Multilevel Monte Carlo methods

and uncertainty quantification
submitted by

Aretha Leonore Teckentrup

for the degree of Doctor of Philosophy
of the

University of Bath

Department of Mathematical Sciences

June 2013
COPYRIGHT

Attention is drawn to the fact that copyright of this thesis rests with its
author. This copy of the thesis has been supplied on the condition that anyone
who consults it is understood to recognise that its copyright rests with its author
and that no quotation from the thesis and no information derived from it may

be published without the prior written consent of the author.

This thesis may be made available for consultation within the University Library

and may be photocopied or lent to other libraries for the purposes of consultation.

Signature of Author ....... .. .

Aretha Leonore Teckentrup



Summary

We consider the application of multilevel Monte Carlo methods to elliptic partial
differential equations with random coefficients. Such equations arise, for exam-
ple, in stochastic groundwater flow modelling. Models for random coefficients
frequently used in these applications, such as log-normal random fields with ex-
ponential covariance, lack uniform coercivity and boundedness with respect to
the random parameter and have only limited spatial regularity.

To give a rigorous bound on the cost of the multilevel Monte Carlo estimator
to reach a desired accuracy, one needs to quantify the bias of the estimator. The
bias, in this case, is the spatial discretisation error in the numerical solution of the
partial differential equation. This thesis is concerned with establishing bounds
on this discretisation error in the practically relevant and technically demanding
case of coefficients which are not uniformly coercive or bounded with respect to
the random parameter.

Under mild assumptions on the regularity of the coefficient, we establish new
results on the regularity of the solution for a variety of model problems. The
most general case is that of a coefficient which is piecewise Holder continuous with
respect to a random partitioning of the domain. The established regularity of the
solution is then combined with tools from classical discretisation error analysis to
provide a full convergence analysis of the bias of the multilevel estimator for finite
element and finite volume spatial discretisations. Our analysis covers as quantities
of interest several spatial norms of the solution, as well as point evaluations of the
solution and its gradient and any continuously Fréchet differentiable functional.

Lastly, we extend the idea of multilevel Monte Carlo estimators to the frame-
work of Markov chain Monte Carlo simulations. We develop a new multilevel
version of a Metropolis Hastings algorithm, and provide a full convergence anal-

ysis.
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Chapter 1

Introduction

1.1 Motivation

There are many situations in which modelling and computer simulation are indis-
pensable tools and where the mathematical models employed have been demon-
strated to give adequate representations of reality. However, the parameters
appearing in the models often have to be estimated from measurements and are,
therefore, subject to uncertainty. This uncertainty propagates through the simu-
lations and quantifying its impact on the results is frequently of great importance.

A good example is provided by the problem of assessing the safety of a poten-
tial deep geological repository for radioactive waste. Any radionuclides leaking
from such a repository could be transported back to the human environment by
groundwater flowing through the rocks beneath the earth’s surface. The very long
timescales involved mean that modelling and simulation are essential in evaluat-
ing repository performance. The study of groundwater flow is well established,
and there is general scientific consensus that in many situations Darcy’s Law can
be expected to lead to an accurate description of the flow [21, 16]. The classical
equations governing (steady state) single phase subsurface flow consist of Darcy’s

law coupled with an incompressibility condition:
q+AVu=g and V-q=0, in DCR? d=1,2,3, (1.1)

subject to suitable boundary conditions. In physical terms, u denotes the pressure

head of the fluid, A is the permeability tensor, q is the filtration velocity (or Darcy
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flux) and g are the source terms.

The main parameter appearing in Darcy’s Law is the permeability A, which
characterises how easily water can flow through the rock under a given pressure
gradient. In practice it is only possible to measure the permeability at a limited
number of spatial locations, but it is required at all points of the computational
domain for the simulation. This fact is the primary source of uncertainty in
groundwater flow calculations. Understanding and quantifying the impact of
this uncertainty on predictions of radionuclide transport is essential for reliable

repository safety assessments.

A widely used approach for dealing with uncertainty in groundwater flow
is to represent the permeability A as a random field over a probability space
(Q,&,P), with a mean and covariance structure that has to be inferred from the
data [23, 22]. This means that (1.1) becomes a system of PDEs with random

coefficients, which can be written in second order form as
V- (A(w,7)Vu(w,2)) = fw,z), i D, (1.2)

with f = —V - g, and subject to appropriate boundary conditions. This means

that the solution u will also be a random field.

In this general form solving (1.2) is extremely challenging computationally,
and in practice it is common to use relatively simple models for A that are as
faithful as possible to the measured data. One model that has been studied
extensively is a log-normal distribution for A, i.e. replacing the permeability
tensor by a scalar valued field a whose log is Gaussian. It guarantees that a > 0
almost surely (a.s.) in €2, and it allows the permeability to vary over many orders

of magnitude, which is typical in subsurface flow.

When modelling a whole aquifer, a whole oil reservoir, or a sufficiently large
region around a potential radioactive waste repository, the correlation length scale
for a is typically significantly smaller than the size of the computational region
D. In addition, typical sedimentation processes lead to fairly irregular structures
and pore networks, and faithful models should therefore also only assume limited

spatial regularity of a.

In applications, one is then usually interested in finding the expected value

(or higher order moments) of some functional @) = G(u) of the solution u to (1.2).
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This could for example be the value of the pressure u or the Darcy flux —AVu
at or around a given point in the computational domain, or the outflow over
parts of the boundary. In the context of radioactive waste disposal, it could also
be something more complicated, such as positions and travel times of particles

released somewhere in the computational domain [39].

Since realistic random field models often need a rather large number of stochas-
tic degrees of freedom (> 100s) for their accurate representation, stochastic
Galerkin and stochastic collocation approaches [54, 67] are impractical and stan-
dard Monte Carlo (MC) simulation is the method of choice. Since the individual
realisations of the random field have low spatial regularity and significant spatial
variation, obtaining samples of the pressure field is very costly. The notoriously
slow rate of convergence of the standard MC method means that many such
realisations are required to obtain accurate results, and the standard MC ap-
proach quickly becomes unfeasible. The computational cost of solving elliptic
PDEs with random coefficient is a major challenge in uncertainty quantification

for groundwater flow studies.

In this thesis, we address the problem of the large cost of solving elliptic
PDEs with random coefficients. Our approach is based on a novel variance
reduction technique for the standard MC method, called the multilevel Monte
Carlo (MLMC) method. The basic idea was introduced by Heinrich to accelerate
Monte-Carlo computations of high-dimensional, parameter dependent integrals
and to solve integral equations [47]. Similar ideas were used by Brandt and his
co-workers to accelerate statistical mechanical calculations [5, 6]. The method was
extended by Giles [33, 32] to infinite-dimensional integration related to stochastic
differential equations in finance. Since then, it has been applied in many areas
of mathematics related to differential equations, in particular stochastic differen-
tial equations [24, 32, 50, 53] and several types of partial differential equations
(PDEs) with random forcing [34, 40] or random coefficients [4, 12, 15, 37, 66, 65].

The main challenge in the rigorous numerical analysis of MLMC methods
for elliptic PDEs with random coefficients, is the quantification of the numerical
discretisation error, or in other words the bias of the estimator. Models for the
random coefficient frequently used in applications, such as log—normal random
fields, are not uniformly coercive and bounded, making the numerical analysis

challenging. Indeed, if one does assume uniform coercivity and boundedness of
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the random coefficient, as well as (spatial) differentiability, the analysis of the
discretisation error is classical, and follows immediately from the analysis in the
deterministic setting (see e.g [2, 4, 27]).

As such, this thesis builds on and complements [10, 36, 28|, which are all
concerned with the well-posedness and numerical approximation of elliptic PDEs
with infinite dimensional stochastic coefficients that are not uniformly bounded
and coercive, such as log-normal coefficients. The novel approach to the discreti-
sation error analysis in this thesis crucially makes use of the observation that for
each fized w, we have a uniformly coercive and bounded problem (in x). The stan-
dard tools from (deterministic) discretisation error analysis are hence applicable,

albeit with special attention to how these results depend on the data A(w,x).

1.2 Aims, achievements and structure of thesis

The main aim of this thesis is to give a rigorous numerical analysis of the MLMC
algorithm applied to elliptic PDEs such as model problem (1.2), under minimal
assumptions on the random coefficient A. In particular, we will not assume
uniform coercivity or boundedness, and require only limited spatial regularity.

The achievements of this thesis are the following:

e Under minimal assumptions on the coefficient, we prove new regularity
results on weak solutions to model problem (1.2) in certain Bochner spaces.
We first consider problems posed on smooth domains (Theorem 2.7). By
analysing the singularities, we are able to extend the regularity results to
Lipschitz polygonal domains (Theorems 2.12) and discontinuous coefficients
(Theorem 2.17).

e Using these new regularity results, we then prove bounds on (moments of)
the finite element discretisation error in the natural H'-norm (Theorem
3.3). From this, error estimates in the L?-norm (Corollary 3.4) and output
functionals (Lemma 3.7) follow from a duality argument. We further prove
estimates of the finite element error in the L>°- and W*-norms (Theorem
3.11), and extend the discretisation error analysis to cover also some finite

volume schemes (Theorem 3.25 and Lemma 3.26).
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e We apply the discretisation error analysis to bound the bias of MLMC
estimators applied to model problem (1.2) (Propositions 4.3 - 4.7). Using
a generalised complexity theorem (Theorem 4.1), we then give a rigorous
bound on the cost of the multilevel estimator, and establish its superiority
over standard MC. We show that the cost of the multilevel estimator can

be reduced further by using level-dependent estimators (section 4.5.3).

e Finally, we develop a new multilevel estimator in the setting of Markov chain
Monte Carlo simulations (Algorithm 2), where the probability distribution
of interest (the posterior distribution) is generally intractable. We show
that moments with respect to the posterior distribution can be bounded
in terms of moments with respect to the prior distribution (Lemma 5.9).
With the prior distribution fulfilling the assumptions for the discretisation
error analysis carried out previously, we are then able to prove rigorously
the convergence of the new multilevel Markov chain Monte Carlo estimator
(Theorems 5.8 and 5.14).

The general structure of the thesis is as follows. We begin by proving regu-
larity results for several variations of model problem (1.2) in chapter 2. We then
move on to a (spatial) discretisation error analysis in chapter 3, which includes
(but is not limited to) the type of model problems considered in chapter 2. We
finally consider the application and analysis of multilevel Monte Carlo methods
in chapter 4 and (new) multilevel Markov chain Monte Carlo methods in chapter
5. We finish with some concluding remarks in chapter 6.

Parts of the material in this thesis has been published, or submitted for pub-
lication, in the references [15, 12, 66, 65, 52].

1.3 Notation

Given a probability space (€, &,P) and a bounded Lipschitz domain D C R¢,
we introduce the following notation. For more details on any of the introduced
function spaces, see e.g. [44].

The space of all Lebesgue-measurable functions which are square integrable

on D (with respect to the Lebesgue measure) is denoted by L?(D), with the norm
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defined by

1/2
lollzao) = (/ |U|2dx> |
D

For two functions v, w € L*(D), we define the L?(D)-inner product
(v,w)r2py = / vwdz.
D

For any k € N, the Sobolev space H*(D) C L?(D) consists of all functions

having weak derivatives of order |a| < k in L?(D),
H*(D) = {v e L*(D) : D*v € L*(D) for |a| < k}.

We identify H°(D) with L*(D). We define the following semi-norm and norm on
H*(D):

1/2 1/2
o]y = (/ 3 |Dav]2da:) and (ol e o) = (/ 3 \D%de) |
D D

lal=k lal <k

With C5°(D) the space of infinitely differentiable functions with compact support
on D, the completion of C§°(D) in L*(D) with respect to the norm || - || ze(p) is
denoted by HE(D). We recall that, since D is bounded, the semi-norm | - | gx(p)

defines a norm equivalent to the norm |||z (py on the subspace H(D) of H*(D).

For any real r > 0, with r ¢ N, set r = k+ s with k € Nand 0 < s < 1, and
denote by | -

ar(py and || - || gr(p)y the Sobolev-Slobodetskii semi-norm and norm,

respectively, defined for v € H*(D) by

= (] 5 T )

DxD lal=k

1/2
ollaroy = (I!v\l?mm n !v%m) .

The Sobolev space H"(D) is then defined as the space of functions v in H*(D)
such that the integral ‘UE{T(D) is finite. For 0 < s < 1, the space H*(D) denotes
the dual space to Hi(D) with the dual norm.

The space of essentially bounded measurable functions is denoted by L*(D),
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with the norm defined as

[v]| 2o () = esssup [v(z)].
z€D

In a similar fashion, we define for £ € N the Sobolev space W#*(D) containing

all functions having weak derivatives of order |a| < k in L>*(D),
Wk (D) = {v € L®(D) : D" € L*(D) for |a| < k}.
We define the following semi-norm and norm on W**°(D):

V| w.co(p)y = |maxesssup |D%(z)| and ||v||wkeopy =

max _esssup |[D%(x)].
al=k  seD 0<lal<

k zeD

In addition to the above Sobolev spaces, we also make use of Holder spaces.
For k € NU {0}, C*(D) denotes the space of continuous functions which are k
times continuously differentiable, with semi-—norm and norm

[0]ex(py = maxsup [D%v(z)| and |[vllorpy = Y sup|D(x)]
= 2eD 0<af<k *€D

For any real r > 0, with » ¢ N, we set r = k + s, and define the following

semi-norm and norm

|U|cr(5) = max  sup and ||U||0r(5) = ||U||ck(ﬁ)+|v|0r(5)-

Similarly, we define | - |ox 5 gaxa) and | - [or (5 gaxay, for k and r as above, by

IVlles ey = D sup DV (2)llgxq

0< o<k TED

and DV (x) — D°V
|V |or(p gaxay = max  sup H () — (y)HdXd,
C (DvR ) — S
|al=k z,y€D: z#y |27 - y|
where || - ||axq denotes a suitable matrix norm on R%*¢,

Finally, we will also require spaces of Bochner integrable functions. To this

end, let B be a separable Banach space with norm || - ||z, and v : © — B be
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measurable. With the norm || - || (o 5) defined by

1
(Joy Il0l5dP) 7 for p < oo,
vl ,8) =
esssup,eq vl for p= oo,

the space LP(2, B) is defined as the space of all strongly measurable functions
on which this norm is finite. In particular, we denote by LP(2, H}(D)) the space
where the norm on H{(D) is chosen to be the seminorm | - | (p). For simplicity
we write LP(Q2) for LP(Q,R).

A key task in this thesis is to keep track of how the constants in the bounds
and estimates depend on the coefficient A (w,x) and on the mesh size h. Hence,
we will almost always be stating constants explicitly. Constants that do not
depend on A(w,z) or h will not be explicitly stated. Instead, we will write b < ¢
for two positive quantities b and ¢, if b/c is uniformly bounded by a constant
independent of A (w,x) and of h.
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Chapter 2
Regularity

The convergence rate of numerical methods is usually governed by the regularity
of the function being approximated. The smoother the function is, the better it
can be approximated by piecewise polynomials. To rigorously prove convergence
of numerical methods, it is essential to establish the regularity of the problem
under consideration. This section is therefore devoted to a study of the regularity
of model problems such as (1.2) in Section 1.1.

Given a probability space (2,€,P) and w € Q, we consider the following
linear elliptic partial differential equation (PDE) with random coefficients, posed
on a bounded, Lipschitz polygonal /polyhedral domain D C R?, d = 1,2,3, and
subject to Dirichlet boundary conditions: Find u : 2 x D — R such that

—div (A(w, z)Vu(w, z)) = f(w,x), for z € D,
ww, ) = ¢;(w, ), forx eT;. (2.1)

The differential operators div and V are with respect to x € D, and I" := U;”:lfj
denotes the boundary of D, partitioned into straight line segments in 2D and
into planar polygonal panels in 3D. We assume that the boundary conditions
are compatible, i.e. ¢;(z) = ¢x(), if z € T; NTy. We also let ¢ € H(D)
be an extension of the boundary data {¢;}7., to the interior of D whose trace
coincides with ¢; on I';. The existence of such ¢ is guaranteed by Theorem 2.6 for
¢; € H'2(T';). Denote by H}(D) the subspace of H(D) consisting of functions
whose trace on I' is ¢.

The restriction to Dirichlet conditions in (2.1) is for ease of presentation only,
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and the results in this chapter can be extended to the case of Neumann or mixed
Dirichlet/Neumann conditions. It is also possible to include lower order terms

in the differential operator, provided these are regular enough (cf assumptions

A1-A3).

The coefficient tensor A(w,-) is assumed to take values in the space of real—
valued, symmetric d x d matrices. Given the usual vector norm |v| := (v - v)"/?
on R?, we choose the norm || - ||gxq on R?*? as the norm induced by | - |, or any
matrix norm equivalent to it.

For all w € Q, let now Ain(w) and A ax(w) be such that

Anin(W)IE* < Alw, 2)6 - € < Apax (W)€, (2.2)

for all ¢ € R?, uniformly in z € D. If the trajectories of A are continuous,

appropriate choices are

Apin(w) 1= min A7 (W, 2)|| g and Apax(w) = max [A(w, 2)llaxa.  (2.3)

zeD zeD

In the special case of scalar coefficients A (w, ) = a(w, x)I4, for some a : Qx D —
R, we will denote A in(w) and A ax(w) by @min(w) and apax(w), respectively. The

quantities in (2.2) in this case reduce to

amin(w) = mma(wvx)u and amax(w) = ma}a(w,x).
zeD zeD

We make the following assumptions on the input data:
Al. A,y > 0 almost surely and 1/A,;, € LP(Q), for all p € [1, 00).
A2. A € IP(Q,CH(D,R¥>%)), for some 0 <t < 1 and for all p € [1, 00).

A3. fe L»(Q,H"Y(D)) and ¢; € LP+(Q, H*Y2(T,)), for all j =1,...,m and

for some p, € [1, 00|, with ¢ as in A2.

The Holder continuity of A in assumption A2 implies that the quantities in
(2.3) are well defined, that Ayax = [|Af|copraxay € LP(S2) and (together with
assumption Al) that 0 < Apn(w) < Apax(w) < oo, for almost all w € Q.
Note that assumption A2 also implies that A, ; € C*(D) almost surely, for i,j €
s d, with A, o) < 1AW, o ponsy
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We will here not make the assumption that we can bound A,;;,(w) away from
zero and A .« (w) away from infinity, uniformly in w, and shall instead work with
the quantities Apin(w) and Apax(w) directly. As we will see in Remark 2.13, we
could even weaken assumptions Al and A2 and assume that ||Al|q: 5 gaxa) and
1/Ain have only a finite number of bounded moments, i.e. 0 < p < p,, for some
fixed p, > 0, but in order not to complicate the presentation we did not choose
to do this.

We will study the PDE (2.1) in weak (or variational) form, for fixed w €
2. This is not possible uniformly in €2, since we have not assumed uniform
boundedness of Ain(w) and Aax(w), but it is possible almost surely. In the
following we will not explicitly write this each time. With f(w,-) € H"1(D) and
0 < Apin(w) < Apax(w) < oo, for all x € D, the variational formulation of (2.1),
parametrised by w € €, is

by (u(w,-),v) = Ly(v), forall ve Hy(D), (2.4)

where the bilinear form b, and the linear functional L, (both parametrised by
w € Q) are defined as usual, for all u,v € H'(D), by

b, (u,v) :== /DA(w,x)Vu(x)-Vv(x) dz and (2.5)
L,(v):={f(w, '),U>Ht_1(D)7H017t(D) ) (2.6)

We say that for any w € Q, u(w,-) is a weak solution of (2.1) iff u(w,-) € Hj(D)
and satisfies (2.4).

The following result is classical. Tt is based on the Lax-Milgram Lemma (see
e.g. [44]).

Lemma 2.1. For almost all w € €1, the bilinear form b, is bounded and coercive
in Hy(D) with respect to | - |p1(py, with constants Apax(w) and A (w), respec-
tively. Moreover, there exists a unique solution u(w,-) € Hj(D) to the variational
problem (2.4), with

fw" -t +Amaxw ¢ 1
[w(w, e p) S 1f (w, )l (D_,)gmin(w) (W)@l ()

= 02_1((4]).

The following proposition is a direct consequence of Lemma 2.1.
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Theorem 2.2. Let assumptions A1-A3 hold with t = 0. Then the weak solution
u of (2.1) is unique and belongs to
LP(Q, Hi(D)), for all p < p..

Proof. First note that v : Q@ — H ;(D) is measurable, since v is a continuous
function of A. The result then follows directly from Lemma 2.1 and assumptions
Al- A3, together with Holder’s inequality. O

The aim of this chapter is now to establish more (spatial) regularity of the
solution u. This is necessary to prove convergence of numerical approximations
of (2.1) in chapter 3. To finish this introductory section, let us give a summary
of the main results in this chapter. Detailed proofs are provided later on.

For smooth domains D C R? for any d > 1, the regularity of u depends
solely on the regularity of the input data A, {¢;}72, and f. With ¢ and p, as in
assumptions A1-A3, we will prove in Theorem 2.7 that u € LP(Q2, H'™*(D)), for
any s < t and p < p,. If t =1, we have u € L?(Q), H*(D)).

In the case of Lipschitz polygonal/polyhedral domains, the regularity of u
depends on the regularity of the input data A, {¢;}72, and f, as well as on the
geometry of D, so we need the following definition in addition to assumptions

A1-A3.

Definition 2.3. Let 0 < Aa(D) < 1 be such that for any 0 < s < Aa(D), s # 3,
the Laplace operator A is surjective as an operator from H'T(D) N HY(D) to
H*~Y(D). In other words, let A\a(D) be no larger than the order of the strongest
singularity of the Laplace operator with homogeneous Dirichlet boundary condi-

tions on D.

The number Aa (D) exists for any Lipschitz polygonal /polyhedral domain, see
e.g. [42, Remarks 2.4.6 and 2.6.7]. We will come back to specific values of Aa (D)
in section 2.3. For convex domains, we have A\a(D) = 1.

Combining the regularity result for smooth domains with an analysis of the
corner singularities in D, we will prove in Theorem 2.12 that for any Lipschitz
polygonal domain D C R?, we have u € LP(Q, H'**(D)), for any s < ¢ such that
s < Aa(D) and any p < p,. If t = Aa(D) = 1, we again have u € L?(Q, H*(D)).

In the special case of scalar coefficients and Lipschitz polygonal domains

D c R?, we further extend the regularity results to coefficients which are only
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piecewise Holder continuous with respect to a (possibly random) partitioning
of D. The regularity result from Theorem 2.12 in this case applies locally on
each subdomain. However, global regularity is limited due to the interfaces.
If all subdomains are convex, and no more than two subdomains meet at any
point in D, then it follows from Theorem 2.17 that u € LP(Q2, H'**(D)), for any
s < min(t,1/2) and p < p,.

