussed in
Section 5.3. How to optimally choose € is still an open question and under investigation.

5.1 Sparse grid approximation of the mean of the Control Variate

In this section we review the Stochastic Collocation scheme used to compute the mean of the
control variate. As mentioned before, the log-permeability field ¢, and hence the pressure p¢,
depend on a sequence of random variables {y, }nen. First, we consider a truncated Karhunen-
Loéve expansion of the log-permeability, according to (7), with a possibly arbitrarily large N. Once
the problem has been parametrized with a finite number N of random variables {y, }n=1.. n~, We
compute the sparse grid approximation of the pressure p as in [3], namely

;Vw(yla"wyn - Z ®Am(ln yl?"ayN)v (15)

i€Z(w) n=1

where i = (i1, ...,ix) € NV denotes a multi-index, Z(w) an index set and w represents the poly-
nomial level used for the construction of the index set Z(w); Anm(i") = Z/{:Ln(i") — Uﬁn(i"—l) repre-
sents the difference between two consecutive interpolants in the variable y, that use respectively
m(i,) and m(i, — 1) points. In particular we use Kronrod-Patterson-Normal knots (KPN), see
[24, 25], which are numerically computed nested quadrature formulas with m(i,) = 1,3,9,19, 35
for i, = 1,...,5 and maximal degree of exactness.
Following the strategy proposed in [3], we include in the index set Z(w) only those indexes with
the largest profit, i.e. the ratio between the error contribution associated to the multi-index i and
the corresponding work, defined as the number of sparse grid knots associated to the multi-index
LI {yJ}MSc denotes the collection of points composing the sparse grid and {q]}MSC the corre-
spondlng Welghts in the quadrature formula, the final approximation of the mean of the control

variate reads
Msc

E%C[Q Z QP( (16)

The numerical results presented in [3] (see also [15]) show that the convergence rate of this quasi-
optimal sparse grid procedure does not really depend on the number of random variables used
in the parametrization of the random field ¢ (i.e. it holds also for N — o). Moreover they
show numerically an algebraic decay of the error that justifies our use of the error model M5 to
compute the optimal number of samples {M;} , and Mgc in the MLCV algorithm.

5.2 Error analysis of the MLCV method

In this section we study the statistical error of the MLCV estimator and give bounds on the
variance terms Var(Qf,V — Qf" ) in the case of the Stochastic Darcy Problem (2) with log-

normal permeability. ThlS, in particular, implies the study of the discretization error Q€Y — lev
as a function of both the mesh size h; and the regularization parameter e. The main result of
this section is given in Theorem 5.1.Before proceeding with the analysis, we define the random
variables
afnax (w) = max a (I, w)’ afnin (W) = mlﬁ a (1'70])'
z€D €D

and restrict ourself, in this section, to the case of a fully homogeneous Dirichlet problem (I'p = 9D,
g = 0) defined on a convex bounded domain D. Moreover, we assume that the Gaussian random
field v is defined in R? and for technical reasons, we consider the following smoothed version ~¢,
slightly different from the one given in (11). Let D, = {z € R? s.t. dist(x, D) < n} andconsider

10



a function ¢ € C*(R%),0< ¢ <1, ¢ =1 on D, and ¢ = 0 on DS for some n € N such that
ne < 1. Then, we define the smoothed field v¢ as

e 2¢2

(2me2)

V() = (3 * ¢e)(x),  where Y(z) = p(z)y(x) and  ¢c(z) = g (17)

Essentially, D, represents the domain upon which the convolution integral involved in the def-
inition (17) is computed up to an error that can be made arbitrarily small by increasing n. By
taking n > 3 we will have v¢ = 3 % ¢. = v* ¢ in D up to a very small error. On the other
hand, ¥ has a compact support so that the quantities Ynae(w) = max, 55(z,w), Fmin(w) =
min, .5 5(z,w), [7(-,w)|lce(re) are all LE() functions, Vg € Ry and can be bounded by the
corresponding quantities on v evaluated in the extended domain D;. In particular, we have that
Vlca®ay < llellca®ayvllca@,)- We start with the following observation.

Lemma 5.2. Let v(z,w) be a Gaussian random field with realizations a.s. in C*(D1) and v¢(z,w)
a smoothed version of ¥(z,w) as introduced in (17). Moreover set a = €7 and a® = ¢"". For all
0 < 8 < min(a, 1) it holds:

la(,w) —a* (- w)lles @y S Cs.2(w, a)emin@=82) 45 in Q,

where

C5~2(wa Oé) = amax(w) Hl + 6(7677)("“’)‘

(14 @) gmincany @) ) 1) gmintas @) 1) gminio.y -

co(D)
Moreover, if a > 1, it holds also the following bound for the standard C' norm
emin(a71,2)7

la-w) = a*(w)ller ) S Cs.0(w, @) a.s. in Q,

where

6'5.2((*]’ a) — amax(w) H]_ + e(’yef’v)(-,w)‘

oy (L REDlerm)) 1700 lomsnn B 190 0) lomon B3

The constants Cs s(w, @) and Cs o(w,a) are both LY integrable Vg € R
Proof. See appendix A. [ |

Next we use this result to estimate how the distance between the solution of the original
problem (3) and that of the auxiliary one with smoothed coefficient a° in a given Sobolev norm,
namely [[p — p®||g1+5(py, depends on the regularization parameter e. The following result holds:

Lemma 5.3. Let a(r,w) and a“(x,w) be as in Lemma 5.2 and f € L*(D). A.s. in Q it holds:

(@) = o W)l 2y S Cs.3(w, @) || fll2(pye™™ 2,
05_3((4) a) . . o
. _ (. < _Z90NT ) f min(a—p—n,2) '
||p( aw) p ( aw)||H1+[3(D) ~ (a — ﬁ)Q\/ﬁ“f||L2(D) 0§ﬁ<1£in(a’1)€
0<n+B<a
where .
05_3((,0704) = Le’a)’
Amin (w)amin(w)

Cs.2(w,a)Cs.1(w,a)Cs ;(w,a) a <1,
05,3((.4},04) = )

Cs.0(w, @)Cy. 1 (w, @)CG  (w, @) > 1.
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and C§ ;(w, @) as in (4) with a replaced by ac. If the assumptions hold also for o > 1 then it is
also valid the bound

min(a—1,2)
)

lp(-;w) = p*(-, W)l a2 (D) S Cs.5(w, )|l fllz2(pye

Moreover, the constants C~’5,3(w, a) and Cy 3(w, @) are LY integrable Vg € Ry.

Proof. We start by noticing that the original problem (2) satisfies the bound

”fHL?(D).

<
HpHH(}(D) =

By considering the difference between the original and the regularized problem we get:
/ a®V(p — p°)Vudz = —/ (a — a®)VpVudz; (18)
D D

then, in order to prove the first bound, by choosing v = p — p¢ in (18), we directly get

||p||H1(D)
Ip = PNl ) < lla = alleon) — =

min

which, from Lemma 5.2 and the above bound on [|p||z1(py, implies the desired result. In order
to complete the proof we will use the result in Lemma B.1 in Appendix B that states that,
Vb € C*(D), and Yv € H?(D) for some 0 < 8 < min(a, 1), the following bound holds

1
1bvll 50y S —=Ibllcenllvllme oy V0 < a =B

Vi

By integrating by parts (18) we obtain
/ a®V(p — p°)Voudz = / div ((a — a®)Vp) vdx = / fudz.
D D D

In order to use the result given in Lemma 3.1 we need to ensure that f is in HA~!. Indeed

[div ((a — a)Vp) |ge-1(py S (@ —a®)Vpllgs(p)

1
< —la—a‘llgs+n

V]

Hence for the difference p — p¢ the following estimate holds

plas+ipy V0O<n<a-—3.

1 max( )Ha’e( W)Hca(ﬁ) s
€l < : L
lp =Pl o0y S o (@ () 1 ¢ )llmo-1(p)

1 maL( )”ae('aw)nca(ﬁ) )
S p: Cs.2(w, @) ||p|l gs+1(pye min(a — 8 — 1, 2)
(=B (a50)w) HAT(D)

Upnaz(W)[|a°(, @) o (5)@maz (W) lla(, w)llga

~ (@ = B)2\/(a5i)° (W) (@min)? (w)

In the case o > 1 we use again the result given in Lemma 3.1

@) Cs.2(w, )| fllms-1(pye min(a — f —1,2)

amaz(W)lla(, W)l 5
L P R LGOI 1L

min
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analogously we need to ensure that f is in L2(D). Indeed

ldiv ((a - a)Vp) 2o < V(@ — a®) - Vplla(p) + (@ — a*)div(Vp) | 2oy
S 1V(a = a)leay I Vol 2y + la = allea | VPl ) S lla = a¥lles ol

Therefore it holds

a’inax(w)nae('a w) Hcl(ﬁ) amax(w) ||a('a UJ)”cl

¥l ray o <
=P erz0) = = 3310) (P @)

D) 5 5 (w, @) || fl| 2y ™12,

We finally investigate how the H'*5-norm of the “double difference” p — p;, — (p€ — p5,) depends
on both the mesh parameter h and the regularization parameter e.

Lemma 5.4. Let a(r,w) and a*(x,w) be as in Lemma 5.2 and f € L?(D). By using linear finite
elements for the spatial discretization, a.s. in it holds:

BB emin(a—B-n,2)
inf ————
0<p<1  (a—P)2/n

0<n+B<a

Ip(,w) = pr(,w) = (p°( w) = PR W)l D) S Cog(ws @) fllz2 ()

where

77— (Cs.2(w, @) C3.9(w, @) + (a4, + Ggy) Cs.3(w, ) <1,
Csyw,a)=4{ " /.
54w, ) L (05,2(0.), a)Cs o(w, ) + (aS,;p + a5az) Cs.5(w, a)) a> 1.

Amin

If the assumptions hold also for a > 1 then the following bound holds as well
(-, @) = (@) = (@) = Ph )l (D) S Cop(w, )| fllp2(pyhe™™ @12,

Proof. Let us consider the difference between the original problem and the auxiliary one in the
continuous and in the discretized case:

/ a®V(p — p°)Vudz = f/ (a —a®)VpVudz Yo € HY(D);
D D

/ aV(py — pj,)Vodx = —/ (a —a)VprVudz Yv € Vig
D D

By taking the difference between these two equations we get
/ a*V(p — p° — pn + pj,) Vude = —/ (a —a®)V(p —pn)Vodz Vv € V,; (19)
D D

by using this equality, Vv, € V9, we can bound the term ||p§, — pp — ’Uh”Hé(D) as

1
105, = pr = ol () < f/ aV(pj, — pn — vn £ (p° = p))V (), — pn — vn)dz
D

min

1

= (/ aV(pj, — pn — (p° — )V (P}, — Pr — vn)dx + / a’V(p* —p—vn)V(pj, — pn — vh)dx)
min D D
1

<o (= [a= a9 - mTi —pn — o+ [ V07— - 1)V~ s~ )i
min D D

< —— (lla = a*ll () llp = Prllizy(p) + Ghnas P = ° + Vnllimg (o)) 1P = P = vy o).

min
so we finally get

lla —a|lp=(p ac
125 = Pr = onll g (o) = ae—()\lp*phllHé(D) + aT‘_“”

min min

Ip* —p— Uh||H5(D);
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using now the triangular inequality

1P —p = (ph — P20y < 1P —Pr = vrllEi oy + IP° =P = vnllaapy Yvn € Vi,

and the arbitrariness of vy, for any 0 < 8 < min(a, 1), 0 < 7+ 5 < a, we obtain

la = al|L~(p) as
€ _ € < L e StV _ 1 max lnf _ € v
p° —p— 0k — Pr)llm2 (D) < a lp—prllgapy + 1+ Tfnm oo lp—p nllm(p)
la — a|l e (D) as
S ae—,”p_thH&(D) {1+ a?(fm Ip = PNl 12 (py I
mwn man
< Mo BB minte—s-n2)

ae
) 05_2(w,04)03_2(w,04)€°‘hﬁ + ||f||L2(D) (1 + a;nax) Cs.3(w, )

~ (a - ﬂ)ainin min

I fllz2(D) . .
N - (Cs.2(w, a)Ca.2(w, @) + (a5, + Cpraz) 05.3(%06))—(@ — B
h[ﬁemin(a—ﬁ—n,Q)

(a=p)2yn

By taking the infimum we get the desired result. If the assumptions hold also for av > 1 then it
can be analogously shown that

(a—=B)*vn

hﬁ€min(a—,5—n,2)

= Cs.4(w, )| fll2(p)

lp( @) = pa(w) = (-, w) = PLE Dl 0y S Coalw, @) fllz2(pyhe™ @)

The next theorem extends the previous result to a linear quantity of interest.

Theorem 5.1. Let a(z,w) and a*(x,w) be as in Lemma 5.2, f € L*(D) and let Q(-) be a functional
on H'="(D), i.e. Q € H™1(D) with r = min(a, 1), representing our Qol. Then, by using linear
finite elements for the spatial discretization, a.s. in € it holds:

At hPex—B—n

o o €_ € < . . . s

Q=) =Q I Costo M ml@llr—o JE, 55 o2, g
0<n+pB<a

where
Cs o(w,a) (C’5,2(w, a)Cso(w, a) + 2a$,,, (w)Cs 4 (w, a)) a<l,

Cs4(w,a,8) = (

Cs.2(w, a) C’g,g(w,a)Cg,g(w,a) + Qafnax(w)c5,4(w,a)> a> 1.