The tools we will use to prove the above results are classical. However, since
we did not assume uniform ellipticity or boundedness of b, it is essential that
we track exactly how the constants appearing in the regularity estimates depend
on A.

The structure of the remainder of this chapter is as follows. In §2.1 we give
some preliminary estimates which will be useful in the subsequent analysis. We
then begin the regularity analysis by proving a regularity result for elliptic prob-
lems posed on smooth domains in §2.2. We extend this result to polygonal
domains in §2.3 by analysing the corner singularities of u. In §2.4, we further
extend the regularity results by relaxing assumption A2 and considering coeffi-
cients which are only piecewise Holder continuous. In §2.5, we analyse some dual
problems which will later be used in chapter 3 to prove optimal convergence rates
for functionals. §2.6 gives a regularity result in the framework of Holder spaces.
Finally, in §2.7, we give examples of random fields which satisfy the assumptions

needed for the regularity results in the earlier sections.

2.1 Preliminary estimates

In this section we present a collection of results on functions in Holder and Sobolev
spaces which will be frequently used in the regularity analysis in the remainder

of this chapter.

Lemma 2.4. Let D C RY, and let s,t be such that either 0 < s <t < 1 or
s=t=1. Ifbe CY D) and v € H*(D), then bv € H*(D) and

[bv]|m=p) S [bleem) I0llz2) + 1bllcom) 10l (D)
The hidden constants depend only on t,s and d.

Proof. This is a classical result, but we require the exact dependence of the bound
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on b. First note that trivially |[bvl|z2(py < [[bllcom)llvlz2(p). The case s =t =1

follows from the product rule, since
b0 = /D IV (bo) | de = /D 5V + vVb[2 da
S (|b|01(5) ||U||L2(D) + ||b||00(5) ||U||H1(D))2~
For the case 0 < s <t < 1, we have, for any x,y € D,
[b(z)v(z) = b(y)o(y)* < 2(b(x)*|v(z) — v(y)|* + v(y)*|b(z) — b(y)]*).

Denoting by 9 the extension of v by 0 on R¢, this implies

], R

< 2 b s 2
>~ ” ||CO D)HUHH // ||ZL’ y||d+25

< 2Hbl|éo E)HUH%IS +

oW o(y)?
8|0 + 2|b|7, dz dy
/I ven Wlleoy oy + Ao = e

le—yl=1

< QHbHéO(ﬁ)HUH%IS(D)"i_

Lyjz > 2 Lz < 12
8110]120 5 = + 200|5emy || Tiss 101172 (ga
( D) || » |d+2s 1z ct(D) HZHd—l-Z(s—t) LR L2(R%)
||b||co ||v|Hs(D + |b|ct ||v||L2(D
The result then follows. ]

Lemma 2.5. Let D CR? and 0 < s < 1, s # 1/2. Then

1/2
Hs— 1(D)>

ov
il = (nvnp ) +Z H—

defines a norm on H*(D) that is equivalent to ||v|

Proof. This is [44, Lemma 9.1.12]. a
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Note that for the case s = 1, the equivalence of the norms defined in Lemma

2.5 follows directly from the definition of ||v|| g1 (p).

Theorem 2.6. Let D be a Lipschitz domain with boundary I' := U;n:l I';, with
each T'; of class C*.

a) Let 1/2 < r < 1. For each w € H™"VY(T), there exists an extension
w € H™(D) with trace on ' equal to w and || @ grpy < [|wl| grr—1/2(ry, where

the hidden constant is independent of w.

b) Let 1 <r <2 and D C R2. Suppose w; € H~V3(T;) and w;(z) = wy(z)
forx € T;NTy. Then there exists an extension w € H" (D) with trace on T;
equal to w; and ||0|| g p) $ D250, [|wjll gr-12(r,), where the hidden constant

is independent of wj,j =1,...,m.

Proof. This follows directly from the assumptions that I' is Lipschitz continuous
and [';, for j = 1,--- ,m, is of class C?, together with [44, Theorem 6.2.40], [42,
section 1.4] and the Sobolev embedding Theorem [1]. O

2.2 Regularity in smooth domains

We start by proving a regularity result for problems posed on smooth domains.
Since the proofs are rather long and technical, we give here only the main ideas
of the proofs. Full proofs can be found in appendix A. The main result in this

section is the following.

Theorem 2.7. Suppose D is a C* domain, and consider the boundary value

problem
—div (A(w, z)Vw(w, z)) = f(w, ), for x € D,
w(w,x) =0, for x € OD. (2.7)

Let assumptions A1-A2 hold with 0 < t < 1, and suppose f € LP+(Q, H™Y(D)),
for some p, € (0,00]. Then w(w,-) € H**(D) and

[w(w, ey S Car(w),
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for almost all w € 2 and all 0 < s < t, where

Amax (W) [ AW, )l ¢t paxa)

02.7((")) = Amin(w)g

| f(w, ')”H“l(D)-

Moreover w € LP(Q), H'™*(D)), for all p < p.. If the assumptions hold witht = 1,
then w € LP(Q2, H*(D)) and the above bound holds with s = 1.

The proof of Proposition 2.7 consists of three main steps, and follows the
proof in Hackbusch [44]. We formulate the first two steps as separate lemmas
and then give the final step following these lemmas. We fix w € €0, and to simplify
the notation we do not specify the dependence on w anywhere in the proof. We
will only consider the case 0 < ¢ < 1 in detail. A full proof in the case of scalar
coefficients with t = 1 can be found in [9].

In the first step of the proof we consider the case D = RY.

Lemma 2.8. Let 0 <t <1 and D =R?, and let T = (Ty;)¢,_, be a symmetric,
uniformly positive definite d x d matriz-valued function from R? to R™?, j.e.
there exists Tyin > 0 such that T(z)€ - € > Tuwlé|? uniformly in x € R? and
¢ eRY, and let Ty € CY(RY), for alli,j =1,...,d. Consider

—div(T(2)Vw(z)) = F(x), for xR (2.8)

with F € H*~Y(R?), for some 0 < s < t. Any weak solution w € H'(R?) of (2.8)
is in H'*5(RY) and

< 1
~ Tmin

w1+ gy (ITlorgra oy ol + I Fll sy )+ lleolngaay

Proof. This is essentially [44, Theorem 9.1.8] with the dependence on T made
explicit, and it can be proved using the representation of the norm on H**(R9)
via Fourier coefficients, as well as a fractional difference operator R}, i =1,...,d,
on a Cartesian mesh with mesh size h > 0 (similar to the classical Nirenberg
translation method for proving H? regularity). For a definition of R} and more

details see [44, Theorem 9.1.8] or section A.1 in the appendix. ]

The second step consists in treating the case where D = R‘i = {y =

(Y1, - Ya) = Ya > 0}.
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Lemma 2.9. Let 0 <t < 1 and D = Ri, and let T : D — R be as in
Lemma 2.8. Consider now (2.8) on D = R% subject to w = 0 on OD with
F € H™Y(RY). Then any weak solution w € H*(RYL) of this problem is in
H'Y*(R%) and

Tm x Tm X
||wHH1+s(R1) S TTH;<|T|01(M7RCM) |w‘H1(Ri)+HFHH’f*1(Ri)) + Tm?n ||w||H1(Ri)-

Proof. This is essentially [44, Theorem 9.1.11] with the dependence on T made
explicit. It uses Lemmas 2.4 and 2.5. For details see [44, Theorem 9.1.11] or
section A.2 in the appendix. O

Proof of Theorem 2.7. We are now ready to prove Theorem 2.7 using Lemmas 2.8
and 2.9. The third and last step consists in using a covering of D by r+1 bounded

regions (D;)o<i<r, such that

DycD, Dc|JD; and 0D=|J(DinoD).

=0 =1

Using a (non-negative) partition of unity {x;}o<i<, C C(R?) subordinate to
this cover, it is possible to reduce the proof to bounding ||x;u g1+s(py, for all
0<i<r.

For ¢ = 0 this reduces to an application of Lemma 2.8 with w and F' chosen to
be extensions by 0 from D to R? of you and of fxo+ AVu- Vo +div(AuVyo),
respectively. The tensor T is A(z), where A is a smooth extension of A(z) on
Dy to Apinly on RN\ D, and so Thin 2 Apin and | Tl ctra,raxay S | Al ot ra gaxay.

For 1 < ¢ < r, the proof reduces to an application of Lemma 2.9. As for
i = 0, we can see that y;u € H}(D N D;) is the weak solution of the problem
—div(AVu;) = f; on DN D; with f; := fx; + AVu - Vy; + div(AuVy;). To
be able to apply Lemma 2.9 to the weak form of this PDE, we define now a
twice continuously differentiable bijection «; (with ;! also in C?) from D; to

the cylinder

Qi={y= - ¥a) : [(W1,-- - ya—1)| <1 and |ya <1},

such that D;ND is mapped to @;NR%, and D;NAD is mapped to Q;N{y : ya = 0}.
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We use «; ! to map all the functions defined above on D;ND to Q; ﬂRi, and then
extend them suitably to functions on R? to finally apply Lemma 2.9. The tensor
T in this case depends on the mapping «;. However, since 0D was assumed to be
C?, we get Trin 2 Amin, Tiax S Apax and T || ot raraxay S || Aot re,raxay, with
hidden constants that only depend on oy, a; I and their Jacobians. For details

see [44, Theorem 9.1.16] or section A.3 in the appendix. O

2.3 Corner singularities

For polygonal/polyhedral domains D, the solution u can have singularities near
the non—smooth parts of the boundary I, i.e. near corners in 2D and near corners
and edges in 3D. These singularities can reduce the global regularity of u, and
hence need to be analysed. However, we will see that under assumptions Al-
A2, this question can be reduced to analysing the singularities of the Laplace
operator on D. We will follow [41, §5.2], and as in the previous section we
will again establish the result first path wise, almost surely in w € €2. The key
technicality will again be to track how the constants in all the necessary estimates,
in particular in the semi-Fredholm property of the underlying random differential
operator, depend on w.

As in [41, §5.2], for simplicity we actually consider D to be a piecewise C?
domain and restrict ourselves to R?. We again write the boundary I" as I =

" ,Tj, where now in 2D each T'; is an open arc of curve of class C?, and fj

meets [';;; at S; (where we identify I';,41 and I'1). We consider only domains
with boundaries that are rectilinear near the corners, which of course includes
Lipschitz polygonal/polyhedral domains. This means that at each corner S;, we
can find a polygonal domain W; C D such that the boundary 0W; coincides with
I' near S;.

For a given w € Q, with 0 < Apn(w) < Apax(w) < oo, we define the
differential operator

Ayv = —div(A(w, -)Vv)).

The following key result, which is based on [51, §4, Theorem 5.26], is proved via
a homotopy method in the proof of [41, Lemma 5.2.5], for s = 1. The proof for

s < 1 is analogous.
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Lemma 2.10. Let m = 1 and w € Q. If 0 < s < Aa(D) and if there ezists
Coomi(w) > 0 such that

]| 145 (D) < Coemni(W)||Awv|| o1 (D), for all v € H™S(D)NH}(D), (2.9)

then A, is surjective from H'"*(D) N HY(D) to H*'(D).

Thus, if we can establish (2.9), which essentially means that A, is semi-
Fredholm as an operator from H'™(D) N Hy(D) to H*!(D), for some s <
Aa(D), then we can also conclude on the regularity of solutions of the stochastic
variational problem (2.1). The following lemma essentially follows [41, Lemma
5.2.3]. However, in the case of a random coefficient, we crucially need to make sure
that the constant C...(w) in (2.9) has sufficiently many moments as a random
field on 2. To ensure this we need to carefully track the dependence on A in the
bounds in [41, Lemma 5.2.5].

Lemma 2.11. Let m € N and let assumptions A1 ~A2 hold for some 0 < t < 1.
Then (2.9) holds for all0 < s <t s.t. s < Aa(D), s # 5, with

Amax (W) [ A(w, )]
Amin(w)‘l

2 —
Csemi(w> - Ct(D’R - ) = CQll(W) (210)

In the case t = Aa(D) =1, (2.9) also holds for s =1, i.e. for the H*(D)-norm.

Proof. We first consider the case where m = 1 and ¢t = A (D) = 1. For ease
of notation, we suppress the dependence on w in the coefficient, and denote A,
simply by A and A(w,z) by A(z). Furthermore, we denote by A; the operator
A with coefficients frozen at Sy, i.e. Ajv = —div (A(S;)Vv).

We will prove (2.9) by combining the regularity results for A in C? domains
with regularity results of the constant coefficient operator A; on polygonal do-
mains. Since we assume that I' is rectilinear near S;, we can find a polyg-
onal domain W such that W C D and OW coincides with I" near S;. Let
v € H*(D) N HY(D) and let ) be a smooth cut-off function with support in W,
such that n = 1 near S, and then consider nv and (1 — n)v separately. We start
with nv.
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Let w € H*(W) N Hy(W). We first establish the estimate

1
[wllg2my S A | Arw]| 2wy (2.11)
A proof of this estimate in the special case where A; = —A can be found in [42].

We will follow the same steps. Firstly, by the Poincaré inequality, we have that
H@UH%#(W) S |wﬁ12(W) + ‘w‘?il(W)' (2.12)

Using integration by parts and the fact that w = 0 on W, we further have
ALnin ]wﬁ{l(w) < /WA(Sl)Vw -Vwdzr = /WwV -(A(S))Vw)dz  (2.13)

and so via the Cauchy-Schwarz and the Poincaré inequalities

1
wlmw) S —lAvwllzr) - (2.14)

It remains to prove a bound on \wﬁp(w). This is easily done by noting that

2
1 0*w
< E .
~ A2 . /VV ( Al’J(Sl) 81’Za$]> dx

1<i j<d

1
= A (2.15)

The estimate (2.11) now follows from (2.12)—(2.15), with the hidden constant
only depending on the shape of W. Using (2.11), we have
Ain [0 52y S [[Aw]| 2wy + [[Aw — Ayw|[ 2w
= [[Aw|[ 2wy + [|div(A() — A(S1)) V| 2w
2 ow

0
D g (Ais() — A7)

ij=1 """

= [[Aw|| 2w +
J

L2(W)

Now, using Lemma 2.4 we get
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Anin HwHH2(W)

< C (lAwlzagw) + 1Al er el + 1A = A | eogrgas ol
(2.16)

Denote now by C' the best constant such that (2.16) holds. Since A was
assumed to be in C'(W,R?*?), we can choose W (and hence the support of )

small enough so that

ClIA = A(S)|lco o2y < = Amin - (2.17)

DN | —

By replacing A(S;) by A in (2.13), one can show |w|gw) S [[Aw]|L2(w)/Amin-
Substituting this and (2.17) into (2.16) and using Ayin < Apax We have

| A1 (77 gex
Amin ||w||H2(W) < 2C (1 + %) ||Aw”L2(W)

Al o1 rox2)
S T||Aw||L2(W)' (2.18)

Since v € H?*(D) N H}(D) and W contains the support of 7, we have nv €
H?*(W)N H}(W) and so estimate (2.18) applies to nv. Thus
Al 7 ey
Il o) S g5 IAG) 2wy
Let us move on to (1 — n)v. Let D' C D be a C* domain that coincides
with D outside of the region where n = 1. This is always possible due to our
assumptions on the geometry of D near S;. Then (1 —n)v € H*(D') N HY(D'),

and using Theorem 2.7 we have

A ||A||cl D' R2x2
max (D R2x
I =)ol < 3

min

)
AL =)o) |20y -
Adding the last two estimates together and using the triangle inequality, we have

A llox @iz
folly S TG

min

Amax
<||A(77“)||L2<W> + HA((l_n)U)HLQ(D’)) -
(2.19)
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It remains to bound the term in the bracket on the right hand side of (2.19)
in terms of ||Av||2(p). Note that

A(nv) = n(Av) + 2AVn - Vo + (An)v

Thus, applying the triangle inequality and using the fact that n was assumed to
be smooth with 0 <7 <1, we get

[AM) 2wy S N[AV I 22wy + Amax|vmr o) + | Allor B rexey [0l 2wy - (2.20)

The hidden constant depends on ||Vn||L=wy and on ||An||z~my). Finally using
Poincaré’s inequality on all of D, as well as an elliptic estimate similar to (2.14)

for v, i.e. |v|mipy < ||Av|L2(D)/Amin, leads to

Al @ mexe)

A | Av||z2(p)

[Am) 2wy S
Substituting this and the corresponding bound for ||A((1—7)v)||r2(p) into (2.19),
we finally get

Amax|[ AL 5 ooy
||U||H2(D) N AL ||AU||L2(D)7

min

for all v € H*(D) N H}(D). This completes the proof for the case m = 1 and
t=A =1

The proof for ¢ < 1 and/or Ax(D) < 1 follows exactly the same lines. As in
(2.14), one can prove the inequality ||w| gy S ||A1w|| -1 w)/Amin. Together

with (2.11) and an interpolation argument, this gives the estimate

1
lwlzreey) S 2— [l Avw]

Hsfl(W) 5 (221)

where the hidden constant again only depends on V. Using Lemma 2.5, one can

derive the following equivalent of (2.16), for any % #+ s <t

Amin HwHHH‘S(W)

S [Awlmsrwy + Ao pexey [0 m w) + [|A = A(S) oo gexe) |Vl

H3 (W) -
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As before, the |w|giw) term can be bounded using (2.13), Holder’s inequality

and the Poincaré 1nequahty:

Anmin |w|§11(W) < Nwll gy | Aw|| -2y < (lwll oy | Aw]| -2 )

N |w’H1(W)HAw\ Hs=Y(W) -

The remainder of the proof requires only minor modifications.
The case m > 1 is treated by repeating the above procedure with a different
cut-off function 7; at each corner S;. Estimate (2.18) applies to n;v, for all j =

1,...,m, and the regularity estimate in Theorem 2.7 applies to (1—2?:1 nj)v. O
We are now ready to prove regularity for Lipschitz polygonal domains D C R2.

Theorem 2.12. Let assumptions A1-A8 hold for some 0 <t < 1, and let D C R?
be Lipschitz polygonal. Then u(w,-) € H™*(D) and

|u(w, ‘)||H1+S (D) X S Coa(w),
for almost all w € Q and for all 0 < s < t such that s < Aa(D), where

Amax(@) [ AW, I 5 p2say

Coia(w) := Amin(@)°

1f (w; Mae=1(py + [[Alw, ||otDR2xzzll¢j Wi,

Moreover, u € LP(Q, H'(D)), for all p < p.. Ift = Aa(D) = 1, then u €
LP(Q, H*(D)) and the above bound holds with s = 1.

Proof. Let us first consider the case ¢ = 0. In this case, the fact that u €
H'"*(D)NHy(D) and the bound on ||u|| g1+s(py follow immediately from Lemmas
2.10 and 2.11, for any s < t and s < Aa(D), as well as for s = 1if t = Aa(D) =1,
since [ = Au.

The case ¢ # 0 now follows from Theorem 2.6. We will only show the proof
for t = Aa(D) = 1 in detail. Due to assumption A3 we can choose ¢ € H*(D)
with (|||l m20) S D25 1851l msr2r,), and so fo := f — A € Ly(D). Since ug :=
u— ¢ € H}Y(D) we can apply the result we just proved for the case ¢ = 0 to the
problem Auy = fy to get
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Conn(w) (|| Auol|z2(py + | A 2(0))
02.11(w) (Hf”L2(D) + HAHCI(ERZM) ||¢||H2(D)) )

uollz2(py S
S

where in the last step we have used Lemma 2.5. The bound C5 15 then follows by
Minkowski’s inequality. That u € LP(Q, H*(D)), for any p < p., then follows from

assumptions A1-A3, together with Minkowski’s and Hoélder’s inequality, since

|Caa2]| e )

< ||C2.11HL1’1(Q)HfHLP*(Q,H(D)) + HC2.11 ||AH01(B,R2X2) Lv1(Q) Z H¢||LP*(Q,H3/2(D))7
j=1

where p; = p;;p ) H
*

Remark 2.13. (a) In order to establish u € LP(Q, H'**(D)), for some fixed
1 < p < p,, it would have been sufficient to assume that the constants
Cs11 and Coqq ||A|]Ct(57szz) in Theorem 2.12 are in L%(12), for ¢ = 2=,

p«p
In the case p, = 0o, ¢ = p is sufficient, which in turn implies that we can
weaken assumption Al to 1/A;, € L9(S2) with ¢ = 4p, or assumption A2
to A € LY(Q,C'(D,R**?)) with ¢ = 4p, or both assumptions to L? with

q = 8p.

(b) In the case Aa(D) = 1, it is also possible to weaken assumption A2 to A €
LP(Q, C% (D, R?*2)), i.e. to assume only Lipschitz continuity instead of dif-
ferentiability of the trajectories of A, and still conclude v € LP(Q, H*(D)).

Remark 2.14. (a) The behaviour of the Laplace operator near corners is de-
scribed in detail in [41, 42]. In particular, in the pure Dirichlet case for con-
vex domains we always get Aa(D) = 1. For non-convex domains Ax (D) =
minjL, w/60;, where 0; is the angle at corner S;. Hence, Aa(D) > 1/2 for
any Lipschitz polygonal domain.

(b) In a similar manner one can prove regularity of u also in the case of Neu-
mann and mixed Dirichlet/Neumann boundary conditions provided the
boundary conditions are compatible. For example, in order to apply the
same proof technique used here at a point where a Dirichlet and a homo-

geneous Neumann boundary meet, we can first reflect the problem and the
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solution across the Neumann boundary. Then we apply the above theory
on the union of the original and the reflected domain. The regularity for
the Laplacian is in general lower in the mixed Dirichlet/Neumann case than
in the pure Dirichlet case. In particular, full regularity (i.e. Aa(D) = 1)
is only possible, if all angles where the type of boundary condition changes
are less than 7 /2. For an arbitrary Lipschitz polygonal domain we can only
guarantee A\ (D) > 1/4.

(¢) The 3D case is similar, but in addition to singularities at corners (for which
the analysis is identical to the above) we also need to consider edge singu-
larities. This is a bit more involved and we refer to [41, §8.2.1] for more
details. However, provided D is convex, we obtain again Ax(D) = 1 always

in the pure Dirichlet case.

2.4 'Transmission problems

We now shift our attention to more general random coefficients. In practice, one is
often interested in models with discontinuous coefficients, e.g. modelling different
rock strata in the subsurface. Such coefficients do not satisfy assumption A2, and
the regularity results from Theorem 2.12 can not be applied directly. However,
the loss of regularity is confined to the interface between different strata, and it
is still possible to prove a limited amount of regularity even globally.

Since the results in this section again crucially make use of regularity results
for operators with (piecewise) constant coefficients, and the known results in
this area are mostly restricted to the case of scalar coefficients, we will for the
remainder of this section assume that A(w, z) = a(w, x)Iy, for some scalar random
field a(w, ) : @ x D — R. Let us consider (2.1) on a Lipschitz polygonal domain
D C R? that can be decomposed into disjoint Lipschitz polygonal subdomains Dy,
k=1,...,K. Let PC*(D) C L>=(D) denote the space of piecewise C* functions
with respect to the partition {Dy}£ | (up to the boundary of each region D).
We replace assumption A2 by the following milder assumption on the coefficient

function a:

A2*. q € LP(Q, PCY(D)), for some 0 < ¢t < 1 and for all p € [1,00).