If the assumptions hold also for a > 1 then, the following bound holds as well

QP — pr) (@) — QY —1}) ()| S Co.1(w, )If | 20y Ql L2y AP ™12

Proof. Let us consider the adjoint problems related to the original and the auxiliary problems
having Q(-) as right hand side

/ aVoVedz = Q(v), / aVoVeidr = Q(v),  Yv e HY(D)
D D

where ® and @€ are respectively the solutions of the two adjoint problems. Moreover, we denote
by ®; and @4, their respective finite element approximation. By choosing v = p — pj, in the first
problem and v = p® — pj, in the second problem and by taking the difference we get:

Q(p —pn) — QP —pj,) = /D aV(p — pp)Vodx — /D aV (p¢ — pj,)VPdr.
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Using the Galerkin orthogonality and adding and subtracting some mixed terms we get:

Qp—pn) — Q(p° —pj) = /

AV (p — pn) V(P — By)d — / AV — ) V(@ — B)de
D

D
+ / AV (p— pp) V(@ — p)dar + / WV (p— ) V(D — &5 )da
D D

By properly grouping the terms above we obtain:

1Q(p —pn) — QP —p3,)| <

/D (a— a)V(p — pn)V (@ — By) da

/D 0V (p— ph — (5 — )V (@° — B5)de

+

/D 0V (p— pr) V(@ — By — (@F — &5))de

< lla = al|e= () llp — Prllgi () [|1® — Prll 1 (D)
+ L=yl — pr — (° = P 2 (D) 12 — @3 || 112 () +
+ llallzpyllp — prll a2 (D) |2 — @ — (2 — @) || 12 (D)-

Since for the solutions of the adjoint problems we have identical error bounds as for the the primal
ones we obtain the bound

hB1+B82 gmin(e,2)

(= B1)(a = B2)
c o h53+546min(a*53*7}3,2)
+ fnax . ) . ) 3—1 41

Unax (@) Cs.4(w, @) Ca2(w, )| f | zos (D)||Q||Hﬁ (D) (0 — B3)2(a — Ba)/is

. hB5+Bs ¢min(c—Bs—16,2)
Fax (W) C5.4(w, @) Cs 2(w, @) || fl| 85 -1 0y | QN 1851 () (0 = B)la— o) v

where 3;, ¢ =1, ..,6 and n;, j = 3,6 are the parameters coming from the bounds of the primal and
adjoint problems. Since the bound is valid V3; < r , it is possible to choose 1 = 2 = 4 = 85 = t;
moreover the remaining part of the bound assumes its maximum value when 83 = 8 = (8 and
13 = ng = 1; hence, VO < t, 8 < r and and n > 0 such that 847 < «, the bound can be rewritten
as

QP —p1) = Q" — )| < Cs.2(w, ) C5 5 (w, )| f | s -1(0) | Qll 221 ()

ht hﬁemin(a—ﬁ—n,Z)
a—t (o PP

By taking the first infimum over ¢ and the second infimum over 8 and 7 we obtain the desired
result. If the assumptions hold also for o > 1 then it can be analogously shown that

‘Q(p _ph) - Q(pe _p2)| 5 C’5.1(('% a)”fHLZ(D)IlQHH'V'fl(D)

QP —pn) (@) = QW = p;)(@)| S Cs.1(w, @) fll2() @l L2y 2™ 12
|

Proposition 5.1. Up to logarithmic terms, the infima in the previous estimates can be bound as
follows:

t
inf h < poin(el) gy < e
0<t<min(a,1) ¢ — 1

hﬁemin(a*ﬁ*nl) hmin(oz,l)emin(max((),oz—1),2)7 h < 6_%6

inf ———— =< . . 2
0<A<min(a,1) (O[ _ /8)2\/,’7] ~ hmax(mln(a—Q,l),O)emln((x,Q)7 h>e e
0<n+p<a
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The complete result can be found in Appendix D.
Corollary 5.1. Up to logarithmic terms, the bound in Theorem 5.1 becomes

2 mi 1 i 0,a—1),2 -2
h min(a, )emln(max( ,a—1), ),h S e~ o¢

|Q(p - ph) - Q(p€ - p;l)| S 05.1(0‘)7a)||fHL2(D)||Q||L2(D) hmin(a,l)hmax(min(a—Q,l),O)emin(a,Z)’ 6_%€ <h< e—i_

If we look at the bound given in Theorem 5.1, in light of the estimates presented in Proposition
5.1, we can see that the infimum is achieved for 8,7 close to 0 and ¢ close to min(c, 1) when
h > e ac and for 8, close to min(a, 1) and 7 close to 0 when h > e~ e . This means that, in
practice, there are two convergence regimes: for values of h larger than e~ ae we have a slower
convergence rate with respect to h than the standard MLMC one, compensated however by the
presence of an € term that makes the variance reduction with respect to the MLMC case significant;
on the contrary when h gets smaller than e~ %€ we recover the same h-convergence rate of the
standard MLMC case: in this regime we have a further variance reduction, given by the factor
emin(e=1.2) “only if the input random field is smooth enough (o > 1). In general we can state that
we get always an overall variance reduction with respect to the standard MLMC case and that
this variance reduction affects all the possible levels if the input random field is sufficiently smooth
(a > 1) and only the levels for which h; > e~ 4 ¢ otherwise.

In light of these results and considerations the mean square error associated to the MLCV estimator
satisfies the following

Theorem 5.2. Let a(z,w) and a(z,w) be as in Lemma 5.2, f € L*(D) and let Q and r be as in
Theorem 5.1 . The mean square error related to the estimator (13) can be bounded as

) nto. hﬁ min(a—pB-mn,2)
L 1Hf0<t<ra7_lt1nf ()§B<r W
A 0<B+n<a
QU S A @)1 By IQr ) S e
=0

2 (E[Q5,] — ESC[Q5,)” + 2E[Qn, — Q)

(20)
where ¢5.1(c, q) = [|[Cs.1(w, )| L1, (). If the assumptions hold also for a > 1 then it is valid also
the bound

MLOV ) ) ) h4 2min(a—1,2)
(@) S a2 72 HQHLqD)Ej -

+ (E[Qf, ) — ESO(Q5,])° + 2E[Qn, — Q]2~

Proof. The formula of the mean square error related to the estimator (13) is

R L VarQ Qh )
QUi i) < —

=0

+2E[Q5, — Q) + 2E[Qn, — Q.

We get

Var(le th )< 2Var( QCV) + 2Var(th ) QCV)

<2]Q( *th) = QU = Pi )72 () +21QW — phi_y) — QW =}, )72 (0

2
T

S A (@2 f 172 o) 1R min min - —————
~ (D) H=1 (D) | olt<r o —t 0<B<r (o — B)2
ra—t oshe (a= BV

By replacing in the inequality of the mean square error we get the desired result. The result
concerning the case o > 1 can be shown analogously. |
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5.3

The MLCV Algorithm

In this section we present the algorithm used in order to guarantee a mean square error smaller than
a prescribed tolerance tol. In order to be efficient, the method requires a strategy to select properly
the number of levels L and the number of samples M; to be taken on each level [ = 0,1, ..., L as well
as the degree of approximation of the Stochastic Collocation Method in order to get a sufficiently
accurate approximation of the mean of the control variate E[Q(p¢)]. Before going into the details
let us start with this important consideration: depending on the smoothness of the input random
field a two possible strategies can be followed, namely:

e Strategy 1: if the input random field is smooth enough, i.e. if o > 1, then our theoretical

results predict a variance reduction on each level; therefore Var(leV - le‘fl) < Var(Qpn, —
Qn,_,) V1 =0,..., L and it is advantageous to apply the MLCV scheme as presented in (13),
keeping the control variate on each level;

Strategy 2: if the random field is rough, i.e. if & < 1, then our theoretical results predict a
variance reduction only on the coarsest levels and more precisely for all the levels such that
h; < e’%e; therefore the most effective strategy consists in selecting as coarsest level the
grid of mesh size h;, such that h;, ~ e*%e, keep the control variate only on this level and
use a standard MLMC method on the subsequent levels; by doing this, we need to compute
the approximate mean of the control variate on the coarsest mesh and not anymore on the
finest one as in Strategy 1, namely:

MZO L M,
~ 1 Z i €1 z : 1 § 7 7 €
Q%ﬁ?{ml} - M, i=1 (tho o tho) Jrl M, ) (th - th,l) JFIESC[tho]' (22)

=lp+1 ! 7

The general algorithm used to properly choose the parameters {M;}, L and the sparse grid level
w is the following:

1.