30



Our regularity results for discontinuous coefficients rely on the following result

from [41, 58].

Lemma 2.15. Let v € HY (D) and s < 1/2, and suppose that v € H'™*(Dy), for
allk=1,...,K. Thenv € H'**(D) and

K
[l 40y = [Vl () + Z 0| 5145 (D) -
k=1

The proof of this result uses the fact that for 0 < s < 1/2, w € H*(Dy) if
and only if the extension @ of w by zero is in H*(R?). Thus, we cannot expect
more than H3/>79(D) regularity globally in the discontinuous case. However, as
in the case of continuous fields, the regularity of the solution will also depend
on the parameter ¢t in assumptions A2* and A3, as well as on the behaviour
of the operator A, at any singular points. Since Lemma 2.15 restricts us to
s < 1/2 and since Aa(D) > 1/2 for any Lipschitz polygonal D C R? in the case
of a pure Dirichlet problem, we do not have to worry about corners. Instead
we define the set of singular (or cross) points S* = {S, : ¢ = 1,...,L} to
consist of all points S;° in D where three or more subdomains meet, as well as
all those points S, on 0D where two or more subdomains meet. By the same
arguments as in section 2.3, the behaviour of A, at these singular points is again
fully described by studying transmission problems for the Laplace operator, i.e.
elliptic problems with piecewise constant coefficients, locally near each singular
point (cf. [57, 17, 58]).

Definition 2.16. Denote by T'(aq,...,ak) the operator corresponding to the
transmission problem for the Laplace operator with (constant) material param-
eter ag on subdomain Dy, k = 1,..., K. Let 0 < Ap(D) < 1/2 be such that
T(a,...,ak) is a surjective operator from H'™$(D) N H}(D) to H* (D), for
any choice of ay,...,ax and for s < Ap(D). In other words, Ap(D) is a bound

on the order of the strongest singularity of T'(av, ..., ak).

Without any assumptions on the partition {Dj}X | or any bounds on the
constants {ay}&_| it is in general not possible to choose Ar(D) > 0. However,
if no more than three regions meet at every interior singular point and no more

than two at every boundary singular point, then we can choose 0 < Ap(D) <
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1/4. If in addition each of the subregions Dy, is convex, then we can choose any
0 < Ar(D) < 1/2, which due to the restrictions in Lemma 2.15 is the maximum
we can achieve anyway. See for example [57, 17, 58] for details.

The following is an analogue of Theorem 2.12 on the regularity of the solution

u of (2.1) for piecewise C* coefficients.

Theorem 2.17. Let D C R? be a Lipschitz polygonal domain and let A\p(D) > 0.
Suppose assumptions Al, A2* and A3 hold with 0 <t < 1. Then, the solution u
of (2.1) is in LP(Q2, H'5(D)), for any 0 < s < t such that s < Ap(D) and for all
P < ps.

Proof. Let us first consider ¢ = 0 again. Then, the existence of a unique solu-
tion u(w,-) € HY(D) of (2.1) follows again from the Lax-Milgram Lemma, for
almost all w € . Also note that restricted to Dy the transmission operator
T(oq,...,ax) = oA, for all k =1, ..., K. Therefore, using assumption A2* we
can prove as in section 2.3 via a homotopy method that u(w, -) restricted to Dy
is in H'**(Dy), for any s < t and s < Ap(D), for almost all w € . The result
then follows from Lemma 2.15 and an application of Holder’s inequality. The

case ¢ # 0 follows as in the proof to Theorem 2.12 via a trace estimate. n

Remark 2.18. The results in this section can easily be extended to the case
where also the partitioning { Dy }X | is random (i.e. depends on w). The value of
Ar(D) will in this case be such that T'(aq,...,ak) is a surjective operator from
H'*(D)N H(D) to H"Y(D), for any choice of ay, ..., ag, for almost all w €

and for s < Ap(D). See section 3.6 for an example of such a random partitioning.

2.5 A dual problem

In this section we briefly discuss some dual problems to the variational problem
(2.4), and show how the regularity results from the previous sections apply in this
case. The dual problems will be used in chapter 3 to prove optimal convergence
rates of the discretisation error.

Denote by M, : H'(D) — R some measurable functional on H!(D). Like the
bilinear form b,(-,-), the functional M,(-) is again parametrised by w, and the
analysis is done almost surely in w. When the functional does not depend on w,

we will simply write M instead of M,,,.
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To give the basic idea, let us assume for the moment that M, is linear and
bounded on H'(D), ie. My(v) < |[v]|aipy, for all v € H'(D). Now, let us
associate with our primal problem (2.4) the following dual problem: find z(w,-) €
H}(D) such that

b, (v, 2(w,-)) = My(v), forall ve Hy(D),

where the bilinear form b,(-,-) again is as in (2.5). Since M, is linear and
bounded, we can apply the Lax-Milgram Lemma to ensure existence and unique-
ness of a weak solution z(w,-) € Hj(D), for almost all w.

For nonlinear functionals, following [59], the dual problem is not defined as
above. Instead, a different functional is chosen on the right hand side (which
reduces to M, in the linear case). It is related to the derivative of the functional
of interest and so we need to assume a certain differentiability of M, . We will
assume here that M, is continuously Fréchet differentiable. In particular, this
implies that M, is also Gateaux differentiable, with the two derivatives being the
same.

Let v,w € HY(D). Then the Gateaux derivative of M, at w and in the

direction v is defined as

M, M,
Dy M, (w) = lim (w+ev) (w).
e— g

For wy,wy, € H'(D), we define

1
Dva(wl,wg) = / DUMW('LUl + 9(11}2 — ’U)l)) d9,
0

which is in some sense an average derivative of M,, on the path from w; to ws,
and define the dual problem now as: find z(w,-) € H}(D) such that

bo (v, 2(w, ")) = Dy M, (wi,ws), forall ve Hy(D). (2.22)

Note that, for any linear functional M,,, we have D, M, (wy,ws) = M, (v), for all
v € HY(D).

For our further analysis, we need to make the following assumption on M,,,.

F1. Let wy(w), we(w) € H'(D). Let M, be continuously Fréchet differentiable,
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and suppose that there exists ¢, € [0,1], ¢, € [1,00] and Cy; € L% (Q), such
that

‘Dva(w1<w)7w2(w))’ S CFl(w)HUHHl_t*(D) )

for all v € H} (D) and for almost all w € Q.

The random variable Cr; in assumption F1 may depend on w through the func-
tional M, as well as w(w) and wa(w).

As in the linear case, it is sufficient to assume that | D, M, (w;, ws)| is bounded
in H'(D), i.e. that assumption F1 holds with ¢, = 0, to ensure existence and
uniqueness of the dual solution z(w,-) € Hg(D), for almost all w € Q. As in

Lemma 2.1, we then have

< OFl (w)

||Z(w7 '>||H1(D) ~ Amin(w)’

for almost all w € ). However, in order to apply Theorem 2.12 to prove stronger
spatial regularity for z, we need to assume boundedness of |D, M, (wy,ws)| in
H'7%(D), for some t, > 0. In particular, if assumptions A1-A3 and F1 are
satisfied with ¢ € (0,1] and ¢, € (0, 1], then by Theorem 2.12 we have for almost
all w € Q,

Amax(w)[[A(w, )
12w, Mzr+s0) S (

mln

||Ct(D Rdxd

w) Fl(W)a

for any 0 < s < min(t, t,) such that s < Aa(D) and for almost all w € Q.
To finish, let us give some examples of output functionals which fit into the

framework described above. We start with linear functionals.

(a) Point evaluations: Since A (w,-) € C*(D,R%¥%), we know that trajecto-
ries of the solution u are in C'**(D) (see e.g. [31]), and it is meaningful
to consider point values. Consider MM (u) := wu(x*), for some z* € D.

For D C R, i.e. in one space dimension, we have the compact embedding
H'Y?+3(D) — C%(D), for any § > 0, and so

MW () =v(@") < [vllcopy S lollmzesm), forall ve HY(D).

Hence, assumption F1 is satisfied for any ¢, < min(1,¢) with Cp; = 1 and
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gx = 00.

In space dimensions higher than one, point evaluation of the pressure u
is not a bounded functional on H*(D). One often regularises this type of

functional by approximating the point value by a local average,

1
|D*| Jp-

M®(y) = vdz [z U(:z:*)],

where D* is a small subdomain of D that contains x* [35]. Here, M®)
satisfies F1 with Cg; = 1, t, = 1 and ¢, = 0o, due to the Cauchy-Schwarz
inequality.

Similarly, point evaluations of the flux —AVwv can be approximated by a

local average. However, in this case F1 only holds for ¢, = 0 with Cp(w) =
A ax(w) and g, = o0

Next we give some examples of non-linear functionals. The first obvious

example is to estimate higher order moments of linear functionals.

(b) Second moment of average local pressure: Let M, be an arbitrary

linear functional and let ¢ > 1. Then

D (M, (0)7) = lim Mel0 0 = M@y oty ),

e—0 g

Thus, in case of the second moment of the average local pressure M®) (v) :=
M@ (v)2, this gives

Dt = (f, vae) ([, 7).

and so

|D, M3)(w1( ), wa(w))|

(/*“M)(/‘/*wl ) + 0w (w) - 1w»ﬁmw>‘
([ var) ([ wior+ wsterao)

S (le(W)HH(D) + Hw2(w)||L2(D)) ||U||L2(D)~

ID"‘I2

ID*I2
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So assumption F1 is satisfied for all ¢, < 1 and with g, such that Cp;(w) =
(||w1(w)||L2(D) + ||w2(w)\|L2(D)) € L=(Q).

Outflow through boundary: Consider MY (v) := Ly(¥) — by (¥, v), for
some given function ¢» € H'(D). Note that for the solution u of (2.4), by

Green’s formula, we have

- / V@) (@) d = [ Alw.2)V6(0) - Vale, ) da
/w A(w, 2)Vu(w, )) da:—/waV¢() Vu(w, z) de
/¢ A(w, 7)Vau(w, z) - vds.

Thus, ]\/[5,4) (u) is equal to the outflow through the boundary I' weighted by
1, and so MY can be used to approximate the flux through a part I'yy C T’
of the boundary, by setting ¢|r.,, = 1 and ¥|p\r,,, = 0, see e.g. [3, 26, 35].

Note that for f # 0 this functional is only affine, not linear. When f = 0,

then it is linear. In any case,

DMO() i timg M0 20) = MO (D)

e—0 €
:111%_fD (w,2)VY(z) - V(ev(w,x)) da
- €

_ /D A(w, 7)Ve(x) - Vo) du
_ /Dv(x) V- (A(w,2)Vi(2)) da

for v,o € H}(D). Since this is independent of v, we have in particular

D, M5 (w1 (w), wa(w)) = /Dv(x) V- (A(w,z)Vi(z)) dz

for any wy(w), we(w) € H'(D). If we now assume that assumptions A1-A3
are satisfied for some 0 < ¢ < 1 and that ¢» € H'™(D), then using Lemmas
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2.4 and 2.5, we have V¢ € H'(D) and for any ¢* < t,

DM (wr (@), wa ()] < IV - (AW, )VE) g1y 10l -2+ ()
S 1AW V) e ol -

S AW, e @ gaxa IVl e oy [0l - () -
(2.23)

Hence, assumption F1 is satisfied, for any ¢, < oo and ¢, < t, with Cpy(w) =
|A(w, )llct(Braxay- 1ft =1, then estimate (2.23) holds with t* = ¢ = 1, and
assumption F1 is satisfied with ¢, = 1. Our assumption on 1 is satisfied
for example if ¢ is linear, which is a suitable choice for the numerical test

in the next section.

The functional — fFo (w,z)Vu(w,z) - vds (or its regularised equivalent
over a narrow reglon near [',,), which also approximates the flux through I'oy,
can only be bounded in H'(D), and will hence satisfy assumption F1 only with
t, = 0.

2.6 Regularity in Holder spaces

Some error bounds in chapter 3 will require results about the spatial regularity of
w in Holder spaces. In the special case of scalar coefficients A (w,z) = a(w, z)1y,

for some a(w, ) : Q x D — R, the following result was proved in [11].

Proposition 2.19. Suppose D C R? is a C%~domain, and consider the boundary
value problem
—div (a(w, z)Vw(w, z)) = f(w,x), for z € D,
w(w,z) =0, for v € 0D.

Let assumptions A1-A2 hold with 0 <t < 1, and suppose f € LP=(Q, LY(D)), for

some p, € (0,00] and ¢ > d/(1 —t), ¢ > 2. Then, w(w,-) € C**(D) for almost
all w € Q, and

|w(w, ')||cl+t(ﬁ) S Cog(w),
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where

ZbptSt—(24p)t? _ 24pt(-p)i-2:
Corg(@) = @, My ™" min(@)™ 20 [ f (@, )zao).

It follows that u € LP(Q2, C**(D)), for any p < p,.

Note that it is in general not true that u(w,-) € C*(D) if a(w,-) € C*(D) and
flw,:) € C°(D).

To conclude on the Holder regularity of solutions to problems posed on polyg-
onal domains, one would again have to analyse possible corner singularities, as
is done in section 2.3. The regularity of u will again depend on ¢, as well as the
angles in D. In particular, we have u(w,-) € C***(D), for almost all w € €, if all
the angles are less than 7/(1 +¢) (see [31, Theorem 6.2.10]).

Alternatively, one can use the Sobolev embedding theorem (see e.g. [1]), to
conclude from Theorem 2.12 that u(w,:) € C*(D), for any s < t such that
s < Aa(D), with [Ju(w, )|
to sharp bounds on the Holder regularity of wu.

cs(D) < Cy12(w). However, this approach does not lead

2.7 Log—mnormal random fields

A coefficient of particular interest in subsurface flow applications of (2.1) is a
scalar log-normal random field a(w,z), where a(w,x) = exp [g(w,x)], with ¢ :
Q2 x D — R denoting a Gaussian field. We consider homogeneous Gaussian fields

with Lipschitz continuous covariance kernel

Clz,y) = E|(g(w, z) = Elg(w, 2)])(9(w,y) — Elg(w, y)])] =k(lz—yl). (2.24)

for some k € C%(R*) and some norm || - || in R%

With this type of covariance function, it follows from Kolmogorov’s Theorem
[60] that, for all ¢ < 1/2, the trajectories of g belong to C*(D) almost surely. More
precisely, Kolmogorov’s Theorem ensures the existence of a version g of g (i.e. for
any x € D, we have g(-, ) = §(-, ) almost surely) such that g(w,-) € C*(D), for
almost all w € Q. In particular, we have for almost all w, that g(w,-) = g(w, )
almost everywhere. We will identify g with ¢ in what follows.

Built on the Holder continuity of the trajectories of ¢ and using Fernique’s
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Theorem [60], it was shown in [10] that assumption Al holds and that a €
Lr(Q,C°(D)), for all p € [1,00). We will here prove that assumption A2 holds
for log-normal random fields, i.e. that a € LP(Q, C*(D)), for some 0 < ¢t < 1 and
for all p € [1, 00).

Lemma 2.20. Let g be a Gaussian field with covariance (2.24). Then the tra-
jectories of the log-normal field a = exp[g] belong to C*(D) almost surely, for
allt <1/2, and

o, Ve < (1+ 2196 Veoum) ) amas(w).

Proof. Fix w € Q and t < 1/2. Since the trajectories of g belong to C*(D) almost

surely, we have

|€g(ww) — eg(w,y)‘ < lglw,z) — g(w,y)| (eg(wﬁw) + eg(wvy))

< 20max (W) [9(W)l o) 12 — 9l

for any z,y € D. Now, apax(w) | 9(w)|ce(p) < oo almost surely, and so the result

follows by taking the supremum over all z,y € D. O

Lemma 2.20 can in fact be generalised from the exponential function to any

smooth function of g.

Proposition 2.21. Let g be a mean zero Gaussian field with covariance (2.24).
Then assumptions A1-A2 are satisfied for the log-normal field a = exp [g] with
any t < %

Proof. Clearly by definition ay;, > 0. The proof that 1/ay, € LP(Q2), for all
p € (0,00), is based on an application of Fernique’s Theorem [60] and can be
found in [10, Proposition 2.3]. To prove assumption A2 note that, for all ¢t < 1/2
and p € (0,00), g € LP(2,C*(D)) (cf. [10, Proposition 3.8]) and amax € LP(£2)
(cf. [10, Proposition 2.3]). Thus the result follows from Lemma 2.20 and an
application of Holder’s inequality. m

The results in Proposition 2.21 can be extended to log-normal random fields
for which the underlying Gaussian field g(w, z) does not have mean zero, under

the assumption that this mean is sufficiently regular. Adding a mean p(x) to g,
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we have a(w, ) = exp[u(x)] explg(w, z)], and assumptions A1-A2 are satisfied if
u(z) € CY(D).
A typical example of a covariance function used in practice (cf. [49]) that is

only Lipschitz continuous is the exponential covariance function given by
k(lz —yll,) = o'exp (=l —yl,/N),  z,y€D, (2.25)

where || - ||, denotes the £,-norm in R? and typically p = 1 or 2. The parameters
0% and X denote the variance and the correlation length, respectively, and in
subsurface flow applications typically only 02 > 1 and A < diam D will be of

interest. Smoother covariance functions, such as the Gaussian covariance kernel
k(llw = yllp) = o exp(=[lz — yl[;/A*),  z,y €D, (2.26)

which is analytic on D x D, or more generally the covariance functions in the
Matérn class with v > 1, all lead to g € C'(D) and thus assumption A2 is
satisfied for all ¢ < 1.

As an example of a random coefficient that satisfies assumption A2* we can
consider a piecewise log-normal random field a = exp(g) such that g|p, = g, for
all k =1,..., K, where {gx}X_, is a set of independent Gaussian random fields.
If g, has mean p € CY2(D) and exponential covariance function (2.25), then
assumption A2* is satisfied for all ¢ < 1/2. Similarly, if we let g; be a Gaussian
field with mean p, € C'(D) and Gaussian covariance function (2.26), we have
assumption A2* satisfied for any ¢ < 1. The mean p(x), the variance o7 and
the correlation length A\, can be vastly different from one subregion to another.

An example of a random tensor A(w,z) that satisfies assumptions Al and
A2, for all p € [1,00), is a tensor of the form A = exp(g1)K; + exp(g2) Ko, where
g1 and gy are scalar Gaussian random fields with a Holder—continuous mean and
a Lipschitz continuous covariance function, and K; and K, are deterministic

tensors satisfying (deterministic versions of) assumptions A1-A2.
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Chapter 3
Discretisation Error Analysis

We now turn to a (spatial) discretisation error analysis of the solution u to model
problem (2.1). As in the previous chapter, we will first establish results for
trajectories of u, i.e. for a fixed w € 2, and from this deduce estimates for the
moments of the error. We will mostly consider approximations using standard,
continuous, piecewise linear finite elements on Lipschitz polygonal/polyhedral

domains.

Denote by {7}, }r>0 a shape-regular family of simplicial triangulations of the
Lipschitz polygonal /polyhedral domain D, parametrised by its mesh width h :=

max ez, diam(7). Associated with each triangulation 7;, we define the space
Ve == {Uh € C°D) : vy|rlinear VT € Ty, andwp|r, = ¢;, forall j =1,... ,m}

of continuous, piecewise linear functions on D that satisfy the boundary condi-
tions in (2.1). For simplicity we assume that the functions {¢;}7, are piecewise
linear with respect to the triangulation 7}, restricted to I';. To deal with more
general boundary conditions is a standard exercise in finite element analysis (see
e.g. [7,§10.2]).
The finite element approximation of u in V}, 4, denoted by wuj, is now found
by solving
bw(uh(w, -),vh) = L,(v), forall v, € Vjp, (3.1)

where the bilinear form b,,(+,-) and the linear functional L, (-) are as in (2.5) and

(2.6), respectively. Since b,, is bounded and coercive on H}(D) (cf Lemma 2.1),
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we have
[[un(w, ')”Hl(D) < Cra(w).

The remainder of this chapter is devoted to quantifying the error committed

in approximating u by u,. We make the following assumption.

R1. There exist 0 < s, <1 and 1 < p, < oo such that for almost all w € €,

|u(w, )| z1+su(p) < Cri(w),
for some Cgy € LP(€2).

Assumption R1 holds under reasonable assumptions on A, f and {¢;}7,, as
discussed in chapter 2. For examples, see Theorems 2.12 and 2.17.

We start the error analysis by deriving bounds on (moments of) |u —up| g1 (p)
and ||u — up[z2(py in §3.1. In §3.2, we then use these results to prove a bound on
M, (u) — M, (up), for any continuously differentiable functional M,. In §3.3, we
establish bounds on [|u — up|lw1.e(py and ||u — up || (py using techniques similar
to those in §3.1. Since the exact computation of the finite element solution
up is in general not possible in practice, we analyse some variational crimes,
such as quadrature and truncation errors, in §3.4. §3.5 shows how the results
from the previous sections can be used to also prove convergence of finite volume
methods. Some of the results proved in this chapter are then finally demonstrated

numerically in §3.6.

3.1 H! and L? error estimates

The key tools in proving convergence of the finite element method are Céa’s

lemma and a best approximation result (cf [7]):

Lemma 3.1 (Céa’s Lemma). Let u and uy, be the solutions to (2.4) and (3.1),
respectively, and let 0 < Apin(w) < Apax(w) < 0o. Then,

inf ) - .
i, 1) = el

(= ) (@, ) (py < (%}{((5)))1/2



Lemma 3.2. Let v € H'(D) N Hy (D), for some 0 < s < 1. Then

vhier%};(ZS lv — vh!Hl(D) N HUHHHS(D) h,

where the hidden constant is independent of v and h.
An estimate of the error |u — up| g1 (py now follows.

Theorem 3.3. Let assumptions A1-A2 hold with t = 0, and let assumption R1
hold for some 0 < s, <1 and 1 < p, < oo. Then, for allp < p, and h > 0, we

have
. A\
||u — uh”LP(Q,Hé(D)) SJ 03.3 h v with 03.3 = H <A &.l ) ||CR1||LPu(Q) )
min L‘I(Q)
_ _Pup
where ¢ = p—r

Proof. Tt follows directly from Lemmas 3.2 and 3.1, together with assumption
R1, that for almost all w € 2,

o)\ 12
= ol $ (Z2E) Gl 3.2

The claim of the Theorem then follows from assumptions A1-A2 and R1, together
with Holder’s inequality:

Amax 12 s

lw — unll o o,m3(0)) S (A . ) Cr1 h™
A 1/2 )
SIE) | ol o
min LQ(Q)

1/2 1/2 Su
S ”Amax”L/ql(Q) ||Amin||L/qz(Q) ||CR1||LPu(Q) b,

LP(Q)

where ¢ = pi“fp and ¢;' 4+ ¢;' = ¢~!. Since we can choose any qi, ¢z € [1,00), it
follows that we can choose any p < p,. O

The usual duality (or Aubin—Nitsche) trick leads to a bound on the L*-error.
To this end, denote by z;(w,-) € Hi(D) the solution to dual problem (2.22) with

M,(v) = (u— up,v)2(p), Le.

b (v, 21(w, ) = ((u — up)(w, ),0)2(py » forall ve H}(D). (3.3)
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We make the following assumption on the regularity of z;.