We run the deterministic problem for different mesh sizes, with a small number of samples,
to have an estimate of the finite element error, or in other terms the weak error, from which
we fit the constants ¢, 7, € R4 of the error model [E[Qn, — Q]| = cwh]™.

. Given a prescribed tolerance tol we select the finest grid having mesh size hy, in such a way

to guarantee the discretization error model, which does not depend on ¢, smaller than tol.

We set hg = O(L.) and evaluate, again by taking a few samples on each level, Var( flv —

gl‘jl), Var(Qn, — Qn,_,) and Var(in) on the levels in which, according to the selected
strategy, these quantities are needed. Based on the estimate (20) we fit the statistical

error in two different regions, namely V(lev - Qi‘fl) = cslhfsl for I = 0,...,1* and

. We run the sparse grid on increasing approximation levels to estimate the sparse grid error.

In particular, we fit the constants c¢,d € R, of the error model |E[Q€] — ESC[Q¢]| = cMS_C‘S.

According to the selected strategy and the previously estimated convergence rates, we com-
pute the number of samples M; for [ = 0,..., L and the number of knots Mgc to be used
in the sparse grid approximation of the expected value of the control variate by solving an
optimization problem in such a way to have the sum between the sampling and the stochastic
collocation error smaller than tol?. This optimization is described in the next subsection.

Once all the parameters appearing in the equations have been estimated the method can be
run.

We remark that this algorithm requires a certain number of samples per level to estimate all the
parameters of the different error models. These extra samples might have actually an impact on the
overall complexity of the algorithm. A more efficient way of fitting the error models in a standard
MLMC algorithm has been proposed in [18]. Its extension to MLCV is under investigation.
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5.3.1 Optimization Problem

Once the sequence of increasingly fine grids 7p,, ..., 75, has been determined, we solve un op-
timization problem to find the optimal number of samples M; for [ = 0,..., L and the optimal
number of knots Mgc forming the sparse grid upon which the expected value of the control vari-
ate is computed. The optimization problem minimizes the computational cost needed to achieve
a prescribed tolerance in the mean square error. The computational cost needed to solve a single
deterministic problem of mesh size h; is assumed to be of the form C; = kh;dp where p is a factor
typically larger than 1 and smaller than 3/2 for optimal solvers. The model for the computational
cost associated to the MLCV estimator for the two strategies is:

o strategy 1:

L
C(My, Msc) = 2MoCo +2 Y My(Ci + Ci—1) + MscCr, (23)
=1
o strategy 2:
L
C(Ml, Msc) = QMIOCZO + Z Ml(cl + lel) + MSCClm (24)
I=lp+1

where the factor 2 in the above estimates comes from the fact that on each level on which the
control variate is used, we have to solve both the original problem and the regularized one. The
associated error, according to the selected strategy is:

*
_ Csy 2=l +032 Zz v
= M,

o strategy 1: e(M;, Msc)? + cMgl, where I* ~ —log,(e)

o strategy 2: e(M;, Msc)? = ZlL:l* CSQME z +cMS_C

Remark. In the estimate of the V <lev - leYl)’ according to the selected strategy, we have
considered only the two extreme regimes § = 0, leading to Var (QSLV — (ﬁ:‘;) ~ O (h;‘”), and
B =min(a, 1), leading to Var (Qg}v — lev) ~ O (h;sz).

Remark. The parameters cs, and cs, strongly depend on the choice of €.

Once all the constants appearing in the previous inequalities have been estimated, according to
the strategy selected, we perform a Lagrangian optimization by considering the Lagrange function

,C(Ml, Msc, /\) = C(Ml, MSC)“F)\(e(MZ, Msc)2 — tOlQ).

Here below we report the results of such optimization procedure in the case of Strategy 1, by
assuming hy = 2~ (1+0:

hre1
oMoztol 2\/7 CSET

o My =tol 2N/ for 1 =1, 10

My = tol 2/ 2" for | =1 +1,..., L
o Msc = tol T (\) 7 (551)m
where A has to be computed from:
1 1

VA VOV + Sy V302! + o) T (16270 &) T

where v;, [ =0, ..., L, are the fitted variances previously introduced.

)
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Remark. By looking at these results it is important to notice that an optimal solution can be
found only if § > 1; this means that using a stochastic collocation method in order to approximate
the mean of the control variate brings some advantages only if the stochastic collocation converges
at least like a Monte Carlo method.

6 Numerical Results

In this section we present some numerical results obtained using the proposed method. We under-
line that all the results presented hereafter are obtained in the case of a lognormally distributed
random field a(z,w) such that log(a(z,w)) has a covariance function belonging to the Matérn
family (5). The sampling from the random field a(z,w) is done via FFT [20], e.g. by expanding
the field on a Fourier basis. On the other hand, in order to compute the expected value of the
control variate via Stochastic Collocation, we considered a KL expansion of the input random
field in order to keep the number of random variables considered in the expansion as small as
possible. We show some results obtained in the 2D case. We consider the physical domain D to
be (0,1)? and we are interested in the simulation of an undisturbed flow from left to right which
is represented by the equations

—div(a(z,y,w)Vp(z,y,w)) =0 in D, a.s. in ,
p(0,y,w) =1, p(ly,w) =0,  ye[01],

py(2,0,w) = py(z,1,w) =0, x € (0,1).
Qol =integral ¢ =0.125, v =05, LC =0.3, N=16641 Qol =integral ¢ =0.0625, v =05, LC =0.3, N=16641 Qol =integral ¢ 0.03125, v=0.5, LC =0.3, N=16641
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(a) e=1/2°. (b) e=1/2%. (c)e=1/2°.

Figure 2: Variance of the difference of the Qol Q = [ p u(z,w)dz between consecutive grids.
Y2 = Ql - Qlfl, vV = 0.57 LC = 0.57 g = 1, h0:0.5.

Figure 2 shows the variance of @; as well as the variance of the difference Q; — @Q;_1 for the
standard MLMC approach and the MLCV, in the case of rough fields (v = 1/2). As predicted by
the theory, the variance reduction in MLCV appears only on the coarsest levels and, starting from
a certain level [* &~ —log, € for which h;» ~ € the variance of the difference of the Qol between
consecutive grids of the MLCV and MLMC methods are identical.

The second comparison, shown in Figure 3, demonstrates that, by considering a smoother random

field as input, the variance reduction with respect to the standard MLMC case appears on each
level, and, again, the more € gets smaller the more the variance reduction is significant.
In Figure 4 and Figure 5 we show convergence plots for the two other sources of errors, namely
the Stochastic Collocation error committed when approximating the mean of the control variate
on a sparse grid, and the error coming from the spatial discretization, which determines the finest
mesh of our sequence of meshes.
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Figure 3: Variance of the difference of the Qol @ = [}, u(x,w)dr between consecutive grids.
Yi=Q —Qi-1,v=25,L.=0.5,0=1, hp=0.5.
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Figure 4: SC error computed as E| ;’ZSC - Q;’fCP. LC=05,0=1.