R2. For s, as in assumption R1, we have that for almost all w € €,

[21(w, ) mr+su(py < Cro(w) [[(w = un)(w, )|l L2(p)

for some Cro € LP(Q2), for all 1 < p < 0.

Note that this assumption is more specific than assumption R1, due to the explicit
dependence of the bound on |[(u—wup)(w, -)|| 2(py- The constant Cg, is assumed to
be in LP(Q2), for any p < oo, since it will typically only depend on the coefficient
A. Tt follows again from Theorem 2.12 that assumption R2 is satisfied for the
model problems considered in chapter 2.

We then have the following estimate on |ju — up||2(py.

Corollary 3.4. Let assumptions A1-A2 hold with t = 0, let assumption R1 hold
for some 0 < s, <1 and 1 < p, < oo and let assumption R2 hold. Then, for all
p < py and h > 0, we have

CR? A?n/a2x

1/2

min

lu—unllrr2py S Csah®™,  with Cyy = | Cra || o ()5

La(Q)

where ¢ = %.
u

Proof. Dropping for brevity the dependence on w, and using the dual problem
(3.3), Galerkin orthogonality and the boundedness of b,(-, ), we have

||lu — uh||%2(D) = (U — up, u — up)2(py = Zhienvfh0 bo(u —up, 21 — zp)

S Anax U — up| () zhienvfh,o |21 — 2| (D)

As in (3.2), we have |u — up|m(p) S (Anmx/Amin)l/2 Crih®+. Tt follows from

Lemma 3.2, together with assumption R2, that inf., cv, , [21— 24|51 (D) S Cr2 |u—

up|| r2(pyh™. Combining the estimates gives

Amax
Amin

1/2
|u —un| 20y S Amax ( > Cry Cra W™,

The claim of the Corollary then follows by an application of Holder’s inequality,
together with assumption A1-A2, R1 and R2. O
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3.2 Error estimates for functionals

In practical applications, one is often interested in the expected value of function-
als of the solution. A standard technique to prove convergence for finite element
approximations of output functionals is to use a duality argument, similar to
the classic Aubin-Nitsche trick used to prove optimal convergence rates for the

L?*-norm.
Denote by M, (:) : H'(D) — R the functional of interest, and assume M,
satisfies assumption F1 with w; = u, ws = uy and ¢, = 0. Denote by z(w,-) €

H{ (D) the solution to dual problem (2.22) with w; = u and wy = uy, i.e.

b (v, 22(w, +)) = D, M, (u(w,"),up(w,-)), forall ve Hy(D).

Denote correspondingly by 22 ,(w, -) the finite element approximation in V}, . We

make the following assumption on the regularity of zs.

R3. There exist 0 < s, <1 and 1 < p, < oo such that for almost all w € €2,

| z2(w, )| m1+s: 0y < Cra(w)

for some Cgrs € LP#(Q2).

Assumptions R3 again holds under reasonable assumptions on the data A, f and

{#;}72,, and for a large class of functionals M,,, as discussed in section 2.5.

Recall that we assumed that the boundary data {¢; L, are piecewise linear
with respect to 7j,, and so u — uy, € Hj(D). From the Fundamental Theorem of

Calculus for Fréchet derivatives, it follows that

1
Mo (u) — My (up) = /0 Da . Moy (1+ 0ty — u)) d6 = D Mo(ut, )

= by, (u — up, 22). (3.4)

We then have the following error bound.

45



Lemma 3.5. For almost all w € €1,

[ M., (w(w, ) = My, (un(w, )|
< Apax (W) [u(w, -) = up(w, )| a1 (p) 1€n‘;f |z2(w, ) — zn(w, )|m(py - (3.5)
Zh h,0
Proof. Dropping for brevity the dependence on w and using (3.4), as well as
Galerkin orthogonality for the primal problem (2.4) and the boundedness of b,,

we have

|M,(u) — M, (up)| = |bo(u — up, 22)| = inf  |by(u— up, 22 — 21)|

z2R€Vh,0

< Anax(W) [ — un|g1(py Zhien‘}j ) |22 — zn| (D) -
L h,

O

This simple argument will be crucial to obtain optimal convergence rates for

functionals.

Remark 3.6. Continuous Fréchet differentiability is in fact not a necessary con-
dition to obtain the bound in Lemma 3.5. It is sufficient to assume only Lipschitz

continuity of M, (see e.g.[13]).

We are now ready to prove optimal convergence rates for moments of the finite

element error for Fréchet differentiable (and thus also for linear) functionals as

defined above.

Lemma 3.7. Let assumptions A1-A2 hold with t = 0, let assumption R1 hold
with some 0 < s, <1 and 1 < p, < o0, and let assumption R3 hold with some

0<s,<1landl<p, <oo. Then, for any p < %, we have

Moy () = Moy (un)llo(@) S Corh™ =,

with
A2
max
wr HA—/ ICrtllzonie) ICrallee- o).
min || La(Q)
where ¢ = —2L=P—

PuPz—PuP—PzpP
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Proof. Dropping for brevity the dependence on w, we have from Lemma 3.5 that

for almost all w € €Q,
|Mw (U) —Mw (Uh)| S Amax|u—uh|H1(D) inf |2’2 _Zh|H1(D)'
2h€Vh,0

As in (3.2), we have |u — up|m(p) S (Amax/Amin) /2 Crihe. 1t follows from

Lemma 3.2, together with assumption R3, that inf., cv, , |22 —2n|s1(p) S Cr3 b,

Combining the estimates together gives

Amax
Amin

1/2
|Mw (u) - Mw (uh)l < Amax < ) CRI CRg he* h°=,
The claim of the Lemma then follows from assumptions A1-A2, R1 and R3,
together with Holder’s inequality. O]

3.3 L*® and W' error estimates

The aim of this section is to derive bounds on moments of ||u — up||L~(p) and
|t — up|w10o(py. A classical method used to derive these estimates, is the method
of weighted Sobolev spaces by Nitsche. The results presented in this section are
specific to continuous, linear finite elements on quasi-uniform triangulations 7,
in R?, but extensions to higher spatial dimensions and/or higher order elements
can be proved in a similar way (see e.g. [14]).

As in the previous sections, the convergence rate of the finite element error
depends on the spatial regularity of u. However, instead of requiring a certain
Sobolev regularity of u, we will now require a certain Hoélder regularity. We make

the following assumption.

R4. There exist 0 < s, <1 and 1 < p, < oo such that for almost all w € €2,

[u(w, )lorisn @y < Cra(w),
for some Cry € LP*((2).

Assumption R4 holds for model problem (2.1) under reasonable assumptions on
the data A, f and {¢;}72,, as discussed in section 2.6.
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As for the H' error in section 3.1, the key ingredients in proving the error
bounds in the L>°-norm and W*-norm are a quasi-optimality result (similar to
Lemma 3.1) and a best approximation result (similar to Lemma 3.2).

To prove quasi-optimality, we will use the method of weighted norms by
Nitsche. For the case A = I, a full proof can be found in [14, §3.3]. For
simplicity, we shall restrict ourselves to the case u € H(D), i.e. ¢ =0 in model
problem (2.1).

Denote by P, : Hj(D) — Vi the projection operator associated with the
inner product b,,, defined for all v € H}(D) by the relations

Pwe Vg and Ywp, € Vi, by(v— Py, w,) = 0.

We hence in particular have P,u = u;. The main idea of the proof of the quasi-
optimality is then to show that the projection operators P}, can be bounded inde-
pendently of h, provided the norms on H}(D) and V}, ¢ are chosen in a particular,

h—dependent way. This gives the following bound.

Lemma 3.8. Let 0 < Apin(w) < Apax(w) < 0o. For allv € Hy(D) N Wh=(D)

and h sufficiently small, we have

|lIl h|_1/2 ||PhU||Loo(D) + hlphvlwl,oo(D)

< Amax (w)

S Ay W=y + R0 hwie)) - (36)

Proof. The proof is identical to that of [14, Theorem 3.3.6], with the dependence
of the bound on A made explicit. In particular, the dependence on A enters in
the proof of [14, Theorem 3.3.5], which uses the coercivity and boundedness of

the bilinear form b,,. O

This now allows us to prove the following quasi—optimality result.

Lemma 3.9. For all h sufficiently small,
[ |2 [ (u = un) (@, )|y + o |(w = wn) (@, ) lwres(o)
Amax(w) .
< Amax() inf  (Ju(w,-) = vallzeo(py + Bl Inh| |u(w, ) = vnlwre(py) -

~ Amin (w) vpE€Vh 0
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Proof. We first note that for any v;, € V} o, we have the identity
u—up=u— Pyu=(1—P,)(u—uw), (3.7)

where I denotes the identity operator.

Next, we note that the norm of the identity mapping from H} (D) N W' (D)
equipped with the norm v — |[v||ze(py + h|[In Al |v]|w1ec(py, into the same space
equipped with the norm v — |[Inh|=2 ||v|| zo(p) + A |v|wi.e(py, can be bounded
by |In hg|~/2 for all b < min{hg, e~'}, for some hy > 0. The claim of the Lemma
then follows from (3.7), together with Lemma 3.8. O

We have the following result on the best approximation error (see e.g [14, 63]).

Lemma 3.10. Let v € C"(D), for some 1 <r < 2. Then

inf ([l — vallepy + kv = vilwreopy) S B V]l D),
vaVh70

where the hidden constant is independent of v and h.

Proof. Firstly note that for v € C"(D), the norms [vllcr @) and [|v]lwre(p) are
equivalent (see e.g. [56]). It follows from [14, Theorem 3.1.6] that

inf (”U - ’UhHLW(D) + h"U — Uh‘Wl,oo(D)) 5 h2 ”UHV[/z,oo(D),
vaVh,o

and

inf (HU — ’UhHLoo(D) + h|21 — Uh|W1,oo(D)) 5 h ||UHW1,oo(D).
vaVh70

By interpolation (see e.g [7, §14]), it then follows that

inf ([l — vllzepy + hlv — vplwrspy) S A |vllwree ),
vp€Vh,0

for any 1 < r < 2. The claim of the lemma then follows. O]

Combining Lemmas 3.9 and 3.10, we have the following convergence result.

Theorem 3.11. Suppose T, is a quasi-uniform triangulation of D C R?, and

suppose ¢ = 0. Let assumptions A1-A2 hold with t = 0, and let assumption R/
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hold with some 0 < s, <1 and 1 < p, < o00. Then, for all p < p,, s < s, and h

sufficiently small, we have

|u — up| Lo, (py) + Bl — up| oo pyy S Caar b5

with
Amax

Amin

C3.11 = H

HCR4HLpu(Q) )
La(9)

— P~Pu

where q R
u

Proof. Tt follows from Lemmas 3.9 and 3.10, together with |Inh| < Rh° for any
0 > 0, that, for almost all w € ,

Amax(w) 5
R e C et wwo KA LRI Rt

and Apn()
max \W s
[(u = up) (W, ) [wreop) S m he lu(w, ')chm(ﬁ)a
for any h sufficiently small and any s < s,. The claim then follows from assump-
tions A1-A2 and R4, together with Minkowski’s and Holder’s inequality. m

3.4 Variational crimes

In practice, the exact computation of the finite element solution wy, as defined
in (3.1), is in general not possible, and further approximations are often required
for the numerical computation. In this section, we discuss two important such
approximations: the use of approximate bilinear forms, resulting for example from
quadrature or other approximations of the coefficient, and the approximation of

non-polygonal boundaries.

3.4.1 Quadrature error

The integrals appearing in the bilinear form b,, and in the linear functional L,
involve realisations of random fields. It will in general be impossible to evaluate
these integrals exactly, and so one generally uses quadrature instead. We will

only explicitly analyse the quadrature error in b,, but the quadrature error in
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approximating L, can be analysed analogously. We will for simplicity restrict
our attention to scalar coefficients A (w,r) = a(w,x) Iy, for some a : Q@ x D — R,

and to homogeneous boundary conditions ¢ = 0.

We will analyse the midpoint rule, approximating the integrand by its value
at the midpoint x, of each simplex 7 € 7,,. The trapezoidal rule, and indeed any
other rule which uses a linear combination of point evaluations of a in 7, can be
analysed analogously. Let us denote the resulting bilinear form that approximates
b, on the grid 7; by

by, (wh, vy) = Z a(w, x,) /th(x) - Vop(z)dz,

€T},

and let @y (w,-) € Vi denote the corresponding solution to

by (i (w, ), ) = Lo,(vy), forall vy, € Vi

Clearly the bilinear form b, is bounded and coercive, with the same constants
as the exact bilinear form b, and so we can apply the following classical result

[14] (with explicit dependence of the bound on the coefficients).

Lemma 3.12 (First Strang Lemma). Let 0 < amyin(w) < max(w) < 00. Then

[(u —ap)(w, ) |m(py < inf { (1 + amaX(w)) [u(w, ) — va|m(p)

vR€Vi o0 @min(w)
1 bw 9 - Ew 9
. s [0 (0, wh) = bo(vn, wi)| |
amin(w> wpEVh 0 ’wh’Hl(D)

This gives the following convergence for the approximate finite element solu-

tion uy,.

Proposition 3.13. Suppose A(w,z) = a(w,x)ly, and suppose ¢ = 0. Let as-
sumption R1 hold with some 0 < s, <1 and 1 < p, < o0, and let assumptions
A1-A8 hold with t > s, and p, > p,. Then, for all p < p,, we have

v = tnll om0y S Caazh™,
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\a|05u(5)
1Cr1 [l pou () + ‘ —Z

min

3/2
<amax >
Qmin

where q = %.
u

1N ow (-1 () »
L(Q)

L9(Q)

Proof. We first note that, for all vy, w, € V0,

o (Up, wp) — by, (v, wy, ’ = Z/ a(w,z) — a(w, z;)) Vo, - Vwy, de
T€T,
a(w, z) —a(w, z,
< /‘ 2T e (Ve V) de
TETh
< |a(w)|csu @) P !Uh|H1(D) |l wn|m (D)

Dropping for brevity the dependence on w, it follows from Lemma 3.12 and

Omin < Amax that, for almost all w € €,

~ . (max s | |Cu
]u—uh\}p(D) < inf { ( ) ‘U—'Uh’Hl(D) + RS a— ’Uh’Hl }

vhE€Vh,0 Amin min

Let us now make the particular choice vy, := u;, € V0, i.e. the solution of
(3.1). Then it follows from (3.2) that

- < Omax 302 ja Csu(D) Su
\u—uh|H1(D) S 0 Cr1 + a—-CZl h®v.

The result then follows from assumptions A1-A3 and R1, together with Holder’s

inequality. O]

Proposition 3.13 shows that the convergence rates of the finite element error
in the H'-norm are not influenced by the use of quadrature. However, the use
of the mesh-dependent bilinear forms b, crucially leads to the loss of Galerkin
orthogonality, and the duality arguments to prove higher convergence rates for the
L%norm and the error in functionals (cf Corollary 3.4 and Lemma 3.7) are hence
no longer applicable. However, since H'(D) C L*(D), it follows immediately
from Proposition 3.13 that

52



I = @l rr2)) S Caash™,

for all p < p,. Similarly, using (3.4) and assumption F1 with ¢, =0 and 1 < ¢, <

00, we have

[ Moo () = Mo (@)l oy S NCF1l o (0) Ca13 R,

for any p < pIZ“—Jf;.
To recover the faster convergence rates for the L-error and the error in func-
tionals M, in the case of quadrature, we require additional regularity of the

coefficient a.

3.4.2 Truncation error

We will in this section restrict our attention to the case A(w,z) = a(w, )1y,
where a : Q x D — R is a log-normal random field as described in section 2.7.

A starting point for many numerical schemes for PDEs with random coeffi-
cients is the approximation of the random field a(w, x) as a function of a finite
number of random variables, a(w, ) ~ a(& (w), ..., &r(w), x). This is true, for ex-
ample, for the stochastic collocation and stochastic Galerkin methods. Sampling
methods, such as Monte—Carlo type methods discussed in chapter 4, do not rely
on such a finite—dimensional approximation as such, but may make use of such
approximations as a way of producing samples of the input random field.

A popular choice to achieve good approximations of this kind for log—normal
fields is the truncated Karhunen-Loeve (KL) expansion. Let g : Q@ x D — R
be a Gaussian random field such that a = explg]. Denote by p(z) the mean
(or expected value) of g, and by C(z,y) its two-point covariance function (as in

(2.24)). The KL-expansion of g is then given by

g(z,w) = p(x) + > Vin &a(w) bu(2), (3.8)

where {/i, }nen are the eigenvalues and {b,, }.en the L?(D) orthonormalised eigen-
functions of the covariance operator with kernel function C'(x,y) defined in (2.24).
{&: }nen is a set of independent, standard Gaussian random variables. For a more

detailed derivation of the KL-expansion, see e.g. [30]. We will here only sum-

93



marise some of its main properties.

e With the kernel function C(z,y) in (2.24), the covariance operator is self-
adjoint, non-negative and compact on L?(D), which implies that the eigen-
values {fin}nen are real, non-negative and tend to 0 as n — oo and the

eigenfunctions {b, }nen form an orthonormal basis of L%(D).

e For the homogeneous random field g, we have

0 == Vlg| = E (Z Vi () bn<x>> WA

since the random variables &, are independent with &,N(0,1). Since the

eigenfunctions b, are orthonormalised in L?*(D), it follows that

Z,un = ||6*||12(p) = 0” meas(D),

n=1
where meas(D) := [, dx.

We shall write the random field a(w, z) as

a(w,7) = explu(x)] exp [z Vi () bn<x>]

In practice we have to truncate the expansion (3.8) after a finite number R

of terms. Let g denote the KL-expansion of ¢ truncated after R terms, and let

a* := exp|[g”]. Moreover, we denote by ug;, € V; 4 the solution to the variational

problem

b (upp(w,-),v) = Ly(v), forall v € Vy, (3.9)

where the linear functional L,(-) is as in (2.6), and the bilinear form bf(-, ) is
defined as
b (u,v) = / af(w, 7)Vu(z) - Vo(r) dz, (3.10)
D

i.e. the bilinear form (2.5) with a replaced by its R-term approximation a’.

Since the bilinear form b%(-,-) is bounded and coercive on H}(D) with con-

stants aff (w) := max,.paf(w,z) and af;, R(w, r) respectively

max

(w) := min 5 a
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(cf Lemma 2.1), we have

< I, )1 + ampa (@) 6]l 11 ()
~ Qyiin (@)

min

|wr.nll a2 (D) =: O3} (w).

The aim of this section is now to analyse the error committed by approximat-

ing a by a®. More precisely, we will derive a bound on ||u, — ug Lp(Q,HL(D))-

We make the following assumptions on {fi,, by }ren:

B1. The eigenfunctions are continuously differentiable, i.e. b, € C*(D) for any

n € N.

B2. We have -
ZﬂngNH%OO(D) < +00.

n=1

B3. There exists an r € (0,1) such that,

2(1—r r
> ttallbal 7% ) I VbullF 1y < +00.
n=1

For r as in assumption B3, let us define

r 2(1—r r
LR := max (Z NTLanHQLOO(D)a Z Nngn”L(OO(D))HVbn”%m(D)> : (3.11)

n>R n>R

Assumptions B1-B3 are fulfilled, among other cases, for the analytic covari-
ance function (2.26) as well as for the exponential covariance function (2.25)
with 1-norm ||z|| = 25:1 |z;|, since then the eigenvalues and eigenfunctions can
be computed explicitly and we have explicit decay rates for the KL—eigenvalues.
For details see [10, section 7]. In the latter case, on non-rectangular domains D,
we need to use a KL-expansion on a bounding box containing D to get again
explicit formulae for the eigenvalues and eigenfunctions. Strictly speaking this is
not a KL—-expansion on D.

The following results were proven in [10].

Proposition 3.14. Let assumptions B1-B3 hold for some 0 < r < 1. Then
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|a(w, ) — a(w, Meomy — 0 for almost all w € Q, and

la — GRHLP(Q,CO(E)) SV EE

for any p € [1,00). Furthermore, ||af, ||1e@) and ||1/al, || 1e@) can be bounded

by a constant independent of R, for any q € [1,00).

Proposition 3.15. We have the following bound on /E}:

R, for 1-norm exponential covariance,
VER S
d—

1 . .
R=za exp ( - Rl/d), for Gaussian covariance,

for some constant ¢; > 0 and for any 0 < p < 1/2. The hidden constants are
independent of R.

In [10, 12], the results in Proposition 3.14 were used to bound the truncation
error in the solution u to (2.4), i.e. to bound the error ||u —ug| rr(o,m1 (D)), Where
up is the solution to the variational problem (2.4) with the bilinear form b,(-,-)
replaced by its truncated version bZ(-, ). Following the same lines, one can prove

a bound on |jup — ugy

L(Q,Hg (D))

Proposition 3.16. Let assumptions B1-B3 hold for some 0 < r < 1. Then for
all p € [1,00), we have

. Cs,
lun — urnllLr@uip)y) S Csi6v/ ERy  with Csa6:= ’ aRi :
min [ L9($2)

for some q < p. Similarly, ||uy — upp||r@.20)) S Csiey/ER. The hidden

~J

constants are independent of R.

Proof. The proof follows that of [10, Proposition 4.1 and Theorem 4.2]. Dropping
for brevity the dependence on w, and using the variational problems (2.4) and
(3.9), we have, for almost all w € €,

afiiy [un — urplin ) < /DCLR IV (un — upp)|? da

= / (aR —a)Vu, V(u, —ugp)de
D

< fla— aRHCO(B) [un|m(py [un — wrnl (o)
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It follows that
1
un — urnli o) S —— lunla o) lla - ")l co)-
The claim of the Proposition then follows by Holder’s inequality, Lemma 2.1 and
Proposition 3.14. O

As in the previous sections this result can again be extended in a straightfor-

ward way to functionals.

Corollary 3.17. Let assumptions B1-B3 hold for some 0 < r < 1, and let M, ()
satisfy assumption F1 with t, = 0 for wy = up and wy = upry, t.e. there exists

b € L=(Q) s.t. DyMy(up,urp) S Chy(w)|vlgipy for any v € Hy(D). Then
for all p < g,

. Cs.
| Moy (un) — My (upp)llre) S Caary/ Eg, with Cy a7 == ) —2 1CF1 || Lo (@)
min [ L9()

where q < %. The hidden constant is again independent of R.