Concerning the Stochastic Collocation error we see that the fitted error model cM S_g, actually
describes well the decay of the error; moreover, the convergence rate of the square of the error
remains larger than one, which guarantees the existence of an optimal number of sample points
M, for each level and an optimal number of sparse grids knots Mgc, as mentioned before.

Concerning the discretization error we see on Figure 5 that the weak error presents different

slopes depending on the smoothness of the input random field: in particular when a is rough (in
this case v = 0.5) the convergence rate is close to 1; on the other hand when the random field
a has smooth realizations (in this case v = 2.5 so the realizations are twice differentiable) the
convergence rate is close to 2.
To conclude the presentation of the numerical results we show a plot of the overall error; since
the finite element error is the same (up to a costant) in the mean square error associated to the
MLMC and MLCV estimators, in order to make the comparison between the two methods as
clear as possible, we select the finest mesh size hy, in such a way to have the two finite element
errors comparable, i.e. a fraction of a prescribed tolerance tol?. Then we compare the other terms
coming from the mean square error associated to the MLMC and MLCV estimators. Of course,
other choices are possible concerning the algorithm (see e.g. [18, 19]) which will not be discussed
here. Hence, the error obtained with our model after having optimized all the parameters, thought
as sum of the Stochastic Collocation error and the statistical error, is shown against the estimated
CPU time, according to the computational cost model defined in (23) and (24) .
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Figure 5: Discretization error computed as E[Qp, — Qpn,]?. LC = 0.5, o = 1.

Figure 6 shows a remarkable improvement in terms of mean square error with respect to the case
of the standard MLMC method. In order to achieve the same accuracy of the MLMC method,
roughly speaking, the proposed MLCV method presents a gain in terms of computational time of
about one order of magnitude in the rough case and about two orders of magnitude in the smooth
case.

—#—error MLCV
—4—error MLMC

error vs cpu time, € =0.0625, v =0.5, LC =0.5 error vs cpu time, € =0.015625, v =2.5, LC =0.5
T

== grror MLCV
== crror MLMC

error
error

work work

(a) v=0.5,e=1/2* LC =050 = 1. (b) v =25,e=1/28% LC =05,0=1.

Figure 6: Error vs Computational cost. Error = SC error + Statistical error.

7 Conclusions and future work

In this work we have proposed a new Multi Level Monte Carlo algorithm with Control Variate and
applied it to solve elliptic partial differential equation with log-normal coefficients with covariance
function from the Matérn family, with particular focus on the case of rough coefficients. The
control variate is obtained by solving an auxiliary problem with a regularized coefficient and its
mean can be effectively computed by a Stochastic Collocation method.

The proposed strategy considerably improves the performance of the standard MLMC method
in terms of error versus computational cost, in both cases of rough and smooth coefficients, where
we have always observed a gain with respect to the standard MLMC method.

The choice of the regularization parameter € is rather delicate in the case of rough coefficients,
as it should properly balance the variance reduction achievable in MLMC and the performance of
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the stochastic collocation.

So far this choice has been done heuristically; more analysis is needed to derive optimal values
of the regularization parameter.

We are also exploring the possibility of taking a level dependent e, possibly in combination
with the general idea of Multi Index Monte Carlo introduced in [19]. Results will be reported in
a forthcoming work.

A Proof of Lemma 5.2

We consider a fixed w € €2 and we will not specify the dependence on w in the proof. In order to
prove Lemma 5.2 we will need the following three preliminary lemmas.

Lemma A.1. Let y(x) be a deterministic function in C*(R?) and, Vh € R%, let us define Dy, gy(z)
as

V(z+h) — ()
Then, ¥ 0 < 8 < min(1, a) it holds

|1 Dh, Y| cas(ray < (14 2VA)|[ V]| o (ra)-
and in particular
|Dh,3’y‘ca—ﬁ(md) < Qﬁ"ﬂca(Rd).

Proof. Let us denote « = A+ s, with A € N and s € (0,1].
e We first consider the case 0 < 8 < a < 1so that A =0 and s = a. The norm we want to bound
can be written as

| Dh. g7 |lco—6®ay =I|Dn.g7llcoway + | Dh,gYlco—s@a) =
|(Dn,p7) (@ +1) = (D7) ()]

= || Dn.sVllcoray + sup =
—6,—()/ z,tERY |t|a A
(1)
(i1)
The first term can be bounded as
0= sup DEEW @] btk oy e h) ()
zER? |h|? " zeRrd |h|>1 |h|? "Ihl<1 |h|P

< sup max{ sup (|y(z + h)| + |y(z)]), sup [y(x +h) —~(x)

| (1o
S |h|>1 |h|<1 |I]ex [h[* fr< 2||7||C0(]Rd) + |’Y|Ca(Rd).
” - —

The second term can be bounded as

(i) =max 4 sup hlett+h) —y@+t) —yeth)+y@)] o blzthtt) —y@th) —a@+1) +1()]

z,t€R? |h|P[e|=o o teR? L
|t |t1<|h]
t+h) — t h) — t+h) — h H—
<max{ sup y(z+t+h) v(w; ){Ljrﬁlv(w+ ) v(x)l’ sup ly(z +t+h) v(w; 3|_;r [y(@ +1) —y(2)]
z,teR? |h|P A o.teR |18 ]t]
[t1=1h] |¢1<|h|
<2}9| o (ra)

Hence we get || Dp g7¥|lco—s®ay < 3||7[lcaray and | Dy gy]ca-smay < 207]co (rdy-
e Let us consider now the case 0 < § <1 < « so that « = A+ s with A > 1. The proof can be
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further divided in two parts: s > 8 and s < (3 since for s = 3 the result is obvious. We start with
the case s > . The norm that we want to bound can be written as

A
I1Dh sYllca5®ay = [ DngVllcomay + > [1Dh g¥lckray + |1 Dn.plca-sra)
k=1
A . .
: |D*(Dp,g7)(@ +t) — D'(Dy, 67)($)|}
=D + max ||D*(Dy, + max su : : .
Lrrlerasy kz:llih:k 12 Dnaler ey + mf{ t*=°

(@)

(i%) (¢id)

In what follows, we denote Y a point of the segment Zg, i.d. &Y = 0z + (1 —0)y for some 0 € [0, 1].
The first term (i) can be bounded as

zeRd ‘h|ﬁ zER?

[y(z +h) —~(z)| [y(z +h) —~(z)|
< sup max{ sup , sup
{|h|21 K Ih|<1 |h|?

x+hy |
< sup max{ sup (h(z+ W) + (@), sup )N

zeR? [h|>1 |h|<1 |h|ﬁ } < 2”7”C0(Rd) + \/Eh/‘cl(]Rd),

Each term of (i7), for k =1,..., A — 1, can be bounded as

lili=k | perd |h|8 = Jih=k

D? h) — D?
max {sup |[Dy(@ + 1) 7<I)|} < max 3
2R h|>1 h|<1 |h|

) ) VDi qc+h -h
sup max{sup (ID*y(x + h)| + [D*()]) , sup VD) |}}

< 21Y|er(ray + Va|ylersi ray.