Proof. Dropping for brevity the dependence on w, it follows by assumption that

for almost all w € €,

Mw<uh) - Mw(uRJL) == Duh—uRthw(uh7uR,h> 5 C;"l |uh - uRJL’Hl(D)

The claim of the Corollary then follows from Proposition 3.16 and Holder’s in-

equality. O]

Note that in Corollary 3.17, we cannot exploit Galerkin orthogonality to get a
doubling of the convergence rate with respect to R, since uj, and up , are solutions
to problems with different bilinear forms.

Combining the truncation error analysis with the discretisation error analysis

from sections 3.1-3.2, we get the following total error bounds.

Theorem 3.18. Let a be a log—normal random field s.t. logla] has 1-norm
exponential covariance, and suppose that assumption R1 is satisfied for some

1 <p, <00 andall s, <1/2. Then for all p < p, and 0 < s,p < 1/2, we have
lu = urnllompy S (Cash®+Csi6 R77).
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Similarly, ||u — ugp|e@r2py)y S (Csah® + Cs16 R7). The hidden constants
are independent of h and R.

Proof. This follows directly from Theorem 3.3, Corollary 3.4 and Propositions
3.16 and 3.15, together with Holder’s inequality. O]

Corollary 3.19. Let a be a log-normal random field s.t. logla] has 1-norm
exponential covariance, and suppose M,, satisfies the assumptions of Corollary
3.17 and Lemma 3.7, for all s, < 1/2, some 0 < s, < 1/2 and some 1 < p,,p, <

o0o. Then

| Mo (w) — My,(upp) ||l S (Corh®t> + Cs17 R7P),

for all p < PeP= and 0 < s,p < 1/2.

Proof. This follows directly from Lemma 3.7, Corollary 3.17 and Proposition
3.15, together with Holder’s inequality. O]

Remark 3.20. As already stated in Proposition 3.14, the quantities ||af, || L)

and ||1/all, ||La) can be bounded by a constant independent of R, for any q €
[1,00). Furthermore, it follows from Lemma 2.20 and [10, Proposition 3.8], that
lall pa.ct(m)) can be bounded independently of R, for anyt < 1/2 and q € [1, 00).

It hence follows under the same assumptions as in Corollary 3.19, that
| M (ug) — Mw(“R,h)”LP(Q) < Csr hets

forallp<1%and0<s<1/2.

3.4.3 Boundary approximation

We now consider the application of finite element methods to problems posed
on smooth domains D. Since finite element methods use triangulations of the
computational domain, and are hence naturally linked to polygonal/polyhedral
domains, this involves the approximation of D by polygonal domains D;. For
simplicity, we again consider the case of homogeneous boundary conditions ¢ = 0.

We denote by {ﬁ}h>0 a shape-regular family of simplicial triangulations of
the domain D, parametrised by its mesh width & := max_ diam(7), such that,

for any h > 0,
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e DC Urefh 7, i.e. the triangulation covers all of D, and
e the vertices 7,...,27,, of any 7 € 7, lie either all in D or all in RAD.

Let D}, denote the union of all simplices that are interior to D and Dj, its interior,
so that D, C D.

Associated with each triangulation ﬁ we define the space

\7;170 = {vh € C°D) : |, linear V7 € ’]A;l with 7 ¢ D, and ”h|E\Dh = 0}
(3.12)
of continuous, piecewise linear functions on D;, that vanish on the boundary of
Dy, and in D\Dj,. Let us recall the following standard interpolation result (cf
Lemma 3.2).

Lemma 3.21. Let v € H'™(Dy,), for some 0 < s < 1. Then

iIlAf |U - Uh|H1(Dh) § ||U||H1+S(Dh) h®. (313)

UhEVh’o

The hidden constant is independent of h and v.

This can easily be extended to an interpolation result for functions v €
H'Ys(D) N HY(D), by estimating the residual over D\D,. However, when D
is not convex it requires local mesh refinement in the vicinity of any non-convex

parts of the boundary. We make the following assumption on ’]Aﬁ:

T1. For all 7 € 7, with 7N D, = and x7,..., T, € D, we have
diam(7) < h?.

Lemma 3.22. Letv € H'*(D)NH{ (D), for some 0 < s < 1, and let assumption

T1 hold. Then i s
inf v —wvplmpy S ||v]|E1+s D) AP (3.14)

UhEVh’O

Proof. This result is classical (for parts of the proof see [44, section 8.6 or [68]).

Set Ds := D\Eh where ¢ denotes the maximum width of Ds, and let first s = 1.

Since v, = 0 on Ds it suffices to show that

[l sy S vl a2y - (3.15)
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The result then follows for s = 1 with Lemma 3.21. The result for s < 1 follows
by interpolation, since trivially, [v]m1(py) < [|v||a1 (D),
To show (3.15), let w € H*(D). Using a trace result we get

lwllm oy < lwlas,) < 6% wllmw),

where S5 = {x € D : dist(xz,0D) < §} C D is the boundary layer of width §. It
follows from assumption T1 that diam(7) < h? wherever the boundary is not
convex. In regions where D is convex it follows from the smoothness assumption
on D that the width of Ds is O(h?). Hence 6 < h?, which completes the proof
of (3.15). O

Hence, the bounds on the finite element error hold for smooth domains also,

provided assumption T1 is satisfied.

Proposition 3.23. Let the assumptions of Theorem 3.3 be satisfied, and suppose
assumption T1 holds. Then the bound given in Theorem 3.3 holds also for the

smooth domain D.

Proof. This follows as in Theorem 3.3, using Lemma 3.22 instead of Lemma
3.2. O

As in sections 3.1 and 3.2, Proposition 3.23 can now be used to prove optimal

convergence rates of the L? error and the error in functionals M,,(+).

3.5 Application to finite volume methods

We will now use the finite element error analysis developed earlier in this chapter
to prove convergence of some finite volume discretisations of model problem (2.1).
For simplicity, we shall again restrict our attention to scalar coefficients a(w, x)
and homogeneous boundary conditions ¢ = 0.

The starting point of finite volume discretisations is a non-overlapping par-
titioning of the domain D into boxes (or wolumes) B. Equation (2.1) is then

integrated over each box B € B, leading to the set of algebraic equations

_ /B div(a(w, 1) Vu(w, 7)) dz = /B fw,z)de, VBEB.
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The volume integral on the left hand side is transformed into a boundary integral

using the Divergence Theorem:

— /8]3 a(w,:c)g—z(w,a:) ds = /Bf(w,a:) dx VB € B. (3.16)

The specific finite volume scheme is now determined by the choice of volumes
B, as well as how the integrals in (3.16) are computed. We will here consider
two finite volume schemes: the box method as considered by Hackbusch in [43]

(§3.5.1), and a finite volume method on uniform rectangular meshes (§3.5.2).

3.5.1 Triangular meshes

As before, let {7,}n~0 be a shape-regular family of simplicial triangulations of
the Lipschitz polygonal/polyhedral domain D, parametrised by its mesh width
h := max, e, diam(7). Following [43], we restrict ourselves to the case D C R?
and ¢ = 0, and define the corresponding box meshes Bj as dual meshes to the

triangulations 7;,. We introduce the following notation:

C(7,) :={P € D: P is acorner of some 7 € Ty},
Co(73) :={P € D : P is an (interior) corner of some 7 € 7},
TP :={r€7T,: Pisacorerint}, for P € C(T,).

The polygonal boxes B € By, are now defined by associating one box, denoted by
Bp, to each point P € C(7}) in the following way:

- P [ Bp fOI' all P € 0(777,)7

Bp and Bg, for P # (@, intersect at most at their boundaries,

- UPEC(Th) Bp =D,
- BP C UTer]'hP 7_,

the boundary Bp intersects the edges of 7 € 7,7 emanating from P at

their midpoints.
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Denote now by u}" € Vj,o the solution to (3.16) with the box mesh described

above, i.e.

auFV
—/ a(w, x) 8h (w,x)ds = flw,z)de VP € Cy(Ty).
dBp

n Bp
We assume that the integrals above are computed exactly. The following result
is proved in [43].

Lemma 3.24. Let api,(w) > 0 and f(w,-) € L*(D). Then

1£ (@, lzzo
lun(w, ) — uFY (@, )y < P D)

\/§amin (W)

We then immediately have the following convergence result.

Theorem 3.25. Suppose D C R?*, ¢ = 0 and A(w,x) = a(w,x)ly. Let the
assumptions of Theorem 3.3 hold, for some 0 < s, <1 and 1 < p, < o0, and
suppose f € LP+(Q, L*(D)). Then, for all p < p, and h > 0, we have

[ — upV oo, (py) S Caas B,

with
1

min

(395 := max [C&?ﬂ ||fHLPu(Q,L2(D))] )

La(9)
where q = E-be.
u

Proof. This follows immediately from Theorem 3.3 and Lemma 3.24, together
with Minkowski’s and Holder’s inequality. O]

3.5.2 Uniform rectangular meshes

We now consider a finite volume scheme on a uniform square/cubic mesh. For
simplicity, we only consider the case D = (0,1)? in detail. For some mesh width
h <1, the boxes B in By, are in this case defined by

B, = [$§i_1),x§i)] ® [:L“gj_l),xgj)], fori,j e {1,...,h 7'},
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where xgk) = :z:2 = kh. To compute the boundary integral on the left hand side

of (3.16), we approximate the permeability a on each of the edges of 0B;; by
a constant. The value of this constant is taken to be the permeability at the
midpoint of this edge. Denote the resulting approximation of the permeability

by aV(w,z), and denote by ul" € V}, 4 the corresponding solution to

_/ a™(w, I)a (w, dS—/ flw)de Vi j=1,....h7" (3.17)
8Bij a

Denote now by uy, the bilinear finite element solution on the mesh Bj,, as defined
n (3.1). The quasi-optimality result in Lemma 3.1 (Cea’s Lemma) and the best
approximation results in Lemmas 3.2 and 3.12 hold also for the square mesh By,
and the error estimate on the finite element error with quadrature in Proposition
3.13 is hence applicable.

It turns out that the finite volume solution u} " defined in (3.17) is equivalent
to the (approximate) finite element solution on Bj, with a particular quadrature
scheme that is a mixture of the midpoint and trapezoidal rules. In particular,
recall that the computation of the finite element solution requires evaluation of
the integrals

/ a(w, x)Vwp(x). Vo, (z) dz,
Bi;
for wy,, v, € Vi 0. Expanding the dot product, the above integral splits into the
sum of two integrals. We approximate the first integral, which involves derivatives
with respect to the first coordinate direction x;, by the midpoint rule in z; and

the trapezoidal rule in xs:

[ a5 (5 )+ )

where asgi*l/ 2 = (t—1/2)h. The second integral, involving derivatives with respect

to xo, is similarly approximated by the midpoint rule in x5 and the trapezoidal
rule in x;. Explicit computations now show that this leads to the same set of
equations as (3.17) (see [14, Exercise 4.1.8] and [8, §3.3] for more details).

We then have the following convergence result.

Lemma 3.26. Let the assumptions of Proposition 3.13 hold for some 0 < s, <'1
and 1 < p, < oo. Then, for all p < p,, we have
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|lu— UZVHLP(Q,Hl(D)) S Csazh™.

Proof. This follows immediately from Proposition 3.13, since the quadrature
scheme described in this section uses a linear combination of point evaluations of
a and hence fits into the framework of quadrature schemes discussed in section
3.4.1. m

Remark 3.27. The results in this section can easily be extended to three (or
one) spatial dimensions. The quadrature scheme which makes the approximate
finite element and the finite volume solution equivalent, is the one which uses the
midpoint rule in the coordinate direction in which the derivatives are taken, and
the trapezoidal rule in the remaining coordinate directions. See e.g. [8, §3.3] for

more details.

3.6 Numerics

In this section, we want to confirm numerically some of the results proved in
earlier sections. As model the permeability, we choose a scalar (piecewise) con-
tinuous log-normal random field as described in section 2.7. We consider two
different model problems in 2D, both in the unit square D = (0,1)%: either (2.1)
with f =1 and ¢ =0, i.e.

-V - (a(w,z)Vu(w,z)) =1, forx e D, and u(w,z)=0 for x € dD,

(3.18)
or the mixed boundary value problem
=V - (a(w, z)Vu(w,z)) =0, for x € D,
and | _ =1, wu| _ =0, g—z Y g—z =0 (3.19)

To produce samples of fields with exponential covariance function (2.25), we
use a circulant embedding technique [25, 39]. In contrast to a truncated KL-
expansion, this technique gives exact samples of the full field g(w, x) at the ver-
tices of our spatial grid. Fields with Gaussian covariance (2.26) are approximated
by Karhunen—Loéve expansions truncated after R* = 170 terms. The eigenpairs

of the covariance operator are computed numerically using a spectral collocation
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method. Similar to the analysis in section 3.4.1, we then use the trapezoidal rule
to approximate the integrals in the stiffness matrix. To estimate the errors, we
approximate the exact solution u by a reference solution uy+« on a grid with mesh
width h* = 1/256.

Let us start with a discontinuous model of the permeability on a fixed (de-
terministic) partitioning of D. A rock formation which is often encountered in
applications is a channelised medium. To simulate this, we divide D = (0, 1)? into
3 horizontal layers, and model the permeabilities in the 3 layers by 2 different log—
normal distributions. The middle layer occupies the region {1/3 < xo < 2/3}.
The parameters in the top and bottom layer are taken to be 3 = 0, Ay = 0.3 and
0? =1, and for the middle layer we take pp = 4, Ay = 0.1 and o35 = 1 (assuming
no correlation across layers). As a test problem we choose the flow cell model
problem (3.19).

We start with the norms ||up- — up||L2(py and [ups — up| g1 (py. Figures 3-1 and
3-2 show results for fields with exponential and Gaussian covariance functions, re-
spectively. For comparison, we have added the graphs for the case where there is
no “channel”, i.e. where the permeability field is one continuous log—normal field
with gt = gy = 0, A = A\ = 0.3 and 0% = 0? = 1. As expected from the global
regularity results in Theorems 2.12 and 2.17, we observe the same convergence
rates for both the continuous and the discontinuous permeability fields in the case
of an exponential covariance in Figure 3-1. We observe O(h!/ %) convergence of
the H'(D)-seminorm of the error, and linear convergence of the L?(D)-norm of
the error. The quadrature error seems not to be dominant (cf section 3.4.1). For
the Gaussian covariance, however, we indeed observe slower convergence rates
for the layered medium (Figure 3-2). Whereas we observe O(h'/?) convergence
of the H'(D)-seminorm, and linear convergence of the L?(D)-norm for the lay-
ered medium, we have linear convergence of the H'(D)-seminorm, and quadratic
convergence of the L?(D)-norm for the continuous permeability field. Since the
slower convergence rates are caused by singularities at the interfaces, one could
of course use local mesh refinement near the interfaces in order to recover the

faster convergence rates also for the layered medium.

For the continuous permeability field described above, with 2-norm exponen-
tial covariance function with g = 0, = 0.3 and 0% = 1, let us now consider

some of the functionals from section 2.5. First, we consider the approximation of
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the second moment of the pressure at the centre of the domain for the Dirichlet
model problem (3.18). As described in §2.5 for functional M) we approximate
it by the average of u;, over the region D*, which is chosen to consist of the six
elements (of a uniform grid with h* = 1/256) adjacent to the node at (1/2,1/2).
The results for the estimation of the second moment are shown in the right plot
in Figure 3-3. We see that |E[M® (uy) — M®(uy)]| converges linearly in h, as
predicted by Lemma 4.5 for the exact FE solution. The quadrature error seems
to again not be dominant.

For the mixed model problem (3.19), we consider an approximation of the av-
erage outflow through the boundary I'oy := {21 = 1} computed via the functional
MY in §2.5. As the weight function, we choose the linear function ¥ (x) = z,
which is equal to 1 at all nodes on 'y and equal to 0 at all other Dirichlet
nodes. Thus, ]\/[5,4) (u) is exactly equal to the flow through I'oy. As predicted we
see again linear convergence in h for ‘E [ML(f) (up+) — Mu(fl)(uh)} } in the left plot in
Figure 3-3.

The convergence of ||up+ —up|| L (p)y for model problem (3.18) with continuous
permeability field with 2-norm exponential covariance with A = 0.3 and o2 = 1
is shown in Figure 3-4. Although Proposition 2.19 suggests a convergence rate of
O(h*?), we observe a slightly slower convergence which is still better than linear
convergence. This lower convergence rate might be due to quadrature error.

Finally, let us finish this section with a model problem where the permeabil-
ity is piecewise constant on a random partitioning of the domain. As before,
we divide D = (0,1)? into three horizontal regions. For a given w, the regions
are constructed by sampling from uniform random variables y; ~ Unif(0.8,0.9),
yo ~ Unif(0.6,0.7), y3 ~ Unif(0.2,0.3) and y4 ~ Unif(0.4,0.5), and then drawing
straight lines between the points (0,y;) and (1,ys), and (0,ys3) and (1, y4), respec-
tively. This ensures that the subregions are always convex. Furthermore, we then
sample from three independent, standard normal random variables 2z, 2z and z3,
and then set the permeability values in the three subregions to exp[z], exp|zs]
and exp[zs], respectively. In Figure 3-5, we observe O(h'/?) convergence of the
H'(D)-seminorm of the error, and (slightly faster than) linear convergence of the
L?(D)-norm of the error, as predicted by the global regularity results in Theorem
2.17.

66



Expectedwalue of 12 narm of error
=)

Expected value of H' seminorm of error
=]

+u120, LL2:4‘ 1120 3, 7L2:O 1
—&—p=0,2=03

+u120, u2:4, 7L1:O 3, 7L2:O 1
—&—p=0,x=03

1 10' 10° 100 10° 10' 10° 10°
1ih 1ih

Figure 3-1: Left plot: E[|us- —u|si(p)] versus 1/h for model problem (3.19) with
d = 2 and 2-norm exponential covariance, with = p; =0, uo =4, A = A\ = 0.3,
Ao =01, 0 =0} =03 =1 and h* = 1/256. Right plot: E[||lup- — un|lr2(p)].
The gradient of the dash—dotted (resp. dotted) line is —1/2 (resp. —1).
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Figure 3-2: Left plot: E[|uy- —u|si(p)] versus 1/h for model problem (3.19) with
d = 2 and Gaussian covariance, with =1 =0, uo =4, A =Xy = 0.3, Ay = 0.1,
0% =0} =03 =1, h* =1/256 and K* = 170. Right plot: E[||up- — us||z2(p)]-
The gradient of the dash—dotted (resp. dotted and dashed) line is —1/2 (resp.
—1 and—2).
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Figure 3-3: Left plot: |[E[M® (uy«) — M® (uy)]| versus 1/h for model problem
(3.18) with d = 2 and 2-norm exponential covariance with u = 0,\ = 0.3,
0?2 = 1 and h* = 1/256. Right plot: ’E[Mo(fl)(uh*) — Mu(fl)(uh)” versus 1/h
for model problem (3.19) with d = 2 and 2-norm exponential covariance with
pw=0,X=0.3,02=1,v =1z and h* = 1/256. The gradient of the dotted line
1s —1.
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Figure 3-4: E[|lup — us || zo(py] versus 1/h for model problem (3.18) with d = 2
and 2-norm exponential covariance with = 0,A = 0.3, 0> = 1 and h* = 1/256.
The gradient of the (non-marked) solid line is —3/2.
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Figure 3-5: Left plot: E[|up — up|mi(py] versus 1/h for model problem (3.19)
with d = 2 and piecewise constant permeability on random subdomains. Right
plot: E[||up — upl|r2(py]. The gradient of the dash-dotted (resp. dotted) line is
—1/2 (resp. —1).
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Chapter 4

Multilevel Monte Carlo methods

We will now apply the discretisation error analysis in chapter 3, to give a rigorous
bound on the cost of the multilevel Monte Carlo method applied to (2.1), and
to establish its superiority over the classical Monte Carlo method. We start by
describing the classical Monte Carlo (MC) and multilevel Monte Carlo (MLMC)
algorithms for PDEs with random coefficients.

In the Monte Carlo framework, we are usually interested in finding the ex-
pected value of some functional @) = G(u) of the solution u to our model problem
(2.1). This may be a single component or a norm of u, or it may be a more
complicated nonlinear functional (e.g. a higher order moment). Since u is not
easily accessible, ) is often approximated by the quantity Q) := G(uy), where
uy, denotes a discretised solution on a sufficiently fine spatial grid 7. This could
for example be the finite element or finite volume solution described in chapter
3, and can include further approximations, such as the truncated solution ug
described in section 3.4.2.

We assume that the expected value E[Q;] — E[Q] as h — 0, and that (in

mean) the order of convergence is a, i.e.

[E[Qr—Q]| S A%

Thus, to estimate E [Q], we compute approximations (or estimators) @h to I [Q],

and quantify the accuracy of our approximations via the root mean square error
(RMSE)

1/2

e(@n) = (E[(Qr ~ E(@)?])

70



The computational cost of the estimator, denoted by C (@h), is then quantified
by the number of floating point operations that are needed to compute it. The
computational cost of the estimator to achieve a RMSE of e(@h) < ¢ will be
referred to as the e—cost and denoted by Ca(@h).

4.1 Standard Monte Carlo simulation

The classical Monte Carlo (MC) estimator for E [Q}] is
1 e
= @ (4.1)
i=1

where QS) is the 7th sample of ), and N independent samples are computed in

total. We assume that the cost to compute one sample QS) of Qy, is
C(Q;f)) NS for some v > 0.

There are two sources of error in the estimator (4.1): the approximation of
Q) by @y, which is related to the spatial discretisation in the case of our PDE
application, and the sampling error due to replacing the expected value by a finite
sample average. The contribution of both of these errors becomes clear when we

expand the mean square error (MSE):
AMC \2 AMC AMC AMC 2
(@S =B | (QM5 - EIQYS) + BIOYS) - El0)) |
AMC AMC 12 AMC 2
—E (@S - EIQYS)?] + (EIQYS) - ElQ)
~ . 2
— VIQNS] + (EIQS] - ElQ]) - (4.2)
It is well known for standard MC that
E[Q)'N] = El@  and  VIQNF] = N7'V[Qu).

Substituting this in (4.2) we get

2

QNS = NI+ (ElQw - Q]) (43)
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So the first term in the MSE is the variance of the MC estimator, which represents
the sampling error and decays inversely with the number of samples. The second
term is the square of the error in mean between ), and Q).

Hence, a sufficient condition to achieve a RMSE of ¢ with this estimator is
that both of the terms are less than £2/2. Under the assumption that V(Q},)

2 and

is constant independent of h, this can be achieved by choosing N 2 &~
h < &Y% where the convergence rate « is as defined previously and problem
dependent. In other words, we need to take a large enough number of samples
N, as well as a small enough value for h, so that @%% is a sufficiently accurate
approximation of our quantity of interest E[Q)].

Since the cost to compute one sample of (), was assumed to satisfy C(QE?) <

h=, we have C OMCY < Nh=7 and so the total computational cost of achievin
h,N) ~o g

a RMSE of O(e) is

C.(QYS) S 72/,

4.2 Multilevel Monte Carlo simulation

The main idea of multilevel Monte Carlo (MLMC) simulation is very simple. We
sample not just from one approximation @), of @), but from several. Let us recall
the main ideas and the main theorem from [33, 15].

Let {h¢}i—o... 1 be the mesh widths of a sequence of increasingly fine triangu-
lations 7, with h := hyp, the finest mesh width, and assume for simplicity that
there exists an s € N\{1} such that

he =5 Yheq, forall¢=1,..., L. (4.4)

As for multigrid methods applied to discretised (deterministic) PDEs, the key
is to avoid estimating E[Qp,] directly on level ¢, but instead to estimate the
correction with respect to the next lower level, i.e. E[Y;] where Y, := Qp, —Qh,_, -

Linearity of the expectation operator then implies that

L L

E[Qn] = E[Qn,) + > _E[Qn, — Qn,_,] = > _E[Vi], (4.5)

(=1 £=0

where for simplicity we have set Yj := Q.
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Hence, the expectation on the finest level is equal to the expectation on the
coarsest level, plus a sum of corrections adding the difference in expectation
between simulations on consecutive levels. The multilevel idea is now to inde-
pendently estimate each of these expectations such that the overall variance is
minimised for a fixed computational cost.

Let now Y; be an unbiased estimator for E[Y;]. The multilevel estimator is

then simply defined as

L
=D Y (4.6)
=0

A possible choice for the estimators ?g are the standard Monte Carlo estimators

Ny

~ ~ ~ 1 ; ;

YU = QMG and YMO = EZ (Q;%) - ngfl) Jfor £>1.  (47)
=1

The resulting multilevel estimator is denoted by @hM%]%? and referred to as the

multilevel Monte Carlo estimator. It is important to note that the quantity
Qg;) — ngg)_l in (4.7) comes from using the same random sample w® € Q on both
levels ¢ and ¢ — 1.

Since all the expectations E[Y;] are estimated independently, the variance of
the MLMC estimator is V[A%L] = ZZL:()V[?K]) and expanding as in (4.2-4.3) in

the previous section leads again to the following form for the MSE:

L

QU = E[(@S ~EQ)’] = SNV + (EQu-@)) . (48)
=0

As in the single level MC case before, we see that the MSE consists of two terms,

the variance of the estimator and the approximation error. Note that the second

term is exactly the same as before in (4.2), and so it is again sufficient to choose

h = hy < eY®. To then achieve an overall RMSE of ¢, the first term in (4.8) has

to be less than €2/2 as well. We claim that this is cheaper to achieve in MLMC

for two reasons:

o If (), converges to () not just in mean, but also in mean square, then
VIYy] = V[Qn, — @n,_,] — 0 as £ — oo, and so it is possible to choose

Ny — 1as { — oo.
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e The coarsest level £ = 0 and thus hg can be kept fixed for all €, and so the

cost per sample on level £ = 0 does not grow as ¢ — 0.

In practical applications, hy must be chosen sufficiently small to provide a
minimal level of resolution of the problem. In our PDE application, this cut-off
point is related to the spatial regularity of the solution u, which in turn depends
on the regularity of the covariance function of the random coefficient and on the
correlation length A\. We will return to this point in section 4.4.

The computational cost of the multilevel Monte Carlo estimator is
C(QilNy) = Z N:Ce

where C, := C(Ye(i)) represents the cost of a single sample of Y,. Treating the N,
as continuous variables, the variance of the MLMC estimator is minimised for a

fixed computational cost by choosing

Ne = /V[Yi]/Cp, (4.9)

with the constant of proportionality chosen so that the overall variance is £2/2.
The total cost on level ¢ is then proportional to /V[Yy] C; and hence

CQINS) S Zv vijc

If the variance V[Y;| decays faster with ¢ than C, increases, the dominant term
will be on level 0. Since Ny =~ €72, the cost savings compared to standard MC
will in this case be approximately Co/Cy, = (hy/ho)? = /%, reflecting the ratio
of the costs of samples on level 0 compared to samples on level L.

If the variance V[Yy] decays slower than the cost C, increases, the dominant
term will be on the finest level L, and the cost savings compared to standard
MC will be approximately V[Y7]/V[Y;] which is O(g?), if we have truncated the
telescoping sum in (4.5) with ho such that V[Yy] = V[Q]. Hence, in both cases
we have a significant gain.

This outline analysis is made more precise in the following section. Let us

finish this section by discussing how the MLMC algorithm can be implemented

74



in practice.

The (optimal) values of L and {N,}%_, can be computed “on the fly” from the
sample averages and the (unbiased) sample variances of Y;. To do this we need
to assume further that there exists an h’ € N such that the decay in |E[Q — Q]|

is actually monotonic for A < h' and satisfies
E[Qn— Q] = h

This ensures (via the triangle inequality) that |E[Y7]| = h® (since s > 1 in (4.4)),
and thus DA/L] ~ h® for Ny, sufficiently large, providing us with a computable error
estimator to determine whether h is sufficiently small or whether the number of
levels L needs to be increased. It can in fact even be used to further improve
the MLMC estimate by eliminating the leading order bias term via Richardson
extrapolation (see [33, §4.2] for details).

Putting these ideas together, the MLMC algorithm can be implemented in

practice as follows:

1) Start with L=0.

2) Estimate V[Y;] by the sample variance of an initial number of samples.
3) Calculate the optimal Ny, £ =0,1,..., L using (4.9).

4) Evaluate extra samples at each level as needed for the new N,.

5) If L > 1, test for convergence using }A/L ~ h®.

6) If not converged, set L = L + 1 and go back to 2.

Note that in the above algorithm, step 3 aims to make the variance of the
MLMC estimator less than %62, while step 5 tries to ensure that the remaining

. . 1
bias is less than 7E-

4.3 Convergence analysis

4.3.1 Abstract convergence theorem

We give a convergence analysis for general multilevel estimators QM based on

unbiased estimators Y; on each level. Theorem 4.1 below contains a parameter
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0, which determines the convergence of the variance of the estimator EAQ with
respect to the total number of samples N,. More precisely, ¢ is such that V[i}g] =
N, Yy [Y;]. In the case of the standard Monte Carlo estimators defined in (4.7),
we have 6 = 1 (cf (4.8)). If the multilevel estimator AhML is built using Quasi-
Monte Carlo estimators on each level, then it possible to achieve any § € (1/2, 1]

(see e.g. [39, 38] for more details).

Theorem 4.1. Let ¢ < exp[—1]. Suppose the sequence {hi}i—o1,. satisfies
(4.4), and suppose there are constants «, 3,7, 0, Cy1, Cuay Cys > 0 such that o >
1 min(B,0 ') and 6 € (1/2,1]. Under the assumptions

M1. [E[Qn, — Q] < cw b

M2. V[Y,] < ey N, 02
E[Qo), (=0
E[Qn,—Qn,_ ], >0

M4. C(}//}) é 61\/14 NK hg—')/

M3. E[Y,] =

there exists a sequence { Ny}, such that
~ . 2
(@ = B (@ - 5)| <2
where h = hy,, and

e, if 0B >,
C(Q™) <c § e P(loge) ™, if 5=,
g=20-(r00) /e if 683 <.
The constant ¢ depends on ¢y, Cys and Cyy.

Proof. Recall that, by (4.4), we have
he=sYheq, forall¢=1,...,L,

for some s € N\ {1}. Without loss of generality, we shall also assume that hg = 1.

If this is not the case, this will only scale the constants ¢y, ¢y, and cy,.
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Then, using the notation [z]| to denote the unique integer n satisfying the

inequalities x < n < x+1, we start by choosing L to be
L= [a_l log, (V2 ey 5_1” < atlog,(V2eu e )+ 1, (4.10)

so that

s’“i < e st < i, (4.11)

V2 V2

and hence, due to assumptions M1 and M3,

(B - EQ)) <3e

1.2
26

upper bound on the variance of the estimator to be proved later, gives an &2

This %52 upper bound on the square of the bias error, together with the

upper bound on the estimator MSE.

Using the left-hand inequality in (4.11), we obtain the following inequality

which will be used later,

L L Ja
ZSM < 187 < S (V2aw ) e/, (4.12)

-5 1—s577
=0

We now need to consider the different possible values for .

a) If 68=", we set Ny = [2°e72 (L+1)° &, s~#*] so that

L

L L

. . 1

VIQIM = D VIV < Y ew N Vs <t D 00 < g
{=0 /=0

+
—_

which is the required upper bound on the variance of the estimator. Since
Ne <20 (L4+1)° &, 5770 1,
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the computational complexity is bounded by

L

=0

L
e W (L+1)0 + Z st
=0

For e < e™! <1 we have 1 <loge™ and ¢77/® < e7% < £ ¥(loge)'*? since
o > 1671y, Hence, using the inequalities in (4.10) and (4.12), it follows that
C(QY™) S e #(loge)! ™.

b) For 63>, we set N, = [25 g2, (1—3*(‘m*7)/(‘5+1))_6 3*(5”)‘%/(5“)—‘ SO

that
L

L
va ] < 1e? (15 CF/(+1) ZS BN+ < 12
£=0
Since
N, < 20726 (9 (1_5—(5,@—7)/(5“))_5 s~ (B+18/(6+1) 4 q

NI 2 )

the computational complexity is bounded by
L L
C(OM™) < cun (26 2 (1 (55—7)/(5+1))—5Z ST ey § Sw)

1=0 1=0
L
6—25 + E S7 l )
=0

Again for e <e™! <1, we have e77/® < g7

inequality (4.12) we have C(QML) < 2.

since o > %5_17, and hence due to

c¢) For §3 <7, we set

Ny= [26 2 8, s0SBBLIG+Y) (1 _ —r-89)/(6+1)) ™0 S—(ﬁ+7)5€/(5+1)—‘

so that
L L
ZV[?A < 12 gmOIRL/GHD) (1 = (=88)/(+D)) ZSV WY+ < 12
£=0 =0
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Since

Ny< 2072 B s(r=8B)3L/(¢+1) (1_37(7—5@/(6“))—5 s~ (BFMOL/(6+1) 4 q

Y

the computational complexity is bounded by

C(@Q¥™)

~

L

-5

< Cya (ZZZ‘S g% Cfm g(7=0B)8/L(6+1) (1_57(77(% 5+1 Z 5(1=08)t/(5+1)
=0 =0

L
+ Z s )
=0

L
R Sl
=0

Using the first inequality in (4.11),
S-0B)L (\/‘ cM1> 0=/ (=58 ~(=08)/or

Also, for e <e ' <1 we have e77/® < ¢=20-(0=9)/a gince a > %ﬁ Hence, due to
inequality (4.12), we have C(QML) < ¢=20-(r=d8)/a O

Remark 4.2. The geometric growth condition (4.4) is not necessary, and the
conclusions of Theorem 4.1 hold provided {hs}e—o. 1 satisfies ky < hy_1/he < ko,
forall £=1,...,L and some 1 < k; < ko < 0.

4.3.2 Application of abstract convergence theorem

We will now verify assumptions M1 and M2 in Theorem 4.1 for a variety of
functionals G(u). For this, we use the results from chapter 3 on the discretisation
error. Since for the multilevel Monte Carlo estimator @%/IE:,/IZ?, it is well known
that VDAQ%S] = N, 'V[Y,], to prove assumption M1 and M2 we only need to prove
IE[Q — Q]| < cun by and VY] < ¢y hf, for some a, 3, ¢y, Cie > 0.

We will start with the simple functionals ||u||z2(py and |u|g1(p)

Proposition 4.3. Suppose that the assumptions of Theorem 3.3 hold, for some
0 < s, <1andp, > 2, and let Q = |u|?{1(D), for some 1 < q < p,/2. Then
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assumptions M1-M2 in Theorem 4.1 hold with o = s, and 3 = 2s,,.

Proof. Let Qp, = |up,|f1 - Using the expansion a?—b? = (a—b) 3 - o aiba=1=d,
for a,b € R and ¢ € N, we get

QW) — Qn, ()]
< fulw, ) = ()i oy ma { () ot T (0, ety 1}

almost surely. This also holds for non-integer values of ¢ > 1. Now, it follows
from Lemma 2.1 and Theorem 3.3 that

AmaX(w) V2 q—1 s
’Q( ) th( )‘ ~ (A—(w)) CRl(w) 02.1 (w) héu, almost surely.

Taking the expectation on both sides and applying Hoélder’s inequality, since
q < pu, it follows from assumptions A1-A2 and R1 that assumption M1 holds
with o = s,.

To prove assumption M2, let us consider Y, = Qn, — @n,_,- As above, it
follows from Lemma 2.1 and Theorem 3.3 together with the triangle inequality
that

Y, (w)]

~1 —1
S |uhz<w7 ) — Uhy_,4 (wv ')’Hl(D) max {luhtz(w? ) jqﬁll(D)v ‘uheq(w? ) qu(D)7 1}

Amax ((.d) 1/2
< | maxiT) s
~ (Amin(u}) ) Cri(w) C3y ( ) hp*, almost surely.

where the hidden constant depends on s from (4.4). Since ¢ < p,/2 and V[Y3,] <
E[Y}?], it follows again from assumptions A1-A2 and R1, together with Hélder’s
inequality, that assumption M2 holds with § = 2s,,. O

Proposition 4.4. Suppose that the assumptions of Corollary 3.4 hold, for some
0<s, <1andp, > 2, and let Q = ||Jull}, (D)’ for some 1 < q < p,/2. Then
assumptions M1 and M2 in Theorem 4.1 hold with o = 2s, and 3 = 4s,.

Proof. This can be shown in the same way as Proposition 4.3, using Corollary
3.4 instead of Theorem 3.3. m

Let us now consider functionals as discussed in section 3.2.
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Proposition 4.5. Suppose the assumptions of Lemma 3.7 hold for some 0 < s, <

1, pp>2,0<s,<1andp, > piij, and let Q) = M, (u). Then assumptions M1

and M2 in Theorem 4.1 hold with o = s, + s, and § = 2(s, + s,).

Proof. This follows immediately from Lemma 3.7, together with the triangle in-
equality and V([Y3,] < E[Y}2]. O

Finally, let us consider ||u||re(p) and |u|p1,0(p).

Proposition 4.6. Suppose that the assumptions of Theorem 3.11 hold, for some
0 < s, <1 andp, > 2, and let Q = ||ul|po(py. Then assumptions M1 and M2
in Theorem 4.1 hold with o« =1+ s and = 2(1 + s), for any s < s,,.

Proof. Using the reverse triangle inequality, we have almost surely

|Q(w) — Qn(w)| S [[(u = un)(w, )l Lo (D)-

The claim then follows from Theorem 3.11, the triangle inequality and V[Y},,] <
E[Yhzg]- O

It is easy to show that the convergence rates in Proposition 4.6 hold not only
for the L*°-norm, but in fact for any point evaluation u(z*), for some z* € D.
Since both w and wj, are almost surely continuous ([31]), it is meaningful to
consider point evaluations, and it follows from the reverse triangle inequality
that

[lu(w, z%)] = fun(w, )| < Ju(w,z7) —un(w,2%)] < [[(u—=un)(w, )| D).

Proposition 4.7. Suppose that the assumptions of Theorem 3.11 hold, for some
0<s, <1 andp, >2, and let Q := |ulwr~py. Then assumptions M1 and M2
wn Theorem 4.1 hold with o« = s and 3 = 2s, for any s < s,,.

Proof. This follows exactly as in Proposition 4.6. O

Similar to point evaluations of u, Proposition 4.7 can be used to prove con-
vergence rates for point evaluations of the norm of the Darcy flux AVu, or the
value of the Darcy flux in any given coordinate direction. Since w is almost surely
continuously differentiable, and wy, is continuously differentiable in the interior of

each element, it is meaningful to consider point evaluations of the fluxes AVu
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a=1/2,0=1 a=1,0=2 a=3/2,=3 a=2,0=4
d MC MLMC MC MLMC MC MLMC MC MLMC
1 -2 -3 o2 -8/3 o2 52 -2
9| o6 - " o2 -—10/3 o2 o3 o2
3| 78 e g g3 g4 g2 e77/2 2

Table 4.1: Theoretical upper bounds for the e-costs of classical and multilevel
Monte Carlo from Theorem 4.1. (For simplicity we wrote £77, instead of e 7~*
with p > 0.)

and AVu, at any point z* € D which is not on the boundary of any element

T € 7p,. The reverse triangle inequality again gives

IAVu(w, z%)| = |AVup(w, 27)]| < Amax(@)[[(w = un) (@, ) [l ).

Substituting the convergence rates from Propositions 4.3-4.7 into Theorem
4.1, we can get theoretical upper bounds for the e-costs of classical and multilevel
Monte Carlo, as shown in Table 4.1. We assume here that s, = 1/2 — ¢, for any
0 > 0, as is the case for log-normal random fields with exponential covariance. We
assume that we can obtain individual samples in optimal cost C, < h;d log(h[l)
via a multigrid solver, i.e. 7 = d+ p for any p > 0. We clearly see the advantages
of the multilevel Monte Carlo method. Note that for small values of o and 3, even
though the actual computational cost of the estimator is larger, the savings from

using the multilevel estimator are also larger, especially in low spatial dimensions.

Note also that since § = 2«, we have that the cost of the multilevel estimator
in the case 3 < ~ is proportional to e~7/®. This is of the same order as the cost
of obtaining one sample on the finest grid, i.e. solving one deterministic PDE
with the same regularity properties to accuracy . This implies that the method

is optimal.
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4.4 Level dependent estimators

The key ingredient in the multilevel Monte Carlo algorithm is the telescoping

sum (4.5),
L

E[Qn) = E[Qno) + Y E[Qn, — Qn,_,].

=1
We are free to choose how to approximate () on the different levels, without
violating the above identity, as long as the approximation of )5, is the same in
the two terms in which it appears on the right hand side, for £ =0,...,L — 1. In
particular, this implies that we can approximate the coefficient a(w, z) differently
on each level. Even though this strategy does not introduce any additional bias
in the final result E[Q}], it may influence the values of the convergence rates «
and @ in Theorem 4.1. One has to be careful not to introduce any additional
model/approximation errors that decay at a slower rate than the discretisation

error.

It is particularly useful when the random field a(w, ) is highly oscillatory
and varies on a fine scale. Coarse grids will not be able to resolve the coefficient
well. As a consequence of this, one needs to choose the coarsest grid size hg
smaller than a certain threshold to get the MLMC estimator with the smallest
absolute cost. Numerical investigations in [15], for example, show that for log-
normal random fields with underlying exponential, 1-norm covariance function
and correlation length A, the optimal choice is Ay = A. This limits the benefit
that the MLMC estimator potentially offers. A possible solution to this problem
is to use smoother approximations of the coefficient on the coarser levels. We
will present one way of doing this, by using level-dependent truncations of the
Karhunen-Loeve expansion of a(w, x).

As an exemplary case, let us now consider log-normal random fields a, where
log[a] has exponential, 1-norm covariance, i.e. covariance function (2.25) with
lall = 1ol = X2, fol

Since the convergence with respect to R is quite slow (see §3.4.2), to get
a good approximation to E[Q)] we need to include a large number of terms
on the finest grid, both in the case of the standard and the MLMC estimator.
The eigenvalues {fi, }nen are all non-negative with -, u, < +o0, and if they

are ordered in decreasing order of magnitude, the corresponding eigenfunctions
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{bn }nen Will be ordered in increasing order of oscillations over D. By truncating
the KL-expansion after fewer terms, we are hence disregarding the contributions
of the most oscillatory eigenfunctions, leading to smoother problems that can be
solved more accurately on the coarser levels. In order to determine a suitable
strategy for the level dependent truncation of the KL—expansion, we make use of
Theorem 3.18 and Corollary 3.19.

These results suggest that to balance out the two error contributions, we
should choose Ry as a power of hy. Note that a similar strategy was also suggested
in the context of the related Brinkman problem in [37]. However, there, a certain
decay rate for the error with respect to the number of KL-modes R was assumed.
Here we make no such assumption and instead use Corollary 3.19 for the 1-norm
exponential covariance. We have the following results for the multilevel Monte

Carlo convergence rates in Theorem 4.1.

Proposition 4.8. Provided assumption R3 is satisfied with s, > %, and Ry, 2,
hﬁ, forall ¢ =0,..., L, then the convergence rate of the multilevel Monte Carlo
method in §4.2 does not deteriorate when approzimating the functional M, (up,) by
Qn, == M, (ur, n,) on each level L. In particular, let the assumptions of Corollary

. . 2 . .
3.19 be satisfied with p, > 2 and p, > pupr’ Then assumptions M1-M2 in

Theorem 4.1 hold for any a < 1 and B < 2. If assumption RS3 is satisfied only
for some s, < 1/2, then Ry 2, hz(stz) s a sufficient condition.

Proof. The proof is analogous to that of Proposition 4.5, using Corollary 3.19. [

As before, in the presence of quadrature error (cf. §3.4.1), we will not be able
to get O(h*»5) convergence for the (spatial) discretisation error for the approx-
imate finite element solution @ . Due to the loss of Galerkin orthogonality for

the primal problem, it is in general only possible to prove
| My (u) — My,(tgpp)| e = O (hs“ + R_p) ,

for any s,,p < 1/2. Thus with the quadrature error taken into account the

optimal choice is Ry > h;* for all functionals which satisfy assumption R3 with

s, > 1/2 and we will always use that in our numerical tests in section 4.5.3.
However, these results are asymptotic results, as hy — 0, and thus they only

guarantee that level-dependent truncations do not deteriorate the performance
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of the multilevel Monte Carlo method asymptotically as the tolerance ¢ — 0.
The real benefit of using level-dependent truncations is in absolute terms for a
fixed tolerance e, since the smoother fields potentially allow the use of coarser
levels and thus significant gains in the absolute cost of the algorithm. In section
4.5.3, we see that this is in fact the case and we show the gains that are possible,

especially for covariance functions with short correlation length .

4.5 Numerics

In this section, we want to confirm numerically some of the results proved in this
chapter. We first confirm the values of @ and § in Theorem 4.1, and then examine
the cost of the various multilevel estimators. We again consider the two model
problems (3.18) and (3.19) on D = (0,1)?. Throughout this section, we model
the permeability as a continuous log-normal random field a(w, ), s.t. log[a] has

mean zero and exponential covariance function (2.25).

4.5.1 Convergence rates

We want to confirm the rate of decay of |E [Q — Q] | and V [Q), — Q23] for various
quantities ) as considered in section 4.3.2. To estimate the error, we again
approximate the solution u by a reference solution uy~ on a fine mesh of width
h* = 1/256. We choose the 2-norm exponential covariance function for log[al
with A = 0.3 and 02 = 1.