The last term of (iz) for k = A, analogously to what we did in the case 0 < f < a < 1, can be
bounded as

|Dh.g¥lcamay < 217lcamay + [7|co®ay-

Hence the term (i¢) can be bounded as

A

(i1) < 2|yler(ray + (2 + Vd) Z IVler ey + V] co(ray-
k=2

The last term (4i7) can be bounded as

|Diy(x 4+t + h) — Diy(z +t)| + |D*y(x + h) — Diy(x)]

111) < max < max{ sup
(i) < a, RIPTE—7 |

[t1=]h]

wp D@+t R) = Diy(@+8)| +|Diy(a + h) = Diy(a)|

<2 o .
S |]’L‘5|t|5_5 = h’lC (R4)

LtERd
[t1<|h]
So the norm of || Dy, g7v||co—s®e) can we bounded as

A
| Dn.svllca—smey < (4)+(id)+(ii7) < 2H’7”CU(R‘1)+(2+\/&) Z 1Vler ey +3[7]camay < (2"_\/‘3)”'7”0“(]1@)’
=1

and || Dp gl ce-s®e)y < 2|7]cora)-

23



e Let us consider now the case s < 5. The quantity we want to bound becomes

A-1

IDngVllco-s ey = | Dng¥llcomay + D 1Dng¥lck@a) + | Dn.p¥lca-say

= | Dnpllcomay + 3 max |1D* (D 57)
N————— k=1 1=

(@)

We have already derived a bound for the terms (¢) and (i7).

follows:

(#41) = max max
lih=A—1

A-1

k=1

il1=A— 1a:t{

llco (e —|—| max sup

|D*(Dp py)(x +t)

|t\ 1+s-p

— D'(Dp57) ()] } .

(i)

(ii7)

The term (i#i) can be bounded as

By bounding separately the two terms we get

t) — D'y(z +h) + D'y(2)]

|Diy(z +t+h) — Diy(x +

I; = sup —
2 teR? Pt Fs—h
[t|>]R]|
s (VDA (E5555") = VD' (ETE)) - bl
2 teR? |h|P [t e=F
[t|>]R]|
i T i w h T h w h
<y P 100 (DUELI) — 0 (D) VAR — €t
2, teR |er it — it s |h|A [t +s=h
[t|>|R]|
|h[*=P(h]® + [t]°)
< \/&h Co(Rdy SUP mE= < 2\/E|'y|cu(Rd).
a:,tEle
[tI>]h]
Similarly for the term II;, we have:
|Diy(x 4+t + h) — Diy(z + h) — Diy(x +t) + Divy(z)]
II; = sup EIrTEE;
o teR? gl
[t|<|h|
L g (PR — VD(ET) -
o teR? |h|P [t e=F
[t|<|R]|
<y P 00 (DYE) — 0 (D)) VAMIEL — 61T
o teR |grdith — ety |h|P [t Fe=F
[tI<|R|
tﬁfs hls - [t]®
< Vdy|gamay sup 7RI + 1) < 2Vd}Y| ga (gay.-
z,teR? |h‘ﬁ
[t|<|R]|

sup |D* (D7) (@ +t) = D'(Dy,p7)(2)] sup |D* (D7) (@ +t) = D' (D p7)(2)]
z,teR? |t‘1+57ﬁ ’x,tERd |t|1+57ﬁ
[t|>|n]| [t|<|A]
(L) II;

and then the term (7i¢) can be bounded as (i4i) < 2\/&|’Y|Ca(Rd). Finally the norm of || Dy g7l co—s g

can we bounded as

Al
I Dn g ¥l o ray < (8)+(i4)+(iii) < 2l 7llco@ay+(2+Vd) Y laler@ay+Vd|vleama+(1+2Vd) Y| @a)-
k=1
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By comparing this expression with the one obtained in the previous case it is possible to conclude
that Vh € R%, 0 < 3 < min{a, 1} it holds

| Dhg¥llca-s@ay < (1 +2Vd) Y|l caay,  |Dhg¥lca—s@ay < 2Vd|Y|co(ma)-
||

Lemma A.2. Let y(z) € C*(R?) be a deterministic function as in Lemma A.1, and let v¢(z) be
a smoothed version of y(x) as in (11). It holds:

min(a,2)
b

v = Ylleomey < Cla, d)]y]gminia.2 maye

where C(a,d) = \ﬁd Jga lyl¥e™ "2 dy.

Proof. By definition we have

[(y =) (@) =

06+ n - s@hedin| wer

e Let us start with the case 0 < a < 1: if y(x) € C*(R9) then we obtain

=@ < [ POy e )ay < pewgusy [ 0100 < Cla llceene”

o If 1 < a < 2 we consider a Taylor expansion of y(x + y) around z and set @« = 1 + s with
€ (0,1]. Since odd moments of a normal distribution vanish, we get:

[(y =) (=) =
Di T+ _ Dz
[, max 2D =IO 6,50y < o)Vl

T —afs

” (V@) -y + (Vy(EETY) = Vry(z)) - ) ¢e(y)dy’

e Finally by considering 2 < « and by expanding further the function , since the second moment
of a normal distribution does not vanish, we get:

=@l =| [, | v y+§j%ﬁteﬂmM belu)dy

< Cla, d)ylez(raye’-
| |

Lemma A.3. Let y(z) € C*(D) and v*(z) € C*(D) be two deterministic functions and let
a(z) = e’ and a(x) = e’ *®). For any 0 < 8 < min(1, ) it holds

la—a HcB(D) < ||ch0(D 1 + ||c0(D)( + |’Y|cB(E))H’7 _'VeHcfx(B)-

Proof. We bound separately the terms coming from the definition of the C# norm, namely |la —
a‘llcs By = lla = a®llcom) + la — a[gs ()~ For the first one we simply observe that

<lle”

la = alleo
For the second term we start by considering the inequality

1—er™" 1—er™"

— € — 2 — 2l —
0= aleo ) < o | oy T oo | .

() (i) (i)
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The terms in the above equation can be bounded as follows:

(i) < e

(D) |'Y€ - '7‘cﬁ(5)7
(i) < ||eﬂ/||c0(ﬁ) |7‘Cﬂ(ﬁ)a

(i) < 1|, o I = lescay.

By putting everything together we obtain

la— alloap) < (na + " o) + ooy Moy 1+, (D)) Iy = *lleogs)

+[1€7lleo ) Hev'*v‘

co(D) |’Y - "Y|c/i(§)
<lle"llco 1T + € leo ) (1 + s @) IV = Vs )
which is the desired result. | |

Thanks to these results we can prove Lemma 5.2.

Proof. (of Lemma 5.2.) From lemma A.1 we have that ¥ € C*(R%) implies Dy, 57 € C*~#(R%)
V3 < min(a, 1). By using the definitions given in (17), thanks to Lemmas A.2 and A.1 we get

||Dh7ﬂ’7 - (Dh,ﬁ'y)encO(Rd) 5 |Dh,5'?|cmin(afﬁ,2)(]gd) Gmin(a_ﬂ’Q)

min(a—/3,2)

,S |’Y Cmin(a,2+8) (Rd) €

Since Dy, gv¢ = (Dp, ) and thanks to the fact that the previous estimate is valid uniformly in h,
we can take the supremum of || Dy, g7y — (Dh’g'y)GHCO(Rd) with respect to h. By doing this we get

|5/ - 7€|CB(Rd) S hsu]}gd ||Dh5’7 - (Dh,57>6||C0(Rd) 5 |5I|Cmin(a,2+ﬁ)(]Rd) 6min(a_B72).
€

Now we get the desired result by observing that |¥|cagay < [|€]lce(5,)V]lca@,) - In fact, since
@ vanishes on Df, we obtain

1 — max 4 sup PEEE) = e@) +eW)0(@) —aW)l o W) — e(@) + el@)((y) — (@)
oD zeD, |z —y|* ’yeﬁl |z —y|«
yeRr? zeR?

Py)T) — Y plx)(v(y) —v(z
< max { oo [Plonae + sup LLO@ O oy o) oy + sup 2EOW) =2
2yeD,y |z~ 2yeDy |z ]

< ||7||c0(51)|<ﬂ|ca(Rd) + ||90||c0(51)|7|ca(51) = ||’Y|‘c0(51)‘<ﬂ|ca(51) + ||80||c0(51)|7|ca(51) < ||<P||ca(51)”7||ca(5l)~

Hence, by considering the inequality given in Lemma A.3:

€ ae € :
la = a®llcs my < llallcom)lIl + ;HCO(E)(l +[log(a)lce )1V =V llcem) 2. in

since in D it holds v = 5 we get [|v —vllcsm) = 17 — ¥ lcem) < 17 — Mo (me) and we can

conclude that

min(a—p4,2)

aE
la —allcsm) S lallcom)lll + EHCO(B)U + Vlcs @) 0l gminta2em B, [Vl gminca.240) B,y €

S 05.2(&)7 a)emin(afﬁ,Z) )
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To prove the second bound concerning the C! norm when o > 1 we start again from the definition:

lo = allex ) = o = a“llco) + max 1D (a — @) o

The first term, thanks to Lemma A.2, can be bounded as

la—a%llcopy < amaclll+e” " lcom) 7= llcom) S @mazll1+e” _7||c0(5)||<P||cmin<a,2>(51)||’7||cmin<a,2>(El)emin(a’2)‘
For the second term, since the derivatives and the convolution commute, we obtain

D (1= e 7)) [e7D () (1—e7 ) +eTeT Dy =) < € (147 7T) (D' ()] = Al + Dy = (D))

therefore we get

i _ € o ¥E—y i o A€ o ia, i \€ _
[D*(a—a )”CO(D) < Gmaa |1+ (D) (1D 7||c0(D)H J=7 ||c0(D) + || D'y — (D*y) ||C0(D))
€C(D) eCe—1(D)
S Qmax 14+ e’ _’Y‘ Co(ﬁ) (HDi’yHCo(B)H’?Hcmm(a,z)(Rd)Gmin(a’Q) + HDi’w‘Cmin(afl,z)(Rd)Gmin(a_l’Q))

which implies

max ||DZ (a’_ae)HCU(ﬁ) 5 Amaz ))6min(o<71,2).

lil1=1

1 —1—67677‘

(Iler @) 17| emincen ey H Fll cminee. ) (e

co(D)

Finally, by putting everything together, and by recalling that |’y|cﬁ(Rd) < HcpHCﬁ(51)||fyHcﬂ(5l)
VB € R, we get the desired result:

min(a—1,2 :
(@=1.2) " as. in Q.

la=afllet(py S @maz |1+ € ﬂHco(E) (1 + |7|cl(5)) Wllgmine.s @) @l cmncan B,)€

B On products of Holder and Sobolev functions
Lemma B.1. Let b € C*(D) and let v be a function in H?(D) for some 0 < 3 < o < 1. It holds
1
[bvll oDy < ﬁ”bHCﬁ‘*‘”HU”Hﬁ(D) Vo<n<a-p.

Proof. By definition the H? norm of the function bv is

|b(z)v(x) — b(y)v(y)|
|x _ y|d+25

2
”bv”i]ﬁ(D) = ||b”H2L2(D) + |bv|§{ﬂ(D) = ||bU||%2(D) +/ dady.

DxD

The first term can be easily bounded as ||bv||2LQ(D) < Hb||(2:0(5)\|v||2L2(D). For the second term we

obtain
[b(a)v(z) — by)v(y)[” 2 2 / b(x) = b()|*  v(y)?
dxdy < 2||b||Z, =, |V +2 dxdy
Joon ™o i Plevcy Waseo) 22 [ T =y e — i
2
< 2|bl[20 = [0[25, 1 + 2[10]|2 ,,7/ L
” HCO(D)‘ |HB(D) ” ||C/3+7(D) DxD |x—y|d—2"

If we extend v by 0 in R?\ D, and denote ¥ this extension and p = max,cp ||, the integral
appearing in the right hand side of the above inequality can be bounded as

2 N2 1
/ %d:pdy < / %l{lw—ylﬂp}dxdy < ||92(x) * “lz1=2p}
D R

p [T =y T i 7 — g1 22 | 1 e
1 21
~2 {lz|<2p} P 2
S HU HLl(Rd) |£L'|d7277 ‘Ll(Rd) S n HU||L2(D) .
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By putting everything together we obtain

1
[bvll e Dy S %”b”cﬁﬂ(ﬁ)”v”Hﬂ(D)a

which is the desired result. |

C Regularity of Gaussian random fields with Matérn Covari-
ance

Lemma C.1. Let cov,(|z — y|) be a covariance function belonging to the Matérn family defined
in (5) on an open bounded convex domain D. Then, if v is not an integer, cov, € C*”(D x D),
otherwise covy, € C*(D x D) for any a < 2v if v € Ny .

Proof. By definition we have

covy (x1, T2) = covy(|z1 — z2]) =

(v >2v i (*ﬁm fQ') (“ﬁiﬂ)

.. ) 2m+a
K, : R, — Ryisgivenby K, (p) = 55— (-, (p)—1,(p)) where Io(p) = > o, 7m!1"(m1+(x+1) (g) .
This formula is valid when v is not an integer, i.e. v =n+ s with n € N and s € (0,1). Since

Ve > 0 the function K, € C*[e,4+00), and consequently cov, as well, in order to prove the result
we focus on the asymptotic behavior of the function cov, (| —y|) in a neighborhood of |z —y| = 0.

By denoting A\, = ‘Q/LQTC’ and by recalling that, for any 2 € R\ Z it holds I'(—z) =
possible to obtain

N o2 o )\l%mlxl _ x2|2m > 12/(m+u)‘x1 _ $2‘2(m+y)
covy (|r1 — xa|) = ['(v) sin v mZ: m!T(m—v+1) B nzZ:O m!l'(m + v+ 1)

n ﬂ’LF ))\Zm om /\,2/V|JJ1 _ $2|2u
Z |21 — o™ — .
m'F ) L(v)['(v + 1) sin(7v)

_r o
sinmal(z+1)° 1t is

m=0
o2 00 )\2(m+n)|x1 - x2|2(m+n) )\g(m+u)|x1 - x2|2(m+y)
F()sinmv \ 2= (m+n)!l(m+n—v+1) B m!l(m+v+1)

Hence, the asymptotic behavior is

n

—1"T (v — )\Zm )\21/ _ 2v
§EDTI X N ] } (25)

cov, (|z1 — @a|) ~ o2 { ) L()T(v + 1) sin(7v)

m=0

Since the function f(z) = [z|?** : R — R belongs to the space C?(D) we can conclude that
cov, € C?(D x D).