We start with the simple functionals () := ||u|| 2(py and @ = |u|x1(py for model

problem (3.18). We observe linear convergence for |E [||us-||r2(py — [[unllz2(p)] |
and quadratic convergence for V [||up||z2(py — ||uan|z2(p)] in Figure 4-1, as pre-
dicted by Proposition 4.4. For @ = |u|g1(p), we in fact observe convergence

rates which are slightly better that those proved in Proposition 4.3. We ob-

serve slightly faster than O(h'/?) convergence for [E [|un+|s1(py — [tn|m (] |, and
slightly faster than linear convergence for V [|u| s (p) — |uan|m(p)]-

Let us now move on to more complicated functionals. As already described in
section 3.6, we consider the approximation of the second moment of the pressure
at the centre of the domain for the Dirichlet model problem (3.18), and the

approximation of the average outflow through the boundary T'yy = {27 = 1}
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Expected value of error in 12 norm
‘ariance of difference of 2 nomn

1/h 1/h

Figure 4-1: Left: Plot of |[E [||us-||z2(p) — |lunllz2(py] |, for model problem (3.18)
with d =2, A = 0.3, 0> = 1 and h* = 1/256. Right: Corresponding plot of the
variance V [||lup|lr2(py — ||uanllr2(py]. The gradient of the dotted (resp. dashed)
line is —1 (resp. —2).

Expected value of error in H! seminarm
“ariance of difference in H' seminorm

1 1

Figure 4-2: Left plot: |E [|wp+|m(p) — |un|mi(p)] |, for model problem (3.18) with
d = 2 and 2-norm exponential covariance with A = 0.3, 0> = 1 and h* =
1/256. Right plot : V Uuh\Hl(D) - \u2h|H1(D)] The gradient of the dash-dotted
(resp. dotted) line is —1/2 (resp. —1).
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computed via the functional M. for the mixed problem (3.19). It follows from
the plots in Figure 3-3 that o = 1 is observed numerically in both cases. In Figure
4-3, we further see that both V[M® (u),) — M3 (uy,)] for the Dirichlet problem
and V[Mo(f) (up) — MEY (u2p,)] for the mixed problem converge quadratically in A,
as predicted by Proposition 4.5.

Finally, let us consider the pomt evaluation of the horizontal Darcy flux a 86“
at the point z* = (4 + E’ Z + 512). This is not a grid point in any of the
meshes used for computation. The gradient g%’l’ at x* is easily computed using
up, and the permeability a is approximated using the average of the permeability
values at the nodes of the element containing z*. Proposition 4.7 suggests that
we should observe aw = 1/2 and 3 = 1. However, we see in Figure 4-4, that both

}]E[ Buh* (:r; ) — a‘g;h ” and V[ g;*ll( ) — aaa“;h (x* )} converge linearly in h.

4.5.2 Computational cost

We now want to compare the cost of the standard (single-level) MC estimator
and the multilevel MC estimator as described in section 4.2. We again consider
model problem (3.18) and the simple functional @ = ||u||z2(p), and choose the
2-norm exponential covariance function for log[a]. The grid hierarchy in the
multilevel estimator is chosen as hg = 1/8, and hy = hy_1/2,for ¢ =1,..., L. The
performance of the MC and MLMC estimators in estimating ||u|[z2(p) is shown
in Figure 4-5. The accuracy ¢ is scaled by the expected value of the quantity of
interest, E [||u1/256 22(p)] & 0.045, for A = 0.3,0% = 1. We see a clear advantage
of the multilevel Monte Carlo method. The cost on the vertical axis of the right
plot is calculated as Ny + S b, NZM

a standardised cost assuming an optimal linear solver (y = d = 2). Figure 4-5

, where M, = hf, and so represents

confirms the e-cost of order 72 predicted by Table 4.1 for « =1, 3 = 2.

We now want to analyse the gains of increasing the number of levels in the
MLMC algorithm in more detail. The quantity of interest is again Q = ||ul|.2(p),
but for model problem (3.18) with (rougher) 2-norm exponential covariance with
A = 0.1,0% = 1. We quantify the cost of the different estimators with CPU-times,
calculated using a MATLAB implementation running on a 3GHz Intel Core 2 Duo
E8400 processor with 3.2GByte of RAM. As linear solver we use the standard

backslash operation, which we numerically found to have v ~ 2.4 in 2D. The
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Wariance of difference in square of pressure
Variance of difference in outflow
>

1 1/h

Figure 4-3: Left plot: V[M®(u,) — M® (us,)] versus 1/h for model problem
(3.18) with d = 2 and 2-norm exponential covariance with A = 0.3, 0* = 1 and
h* = 1/256. Right plot: V[Mfl) (up) — M (u2p)] versus 1/h for model problem
(3.19) with d = 2 and 2-norm exponential covariance with A = 0.3, 02 = 1,
1 =z, and h* = 1/256. The gradient of the dashed line is —2.

Expected walue of error in flux
N
L)

Variance of difference in flux

1h 1h

Figure 4-4: Left plot: ‘E[Q%“T’Ll*(x*) - ag%’l‘(a:*)” for model problem (3.18) with

d = 2 and 2-norm exponential covariance with A = 0.3, 0 = 1 and h* = 1/256.

Right plot: V[ag%’l’(x*) - a%‘TQf(x*)]. The gradient of the dotted line is —1.
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results are shown in Figure 4-6.

In the left plot, we fix the standard deviation of the estimators (scaled by
E [||u1/256 | 22(py] = 0.041 for A = 0.1,0% = 1) to 107*/0.041 = 2.4 % 1073, and
study how the cost of the different estimators grows with M = h=2. To achieve
the required standard deviation, the standard MC estimator is as costly on a grid
of size M = 322 as the 5-level method on a grid of size M = 2562. The standard
MC method would be 100 times more costly on the M = 256* grid.

In the right plot in Figure 4-6, we fix the spatial discretisation to M = 2562,
and study how the cost of the estimators increases as we decrease the required
scaled standard deviation of the estimator. The horizontal line represents the
scaled discretisation error at h = 1/256. We see that the time needed to get
a standard deviation of the same size as the spatial discretisation error is 20
minutes for the standard MC estimator, while it is only 20 seconds for the 4-level

estimator.

4.5.3 Level dependent estimators

Finally, let us now present some numerical results with the level-dependent esti-
mators described in section 4.4. To be able to deal with very short correlation
lengths in a reasonable time, we start with the 1D equivalent of model problem
(3.18), on D = (0,1). We take a to be a log—normal random field, with log|a]
having exponential covariance function (2.25) with A = 0.01 and 02 = 1. The
results in Figure 4-7 are for point evaluation of the pressure at z* = 2049/4096.
Similar gains can be obtained for other quantities of interest.

In the left plot in Figure 4-7, we study the behaviour of V[Qp, — Qp,_,] and
V(@Qn,]. When V[Qy, — Qn,_,] > V[Q4,], there is no benefit including level ¢ — 1
in the multilevel estimator, since it would only increase the cost of the estimator.
We can see that if we approximate a with a (large) fixed number of modes on
each level (labelled “keep” in Figure 4-7), we should not include any levels coarser
than hg = 1/64 (= \) in the estimator, as was already observed in [15]. With the
level-dependent regime (labelled “drop”), however, it is viable to include levels
as coarse as hg = 1/2. This leads to significant reductions in computational cost,
as is shown in the right plot in Figure 4-7.

In Figure 4-7, we fix the required tolerance for the sampling error (i.e. the
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Figure 4-5: Left: Number of samples N, per level. Right: Plot of the cost scaled
by €72 of the MLMC and standard MC estimators for d = 2, with A\ = 0.3 and
02 = 1. The coarsest mesh size in all tests is hg = 1/8.
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Figure 4-6: Left plot: CPU-time versus 1/h for a fixed maximum scaled standard
deviation 2.4% 1073, for model problem (3.18) with d = 2 and 2-norm exponential
covariance with A = 0.1 and o2 = 1. Right plot: Standard deviation versus CPU-
time, for a fixed finest mesh h = hy = 1/256.
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standard deviation of the estimator) at § = 1072, and look at how the cost of the
different estimators grows as we decrease the mesh size h := hj, of the finest grid,
with each line in the plot using a fixed number of grid levels in the multilevel
simulation (e.g. 4L means 4 levels). The computational cost of the multilevel
estimator is calculated as Nohg ' +3 7., No(hy ' +h;Y)) work units, since we know
that v =1 in M4 for d = 1. To make the estimators comparable, for each finest
grid hy, the standard Monte Carlo estimator is computed with Ry, = h;' modes,
the "MLMC keep” estimator is computed with R, = hzl modes on all levels, and
the " MLMC drop” estimator is computed with a varying number R, = h[l modes
on the levels. We clearly see the benefit of using the level-dependent multilevel
estimator. For example, on the grid of size h = 1/2048, the cheapest multilevel
estimator with a fixed number of modes is the 4 level estimator, which has a cost
of 8.6 x 10° work units. The cheapest level-dependent multilevel estimator, on
the other hand, is the 7 level estimator, whose computational cost is only 1.8 x 10°
units. For comparison, the cost of the single-level MC estimator on this grid is
2.8 x 10° units.

An important point we would like to make here, is that not only do the level-
dependent estimators have a smaller absolute cost than the estimators with a
fixed number of modes, they are also a lot more robust with respect to the coarse
grids included. On the h = 1/2048 grid, the 11 level estimator (i.e. hg = 1/2)
with fixed R, costs 1.1 x 107 units, which is 4 times the cost of the standard MC
estimator. The 11 level estimator with level-dependent R, costs 2.4 x 10° units,
which is only marginally more than the best level-dependent estimator (the 7

level estimator).

For practical purposes, the real advantage of the level-dependent approach
is evident on coarser grids. We see in Figure 4-7 that on grids coarser than
h = 1/256, all multilevel estimators with a fixed number of modes are more
expensive than the standard MC estimator. With the level-dependent multilevel
estimators on the other hand, we can make use of (and benefit from) multilevel
estimators on grids as coarse as h = 1/64. This is very important, especially in the
limit as the correlation length A — 0, as eventually all computationally feasible
grids will be ”coarse” with respect to A\. With the level-dependent estimators,

we can benefit from the multilevel approach even for very small values of .

Let us now move on to a model problem in d = 2. We will study the flow
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cell model problem (3.19), and take the outflow functional M5 (u) with weight
function ¢ = x; as our quantity of interest. We choose a to be a log—normal
random field s.t. log[a] has 1-norm exponential covariance function (2.25), with
A=0.1and 0% = 1.

The left plot in Figure 4-8 is similar to the left plot in Figure 4-7. We again
see that the level-dependent regime allows for much coarser grids. In the right
plot, we see the gains in computational cost that are possible with the level-
dependent estimators. Since we do not know the value of v in (M4) theoretically,
we quantify the cost of the estimators by the CPU-time. The results shown are
again calculated with a MATLAB implementation on a 3GHz Intel Core 2 Duo
E8400 processor with 3.2GByte of RAM, using the sparse direct solver provided
in Matlab through the standard backslash operation to solve the linear systems
for each sample. On the finest grid h = 1/256, we clearly see a benefit from
the level-dependent estimators. The cheapest multilevel estimator with a fixed
number of modes is the 5 level estimator, with takes 13.5 minutes. The cheapest
level-dependent estimator is the 7 level estimator, which takes only 2.5 minutes.

For comparison, the standard MC estimator takes more than 7.5 hours.
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Figure 4-7: Left: Plot of V[M®(uy,)] and V[M® (u;) — MM (ug,)], for (3.18)
with d = 1, A = 0.01, 0> = 1, R, = h,', h* = 1/4096, R* = 4096 and z* =
2049/4096. Right: Plot of cost versus 1/h for a fixed tolerance of the sampling
error of 6 = 1073, for the same model problem.
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Figure 4-8: Left: Plot of V[MSL) (up)] and V[MSL) (up) — Mc(f)(u%)], for (3.19)
with d =2, A = 0.1, 02 = 1, ¢ = a1, R, = 4h;", h* = 1/256 and R* = 1024.
Right: Plot of cost CPU-time versus 1/h for a fixed tolerance of the sampling
error of § = 1073, for the same model problem.
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Chapter 5

Multilevel Markov chain Monte
Carlo methods

In this chapter, we consider the setting where we have some real-world dynamic
data (or observations) Fyps available, and want to incorporate this information
into our simulation in order to reduce the overall uncertainty. We will use the
Bayesian framework, and assign a prior distribution to the model input. To get
a better representation of the input, we condition the prior on the data Fy,
leading to the posterior distribution.

In most situations, the posterior distribution is intractable in the sense that
exact sampling from it is unavailable. One way to circumvent this problem, is to
generate samples using a Metropolis—Hastings type Markov chain Monte Carlo
(MCMC) approach [46, 55, 61], which consists of two main steps: (i) given the
previous sample, a new sample is generated according to some proposal distri-
bution, such as a random walk; (ii) the likelihood of this new sample (i.e. the
model fit to Fs) is compared to the likelihood of the previous sample. Based
on this comparison, the proposed sample is then either accepted and used for
inference, or it is rejected and we use instead the previous sample again, leading
to a Markov chain.

A major problem with MCMC is the high cost of the likelihood calculation
for large—scale applications, which involves the (accurate) numerical solution of
model problem (2.1). Due to the slow convergence of Monte Carlo averaging, the
number of samples is also large and moreover, the likelihood has to be calculated

not only for the samples that are eventually used for inference, but also for the
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samples that end up being rejected. Altogether, this leads to an often impossibly
high overall complexity, particularly in the context of high-dimensional parameter
spaces (typically needed in subsurface flow applications), where the acceptance
rate of the algorithm can be very low. We show here how the computational cost
of the standard Metropolis-Hastings algorithm can be reduced significantly by

using the multilevel approach already introduced in chapter 4.

Before we go on to describe the standard MCMC and new multilevel MCMC
methods, let us describe the mathematical setting for the remainder of this chap-
ter. We will assume that a is a (scalar) log-normal random field as described
in section 2.7, such that assumptions B1-B3 are satisfied. Recall the Karhunen-

Loeve expansion of the Gaussian random field g = log|a| from (3.8):

9(@,w) = 3 Vi &alw) bala),

where we for simplicity have assumed that g(w,z) has mean zero. Denote ¥ :=
{& nen € RY. We will work with prior and posterior measures on the space
RM. To this end, we equip RN with the product sigma algebra B := @), B*(R),
where B'(R) denotes the sigma algebra of Borel sets of R. We denote by po
the prior measure on RY, defined by {&,},en being independent and identically
distributed (i.i.d) N (0, 1) random variables,

o =@ 9(¢n) dé, (5.1)

neN

where g : R — R* is the Lebesgue density of a N(0, 1) random variable and d¢,

denotes the one dimensional Lebesgue measure.

We assume that the observed data F, is finite dimensional, with F,, € R™,

for some m € N. We further assume that
Fobs = f(u(ﬁ)) + 7, (52)

where F : H'(D) — R™ is continuous, u is the (weak) solution model problem
(2.1) which depends on ¥} through a, and the observational noise 7 is assumed
to be a realisation of a N(0,0%I,,) random variable (independent of ¥). The

parameter o% is a fidelity parameter that indicates the level of observational
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noise present in Fyy.

With py as in (5.1), we have po(RY) = 1. Furthermore, it follows from the
assumption that F is continuous, together with assumptions B1-B3 and the con-
tinuous dependence of u on 9 (see [10, Propositions 3.6 and 4.1] or Lemmas 2.20
and 5.13), that the map F(u(-)) : RY — R™ is continuous. The posterior dis-
tribution, which we will denote by p, is then known to be absolutely continuous

with respect to the prior and satisfies

dp | Fops — F(u(9)) ||

P = _ —: oxp [~ ®(: Fupy )], .

S20) = exp ot exp -8 P, (53
where || - || denotes the Euclidean norm on R™, and the hidden constant depends

only on Fip,s and is generally not known (see [64] and the references therein for
more detail). The right hand side of (5.3) is often referred to as the likelihood.

In practical computations, since the exact solution u(¥) is not available, the
likelihood exp [—®(J; F,1,s)] needs to be approximated. We will use the approx-
imation F(u(?)) =~ F(ugn(?)), where ugy, is the finite element approximation
of the truncated model problem defined in (3.9). We may also change the value
of 0% to o7, (see section 5.2.3 for a reason why we might want to do this). We

denote the resulting approximate posterior measure correspondingly by p™#, with

aph,R
dpo

[ Fobs = Flurn(9))]?
20%%

(¥) = exp

=texp [—®" (s Fops)| . (5.4)
Since F(ugy(9)) only depends on 6 := {&,},, the first R components of o,
and since the prior measure can be factorised as py = pif ® pg-, the approximate

posterior measure can be factorised as p¥ = v @ pt, where

8Vh’R
s

(0) = exp [—P"(0; Fors)] , (5.5)

and pt = pg [20]. Note that v is a measure on the finite dimensional space
RZE. Denoting by ™% and nf' the densities with respect to the R dimensional

Lebesgue measure of v and pf, respectively, it follows from (5.5) that

™ R(0) = exp [~ 2" (0; Fops)] 73 (0). (5.6)
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ALGORITHM 1. (Metropolis Hastings MCMC)
Choose 6°. For n > 0:

e Given 6", generate a proposal 6’ from a given proposal density ¢(6’|0").

e Accept @' as a sample with probability

R pigmy — o T (6") q(0"16")
0'16™) —mln{l,ﬂhﬂ(en) q(9’]9”)} (5.7)

ie. 0"t = ¢ with probability o® and "' = #" with probability
1 —alh.

We are interested in approximating the expected value (with respect to the
posterior p) of a quantity @ = G(u(9 )) for some continuous G : H'(D) — R.
We denote this expected value by E,| fRN p(d¥). We assume that,

as h — 0 and R — oo,
EuhaR[Qh,R] - Ep[Q]a

where E n.r[Qnr] = fRR (upp(0)) v™f(d0) is a finite dimensional integral. To
estimate E,[Q)], we hence construct estimators of E nr[Qp r|, for h sufficiently

small and R sufficiently large.

5.1 Standard Markov chain Monte Carlo

We will start in this section with a review of the standard Metropolis Hastings al-

hE is usually intractable.

gorithm. As already mentioned, the posterior measure v
In order to generate samples for inference on E, n,r[Q, ], we will use the Metropo-
lis Hastings MCMC algorithm in Algorithm 1.

Algorithm 1 creates a Markov chain {6"},cn, and the states 8" are used in
the usual way as samples for inference in a Monte Carlo sampler. The proposal
density ¢(¢'|0™) is what defines the algorithm. A common choice is a simple
random walk. However, as outlined in [45], the basic random walk does not lead
to dimension R independent convergence, and a better choice is a preconditioned

Crank-Nicolson (pCN) algorithm [19]. Below we will see that the proposal density
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is also the crucial ingredient in our multilevel Metropolis-Hastings algorithm.
When the proposal density is symmetric, i.e. when ¢(6"0") = ¢(0'|0™), then the
formula for o/% (¢'|6™) in (5.7) simplifies. Note that the acceptance probability
a™® is computable, since the unknown normalising constant in (5.6) appears in

both the numerator and denominator and hence cancels.

Under reasonable assumptions, one can show that sample averages computed
with these samples converge to expected values with respect to the desired tar-

"B (see Theorem 5.2). The first several samples of the chain

get distribution v
{0} nen, say 6°,. .., 0™ are not usually used for inference, since the chain needs
some time to get close to the target distribution vf. This is referred to as the
burn—in of the MCMC algorithm. Although the length of the burn-in is cru-
cial for practical purposes, and largely influences the behaviour of the resulting
MCMC estimator for finite sample sizes, statements about the asymptotics of the
estimator are usually independent of the burn-in. We will therefore denote our

MCMC estimator by

N 1 N+ng 1 N+nop
e LY oL Y Gy, oy
n=nop+1 n=ngp+1

for any ny > 0, and only explicitly state the dependence on ngy where needed.

5.1.1 Abstract convergence analysis

We will now give a brief overview of the convergence properties of the Metropolis-
Hastings algorithm, which we will need below in the analysis of the multilevel

variant. For more details we refer the reader, e.g., to [61]. Let
K(0'0™) := a™(0'|6™) q(0'|6™) + (1 - / R (0"]6™) q(0")6™) de”) 50" —0)
RR

denote the transition kernel of the Markov chain {6"},en, with 6(-) the Dirac

delta function, and denote

E=1{0:7"%9) > 0},
D ={0":q(#|0) > 0 for some 6 € £}.
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The set £ contains all values of # which have a positive posterior probability,
and is the set that Algorithm 1 should sample from. The set D, on the other
hand, consists of all samples which can be generated by the proposal density ¢,
and hence contains the set that Algorithm 1 will actually sample from. For the
algorithm to fully explore the target distribution, we therefore crucially require

€ C D. The following results are classical, and can be found in [61].

Lemma 5.1. Provided & C D, v™® is a stationary distribution of the chain

{Qn}neN-

Note that the condition & C D is sufficient for the transition kernel K(-|-) to
satisfy the usual detailed balance condition K (¢'|0™) #"2(0") = K (6"|0") 7"E(0").

Theorem 5.2. Suppose that E nr [|Qnr|] < 0o and
q(0'10) > 0, for all (0,0") € € x E. (5.9)

Then
A}im @%C =E, nr [Qnrl, for any 6° € £ and ny > 0.

The condition (5.9) is sufficient for the chain {6"},cn to be irreducible, and
it is satisfied for example for the random walk sampler or for the pCN algorithm
(cf. [45]). Lemma 5.1 and Theorem 5.2 above ensure that asymptotically, sample
averages computed with samples generated by Algorithm 1 converge to the desired
expected value. In particular, we note that stationarity of {6"},cn is not required
for Theorem 5.2, and the above convergence results hence hold true for any burn—
in ng > 0, and for all initial values #° € £.

Now that we have established the (asymptotic) convergence of the MCMC
estimator (5.8), let us establish a bound on the cost of this estimator. We will

quantify the accuracy of our estimator via the root mean square error (RMSE)

e(QNC) 1= (E@ {( e _ ]Ep(Q)ﬂ)m, (5.10)

where Eg denotes the expected value not with respect to the target measure
v but with respect to the joint distribution of © := {6"},cn as generated by
Algorithm 1. We denote by Ca(A%C) the computational e-cost of the estimator,
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that is the number of floating point operations that are needed to achieve a RMSE
of e(QNC) < ¢.
Classically, the mean square error (MSE) can be written as the sum of the

variance of the estimator and its bias squared,
~ ~ ~ 2
e(QNC) = Vo [QN] + (Eo [ON| - B, [Q]) .

Here, Vg is again the variance with respect to the approximating measure gener-
ated by Algorithm 1. Using the triangle inequality and linearity of expectation,
we can further write this as

e(QNC)?