When v = n € N, the previous definition gives removable indeterminate values of the form 8,
in this case the Bessel function K, can be defined through the limit K, (p) = lim,_,, K, (p). The
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covariance function becomes:

o2 i /\I%mlml _ m2|2m 00 )\z(erl/)'xl _ x2|2(m+v)
rt m'(m—-v+1) = mll(m+v+1)

covy (|zy — a|) = Vh_IEL T(v)sinmv

2% (C)™(n —m = 1)A2"

— _ 2m
-7 = m!T'(n 1 = |
i o2 00 )\g(m+n)|x1 _ $2|2(m+n) /\3(m+u)|$1 _ x2|2(m+u)
o I(v)sinmv ( (m+n)T(m+n-—v+1) a mIl(m+v+1)
n—1
—_1)m _ -1 |/\2m
— 0_2 ( ) (n T ) |$1 _ x2|2m
— m! (n
o2 oo Ag(m+”)|x1 - x2|2(m+n)
li I(r 1)-T 1
o I'(v)sinmv (mz—:o (m+n)'m+n—v+1)m'(m+v+1) (m (Fim+v+1) (m+n+1)+

9 (L) (n — IA2m om
-7 ZO( : fn!(n—n.) 21 = 2|

(—=1)"o? o0 2mn) mm+n+1)+ (m+n)!T'(m+1) _ 2log (A\n]z — y|) o o |20mn)
i (DR i) o1

Again we focus on the asymptotic behavior of the function cov,(|z1 — x2|) in a neighborhood of
|z1 — 22| = 0. We obtain

n—1

N —1)™(n —m — 1)I\2™ m naN2n

wwum—mn~02{53( e —Smi—>ur‘“Fl%‘X”1‘“”}
m=0 ' : :

(26)
Since the function f(z) = [2[*"log(|z|) : R* — R belongs to the space C*(D) for any o < 2v we

can conclude that cov., € C*(D x D) for any a < 2v.
|

Remark. Let cov,(Jz —y|) be a covariance function belonging to the Matérn family defined in (5)
and let y(z,w) be a centered Gaussian random field defined on D. Denote v =n + a with n € N
and a € (0,1]. Then, for any multi-index i € N® such that |i|; < n, it holds:

52lih

E[D'~(z, ) Dy, )] = — <yt ’
[D*(z,-) D'y (y, -)] Ozt - xfoyt - Oyl

cov, (|2 — yl).

Lemma C.2. Let y(z,w) be a centered Gaussian random field with covariance function cov, as
in Lemma C.1. Then v admits a version with trajectories a.s. in C* form any 0 < a < v.

Proof. Let us start with the case in which v is not an integer. Lemma C.1 tells us that cov., €
C?"(D). Therefore, thanks to (26), by writing v = n + s with n € N and s € (0,1), for any
multi-index i € N¢ such that |i|; = n, we obtain

E[(D*y(x,") = D'y(y,))’] = E[(D*y(x,))*] + E[(D"1(y, ))?] = 2E[D*y(z, ) D"y(y, )] =
2li]1 25y 2|i]1
=2 i1 i ZdCOV'Y id (O) - i1 0 14 CO\;’Y iq (‘x - y|)
3x1 8$d 6:’-/ 8yd 83;1 6xd 891 ayd
Jj _ |25
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where the last inequality comes from the fact that the coefficients appearing in the covariance func-
tion decay sufficiently fast. Since for any positive integer p it holds E[(Dv(x,-) — Diy(y,-))*] <
2

HE[(D'y(x,-) — D*y(y,))*]P with ¢, = \/%—ﬂ Jp ¥*Pe™ T dx we have
E[(DZFY(Ia ) - DZ’Y(ya .))217] < CpC(V)p|z - y‘QpS.

Thanks to the Kolmogorov continuity theorem (see e.g. [27]) we can deduce that there exists a
version of D'y which belongs to C%(D) for any a < %; by taking the limit for p — 400 we
can conclude that there exist a version of Diy which belongs to C%(D) for any a strictly smaller

than s. Consequently, since this reasoning can be repeated for every k < n, k € N, by picking 1
instead of s, we deduce that there exist a version of v which belongs to C*(D) for any « strictly
smaller than v. The proof in the case v € N is similar. By writing v = n + 1 in this case, thanks

to (26), for any € > 0 and for any multi-index i € N¢ such that |i|; = n we obtain

i)z — y?m log(|lz — y e
o=y o(la =9) _ ;e

E[(D'y(z,-) — D'y(y,-))*] < C - TP /
(D) =Dty ] < OO e i oy =

Again, thanks to the Kolmogorov continuity theorem we can deduce that there exists a version
of D'~ which belongs to C%(D) for any a < ”(2;7;)7‘[; thanks to the arbitrariness of € by taking

the limit for p — 400 we can conclude that there exist a version of D’y which belongs to C%(D)
for any a strictly smaller than 1. Consequently we deduce that there exist a version of v which

belongs to C¥(D) for any « strictly smaller than v. [ |

D Optimal rates in Theorem 5.1

Here we present a sharper bound for the infimum info<g<min(a,1) % than the one

0<n+B<a
presented in Proposition 5.1 that can be obtained with very tedious calculations.
Lemma D.1. Let e < e‘i; the following bounds hold:
e 1/2<a<1:

2

h
h llog —=| |logel?, h=> e, ]
hPea—f—n ¢ , h<eie
1 e v S W CR hee
0<B<a (a— B2 m ~ gh|z, <
0<n+ﬂga( B) \/ﬁ X 2
“|logel hee e
o Il <a<2:
hea_1|10gh|%, h < min(e_ﬁ&_%g)’
he|logh|3,  min(e T@D, e w21¢) < h < e~ atTe,
ha‘logh|%7 hSEE’,
2
P hl* ,ifermT <,
inf (hE/B)2 S h& logf |10g6|%’ h > 65, .
0<p<1 (a— c N
0<n+B<a \/ﬁ
h ’ 1 . __2
hOé lng |10g6|§, zfe =1 Z 65,
€
e*|loge|*, h>e ae
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e 2 < a<3:

he“|loghlz, h < min(e” oD , e_ﬁe),
he|log hl3, min(e_ﬁ,e_ﬁe) <h<e e,
h*|log h|?, h<eé,
2 e 5
h 5 Zfe a1 <€ )
1 ea—Bn h* llog =| |loge|lz, h>é, "’ L
0dBL, 7 : NG i ’
a—
0<itFza Vi WP e
he log —| |logelz, if e” a1 > e,
€
| log €|z, if € > e_2<a1—2),
h>eae
he22|logelz, ife<e” 2<u1*2>, N
o a>3: 5 asp
pBea—B-n
g, e
o —
0<n+B<a \/ﬁ
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