< Vo Q] +2 (e [QXC] ~ By [QNC]) +2 Burn [@1a] — B, Q1)
(5.11)

The three terms in (5.11) correspond to the three sources of error in the MCMC
estimator. The third (and last) term in (5.11) is the discretisation error due to
approximating @ by Qur and p by v"£. The other two terms are the errors
introduced by using an MCMC estimator for the expected value; the first term
is the error due to using a finite sample average and the second term is due to
the samples in the estimator not all being perfect (i.i.d.) samples from the target

distribution ™%,

Let us first consider the two MCMC related error terms. Quantifying, or
even bounding, the variance and bias of an MCMC estimator in terms of the
number of samples N is not an easy task, and is in fact still a very active area of
research. The main issue with bounding the variance is that the samples used in
the MCMC estimator are not independent, which means that knowledge of the
covariance structure is required in order to bound the variance of the estimator.
Asymptotically, the behaviour of the MCMC related errors (i.e. Terms 1 and 2
on the right hand side of (5.11)) can be described using the following Central
Limit Theorem, which can be found in [61, Theorem 4.7.7].

Let 6° ~ "R Then the auxiliary chain © := {#"},,cy constructed by Algo-
rithm 1 starting from 6° is stationary, i.e. 6" ~ v™% for all n > 0. Note that

the covariance structure of © is still implicitly defined by Algorithm 1 as for
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©. However, now V(:)[QQR] = V,nr[Qnr| and Eg| ~’,§’R] = E,1.1[Qn.r], for any
n > 0, and

Cove @ Ohr| =Be [(@hr — EurrlQur]) (Qhr — EvrnlQul)]

where QZ n = Gupn(™)). We now define the so called asymptotic variance of
the MCMC estimator

o
03 = Vyr [Qua| +2Y Covg |@hn Qe -
n=1
Note that stationarity of the chain is assumed only in the definition of Jé, ie.

for (:j, and it is not necessary for the samples © actually used in the computation
of Q\MC
N -

Theorem 5.3 (Central Limit Theorem). Suppose ¢¢, < oo, (5.9) holds, and
P [ =1] < 1. (5.12)

Then we have

\/_1N (A%{C —Enr [Qh,R]) L, N(0, aé),

D I
where — denotes convergence in distribution.

The condition (5.12) is sufficient for the chain © to be aperiodic. 1t is difficult
to prove theoretically. In practice, however, this condition is always satisfied,
since not all proposals in Algorithm 1 will agree with the observed data and thus

be accepted.

Theorem 5.3 holds again for any burn-in ny > 0 and any starting value #° € £.
It shows that asymptotically, the sampling error of the MCMC estimator decays
at the same rate as the sampling error of an estimator based on i.i.d. samples.
Note that this includes both sampling errors, and so the constant aé is in general

larger than in the i.i.d. case where it is simply V u.r [Qn, r]-

Since we are interested in a bound on the MSE of our MCMC estimator for

a fixed number of samples N, we make the following assumption:
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C1. For any N € N,

Vo [03] + (Bo [04] ~ B [0])" g Vi@l (515

with a constant that is independent of A, R and N.

Non-asymptotic bounds such as in assumption C1 are difficult to obtain, but
have recently been proved for certain Metropolis—Hastings algorithms, see e.g.
[45, 62, 48]. These results require that the chain is sufficiently burnt—in. The
hidden constant usually depends on quantities such as the covariances appearing

in the asymptotic variance 022.

To complete the error analysis, let us now consider the last term in the MSE
(5.11), the discretisation bias. As before, we assume E .z [Qnr] —E,[@] — 0 as
h — 0 and R — oo, and we furthermore assume that we have a certain order of
convergence, i.e.

Bynr [Qnr] — E, [Q)] S h*+ R, (5.14)

for some a,a’ > 0. The rates a and o will be problem dependent. Let now
R = h=*/® | such that the two error contributions in (5.14) are balanced. Then
it follows from (5.11), (5.13) and (5.14) that the MSE of the MCMC estimator

can be bounded by

e(QN°) S V—”h’RJE,Qh’R] +he. (5.15)

Under the assumption that V,.r[Qp ] ~ constant, independent of h and R, it
is hence sufficient to choose N > e and h < €'/ to get a RMSE of O(¢).

Let us now give a bound on the computational cost to achieve this error,
the so called e-cost. For this, assume that the cost to compute one sample Q
satisfies C(Qf z) < h™7, for some v > 0. Thus, with N 2 ¢ and h < gl/® the
e—cost of our MCMC estimator can be bounded by

C.(QNC) < Np~7 < g2/, (5.16)

In practical applications, especially in subsurface flow, the discretisation pa-
rameter h needs to very small and the dimension R needs to be very large in order
for E, nr [@Qn r] to be a good approximation to E, [Q)]. Moreover, from the analy-

sis above, we see that we need to use a large number of samples N in order to get

102



an accurate MCMC estimator with a small MSE. Since each sample requires the
evaluation of the likelihood exp [—@h’R(G; Fobs)] , and this is very expensive when
h is very small and R is very large, the standard MCMC estimator (5.8) is often
extraordinarily expensive in practical situations. Additionally, the acceptance
rate of the algorithm can be very low when R is very large. This means that
the covariance between the different samples will decay more slowly, which again
makes the hidden constant in assumption C1 larger, and the number of samples
we have to take in order to get a certain accuracy increases even further.

To overcome the prohibitively large computational cost of the standard MCMC

estimator (5.8), we will now introduce a new multilevel version of the estimator.

5.2 Multilevel Markov chain Monte Carlo

As in section 4.2, let now {hy : £ = 0,...,L} be a sequence of mesh widths

satisfying the geometric growth condition (4.4), for some s € N\ {1}:
he=s"he_q, forall/=1,..., L.

In addition, we choose a (not necessarily strictly) increasing sequence
{R;}y CN,ie Ry> Ry, forall{=1,..., L. For each level ¢, we denote by
0, := {£n}fi1 the first R, entries of 9. We denote correspondingly the coefficient
by a; := a’*, the solution by u, := UR,.n,, the quantity of interest by Q; := Qn, g,

he:Be - with density .

and the resulting posterior distribution on Rf* by v* := v
Since in the context of MCMC simulations, the target distribution v de-
pends on ¢, the new multilevel MCMC (MLMCMC) estimator has to be defined

carefully. We will use the identity

E,:[Qr] = Ew[Qo] + D (Eu[Qd — Epet [Qra]) (5.17)

L
(=1

as a basis. Note that in the case where all the distributions are the same, the
above reduces to the telescoping sum (4.5) used for Monte Carlo estimators based
on i.i.d samples.

As before, the idea of the multilevel estimator is now to estimate each of the

terms on the right hand side of (5.17) independently, in a way that minimises
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the variance of the estimator for a fixed computational cost. In particular, we
will estimate each term in (5.17) by an MCMC estimator. The first term E,o[Qo]

can be estimated using the standard MCMC estimator described in Algorithm 1,
ie. QO N, as in (5.8) with Ny samples. We need to be more careful in estimating
the differences E,[Q/] — E,e-1[Q,_1], and build an effective two-level version of
Algorithm 1. For ¢ > 1, we again denote Y, := Qu(6y) — Qr—1(©¢—1) and define

the estimator on level ¢ as

n0+Ng TLO+N4
ZN@ =— N Z Y Z Qe(07) — Qe-1(07_1),
n= no—‘rl n= no—i-l

where n§ again denotes the burn-in of the estimator, Ny is the number of samples
on level £ and ©,_; has the same dimension as ,_;. The main ingredient in this
two level estimator is a judicious choice of the two Markov chains ¢} and ©}_,;
(to be described later). The full MLMCMC estimator is now defined as

Qlivy = QN + Z N (5.18)

where it is important (i) that the L + 1 estimators in (5.18) are independent,
zind (ii) that the two chains {6} },en and {©O} },en, that are used in }Afgl‘f\g and in
Y}f? Newr respectively, are drawn from the same posterior distribution ¢, so that

124 {n,) 15 a consistent estimator of E,.[Qr].

There are two main ideas underlying the reduction in computational cost
associated with the multilevel estimator. Firstly, samples of @y, for £ < L, are
cheaper to compute than samples of ()1, reducing the cost of the estimators on
the coarser levels for any fixed number of samples. Secondly, if the variance of
Yo = Qu(0y) — Qr—1(0y_1) tends to 0 as £ — oo, we need only a small number
of samples to obtain a sufficiently accurate estimate of the expected value of Y,
on the fine grids, and so the computational effort on the fine grids is also greatly
reduced.

By using the telescoping sum (5.17) and by sampling from the posterior dis-
tribution ¢ on level ¢, we ensure that a sample of @, for ¢ < L, is indeed

cheaper to compute than a sample of (0. It remains to ensure that the variance
of Yo = Qu(0s) — Qp—1(Oy_1) tends to 0 as £ — oo. This will be ensured by the
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ALGORITHM 2. (Metropolis Hastings MCMC for Q; — Q1)
Choose initial states ©)_, and 6 := [09_, , 67 p]. For n > 0:

e On level /—1: Given O} | generate O} using Algorithm 1 with some
proposal density ¢“¢(©}_, |©% ;) and acceptance probability

Wg_l( 2—1)QZ’C(@?—1’@2—1)}
’ ngl(@?q) qe’c(@é_ll@?_l)

a“C(6110) = min {1

e On level (: Given 0} generate 6, "' using Algorithm 1 with the specific
proposal density ¢(¢}]0;) induced by taking 6} ., := O} and by gen-
erating a proposal for 0; . from some proposal density q“F( e |00 r)

The acceptance probability is

7t(0}) ¢°(0710))
af0,107) = min{l, (0 £ L }
(B2 19) wt(07) ¢ (05107

choice of 8} and ©}_;.

5.2.1 The estimator for Y, = Q, — Q/_1

Let us for the moment fix 1 < ¢ < L. The challenge is now to generate the
chains {6} }nen and {O}_; }nen such that the variance of Y7 is small. To this end,
we partition the chain 6, into two parts: the entries which are present already
on level ¢ — 1 (the “coarse” modes), and the new entries on level ¢ (the “fine”

modes):
00 = 000, Our),

where 6, ¢ has length R,_q, i.e. the same length as ©y_;. 0y p has length Ry—R,_;.
An easy way to construct 6} and ©}_; such that V[Y;] is small, would be to
generate 07 first, and then simply use ©7 ; = 6}. This is what was done in

section 4.2. However, since we require ©} ; to come from a Markov chain with

(-1

stationary distribution v*~1, and 7 comes from the distribution v*, this approach

is not permissible. We will, however, use this general idea in Algorithm 2.

The coarse sample @?fll is generated using the standard MCMC algorithm
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given in Algorithm 1, using, e.g., a random walk or the pCN proposal density
[19] for ¢““. Based on the outcome on level £ — 1, we then generate GQH, using a
new two-level proposal density in conjunction with the usual accept/reject step
from Algorithm 1. The proposal density ¢“¥ for the fine modes in that step can

again be a simple random walk or the pCN algorithm.

At each step in Algorithm 2, there are four different outcomes, depending on
whether we accept on both, one or none of the levels. The different possibilities
are given in Table 5.1. Observe that when we accept on level ¢, we always have
ngl = O)%] i.e. the coarse modes are the same. If, on the other hand, we reject
on level ¢, we crucially return to the previous state 6 on that level, which means
that the coarse modes of the two states may differ. They will definitely differ if
we accept on level £ — 1 and reject on level £. If both proposals are rejected then
it depends on the decision made at the previous state whether the coarse modes

differ or not.

Level ¢ — 1 test | Level ¢ test @?fll QZJCFI
reject accept V1 71
accept accept 0, ,|06;,,
reject reject Oy, | 0lc
accept reject 0, | Bc

Table 5.1: Possible states of O} and 92221 in Algorithm 2.

In general, this “divergence” of the coarse modes could mean that the variance
of Y, is not small. For the setting considered in this chapter, however, we will

prove in section 5.2.3 that the variance of Y, does in fact go to 0 as ¢ — oo.

The specific proposal density ¢‘ in Algorithm 2 can be computed very eas-
ily and at no additional cost, leading to a simple formula for the “two-level”

acceptance probability af.

Lemma 5.4. Let ¢ > 1. Then

0/(01 |0n) — mind1 Wg(%) 71-@*1(920) q&F(eZF|02,F)
o "t (07) 70 o) 4T (0] p 107 )
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If we further suppose that the proposal densities ¢“¢ and ¢“F are symmetric, then

' 7]_6—1 @/_
(641 1©}y) = min {1, %}
/-1

and

T )
a’(0,]1607) = min< 1, Lez
(@l %) { =) 1 (0))

Proof. Let 67 and 6% be any two admissible states on level £. Since the proposals
for the coarse modes 0y - and for the fine modes 0  are generated independently,
the transition probability ¢‘(6%]0¢) can be written as a product of transition
probabilities on the two parts of #,. For the coarse level transition probability,

we have to take into account the decision that was made on level ¢/ — 1. Hence,

qé(eé?!@?) = 04&0(92,0’92,0) QZ’C(HS,CWZC) QZ’F(HS,FWZF)- (5.19)

and so

Z 1 9“ )qZC(e CleIlil,C

q'(0¢16%) mm{l TG a0 (0F 100

} (030168 0)a"F (02 1168 1)
} a0 (001080 )a (0} 4102 )

(9%9“ 1 =10} £)abC (95 o195 o
" wt=1(0e,0)qhC (07 105

- 1(9 ) (EF|9 r)
T 00V (0 pl07 )

min

V\_/ vv

This completes the proof of the first result, if we choose 67 := 67 and 6% := 0.

The corollary for symmetric densities ¢“¢ and ¢“¥ follows by definition. O]

Remark 5.5 (Recursive algorithm). Note that one particular choice for the
coarse level proposal density in Step 1 of Algorithm 2 on each of the levels £ > 1 is
¢"¢ := ¢!, i.e. the “two-level” proposal density defined in Step 2 of Algorithm
2 on level £ — 1. We can apply this strategy recursively on every level and set
¢° to be, e.g., the pCN proposal density. So proposals for Q,_; and for Q, get
“pre-screened” at all coarser levels, starting always at level 0. The formula for
the acceptance probability o in Lemma 5.4 does not depend on ¢“¢ and so it
remains the same. However, this choice did not prove advantageous in practice.
It requires ¢ + 1 evaluations of the likelihood on level ¢ instead of two and it

does not improve the acceptance probability. Instead, we found that choosing
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the pCN algorithm for ¢“¢ (as well as for ¢“f") worked better.

A simplified version of Algorithm 2, making use of the symmetry of the pCN
proposal density and of the formulae derived in Lemma 5.4, is given in Section

5.3 and will be used for the numerical computations.

5.2.2 Abstract convergence analysis

Let us now move on to convergence properties of the multilevel estimator. As in
the standard MCMC case, let

Ki(0;107) = a“(0,107) " (0, | 7) + (1 - / o (07 107) 4" (07 107) d%’) 0 (07 =0%),
R

Ry

denote the transition kernel of {6} },cn, and define, for all £ =0,..., L, the sets

(S% = {95 : 7r€(0¢) > 0},
D' = {0, : ¢"(9,]6,) > 0 for some 6, € £'}.
The following convergence results follow from the classical results, due to the
telescoping sum property (5.17) and the algebra of limits.

Lemma 5.6. Provided £ C D, v’ is a stationary distribution of the chain
{eg}neN-
Theorem 5.7. Suppose that for all ¢ =0,..., L, E, . [|Q]] < co and

q'(0,10)) >0, forall (6,0, €& x & (5.20)
Then

{Nli}m @%I{M} =E,:[Q], for any 69 € £ and nf > 0.
¢}—00

Let us have a closer look at the irreducibility condition (5.20). As in (5.19),

we have
¢"(0:60) = aC (00,010, 0) ¢ (Ou.c10) ) " (e, 16) 1)

and thus (5.20) holds, if and only if, for all (6,,0,) € £° x £, 7 1(0,0),
¢“C(0,0100c), ¢"C(0cl0) ) and ¢“F (0, p|0; ;o) are all positive. The final three
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terms are positive for common choices of proposal distributions, such as the
random walk sampler or the pCN algorithm. The first term is assured to be
positive by our choice of prior density 7§ := W[I)%Z.

We finish the abstract discussion of the new, hierarchical multilevel Metropolis-
Hastings MCMC algorithm with the main theorem that establishes a bound on
the e-cost of the multilevel estimator under certain assumptions on the MCMC
error, on the (weak) model error, on the strong error between the states on level
¢ and on level £ — 1 (in the two-level estimator for Y;), as well as on the cost C,
to advance Algorithm 2 by one state from n to n 4+ 1 (i.e. one evaluation of the
likelihood on level ¢ and one on level £ — 1). This is the equivalent of Theorem
4.1 in the case of Markov chain Monte Carlo estimators.

To state our assumption on the MCMC error and to define the mean square
error of the estimator, we introduce the following notation. We define ®, :=
{07 }nen U {O} }nen, for £ > 1, and Oy := {0} }nen, and define by Eg, (re-
spectively Vg,) the expected value (respectively variance) with respect to the
distribution of ®, generated by Algorithm 2. Furthermore, let us for £ > 1 de-
note by v“*~! the joint stationary distribution of 8, and ©,_,. v*~! is defined by
the marginals of 6, and ©,_; being * and v*~!, respectively, and the correlation
being determined by Algorithm 2. For £ = 0 define v%~1 := 10,

Theorem 5.8. Let ¢ < exp[—1]|. Suppose the sequence {hs}e—o1,. satisfies (4.4),
suppose there are positive constants o, ', 3, 3,7, Caiy Crizy Cuis, Cua > 0 such that
o> 1 min(8,7) and R, 2 h, maxte/ot8/8Y trnder the following assumptions,

M1 [E[Q] ~E,lQl < e (b +R;)

M3. Vo[V < e (W +R7)

M3. Ve, [Y ] + (Ee, [Y5] — Eyeet[Y0])? < ys N7 V,eea[Y]]
M4. C < e by,

there exists a number of levels L and a sequence { N}, such that

(@) = Eue, | (@i~ B0)) | <2
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and
e?|logel, if B>,

C-(Qny) S q &2 |logel, if B=n,

eI logel, if <.

Proof. The proof of this theorem is very similar to the proof of the complexity
theorem in the case of multilevel estimators based on i.i.d samples (cf. Theorem
4.1). First note that by assumption we have R;* < h¢ and Re_ﬁ/ S hf.

Furthermore, similar to (5.11), we can expand

(@) < Voo, [y ] +2 (Eove, [@y| — Bur [@%)] )
+2(B,fQu] - EJQ))

Since the second term in the MSE above can be bounded by
AML AML 2
(Eu@&z [QL,{NZ}] —E,. [QL,{NZ}D

L 2
. ( (Bo, [V25] - E,,g,g_lm?%j]»

=0

< L+ (Be, [T] ~ B2,

=1

it follows from assumption M3 that

(g’ S L+ )N Vil + (BafQi] -EQ) . (521

In contrast to the MSE for multilevel estimators based on i.i.d samples considered
in section 4.2, we hence have a factor (L+ 1) multiplying the sampling error term
on the right hand side of (5.21). This implies that in order to make this term
less than £2/2, the number of samples N, needs to be increased by a factor of
(L 4+ 1) compared to the ii.d. case. The cost of the multilevel estimator is
correspondingly also increased by a factor of (L 4 1). The remainder of the proof

remains identical.

Since L is chosen such that the second term in (5.21) (the bias of the multilevel
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estimator) is less than £2/2 (cf (4.10)), it follows from assumptions M1 that
L+ 1 S loge™!. The bounds on the e-cost then follow as in Theorem 4.1 with
d =1, but with an extra |loge| factor. O

Assumptions M1 and M4 are the same assumptions as in the single level case,
and are related to the bias in the model (due to discretisation) and to the cost

per sample, respectively. Assumption M3 is similar to assumption C1, in that it

is a non-asymptotic bound for the sampling errors of the MCMC estimator ?81\?\8

For this assumption to hold, it is in general necessary that the chains have been

sufficiently burnt in, i.e. that the values nf are sufficiently large.

5.2.3 Application of abstract convergence analysis

Let us now move on to quantifying the cost of the multilevel MCMC estimator,
by verifying that the assumptions in Theorem 5.8 hold for our model problem. As
mentioned earlier, assumption M3 involves bounding the mean square error of an
MCMC estimator, and a proof of M3 is beyond the scope of this thesis. Results
of this kind can be found in e.g. [62, 45]. We will also not address M4, which
is an assumption on the cost of obtaining one sample of (),. In the best case,
with an optimal linear solver to solve the discretised (finite element) equations
for each sample, M4 is satisfied with v ~ d.

We will address assumptions M1 and M2, which are the assumptions related
to the discretisation errors in the quantity of interest (). However, assumption
M1 also involves the discretisation error in the measure p. Using the triangle

inequality, we have

Ee[Qe] = Ep[Q)] < |Epe[Qe — Q]| + |E[Q™] —E,[Q]], (5.22)

where Qf := G(ug,(0,)) is the approximation of @ resulting from the approx-
imation a = a, in the (exact) solution to model problem (2.1). We make the
following assumption on the second term on the right hand side of (5.22).

C2. There exist constants 7,7, cc, > 0 such that

B, [QR] — B,[Q)] < ces (h’g n R;n'>
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Assumption C2 can be proved by proving that dgen (¢4, p) < ces (hg + RZ"I>,
where dye; denotes the Hellinger distance [64]. This proof is again beyond the
scope of the thesis, but bounds of this type have been proven for similar model
problems in [64, 18, 20, 48]. In particular, it follows from [48] that for model
problem (2.1) with uniformly bounded and coercive coefficients a(w, =), assump-
tion C2 holds with the same convergence rates as for F(u(9)) — F(ue(0,)), which
for the case considered in this section would suggest the rates given in Lemma
3.7 and Corollary 3.17.

For ease of presentation, we will for the remainder of this section assume
that g = log[a] has mean zero and exponential covariance function (2.25) with
p =1, and that {¢;}7", and f in (2.1) are deterministic, with ¢; € H'(T';) and
f € H7Y/2(D). This implies that the solution u to (2.1) is in LP(§2, H/?7%), for
any 6 > 0. Accordingly, we shall assume that the functionals G and F, where G is
such that @ = G(u(¥)) and F is as in (5.2), satisfy assumption F1 in section 2.5 for
some t, > 1/2 and any ¢. < oo. In particular, this implies that |G(u) — G(u,)| <
Cg(W)l(v = ue)(w, )[[m1(py and | F(u) = F(ur)| < Cr(w)|(w = ue)(w, )| (), for
some Cg(w), Cr(w) € L1(Q), for any 1 < g < o0.

Under the above assumptions, it follows from Remark 3.20 that for pf := pg*
(defined in (5.1) and (5.5)), we have

1 _
E, [|Q% — Qe < Cugpghi™, (5.23)

for any 0 > 0, where the (generic) constant Cj, 14, (here and below) depends on

the data a, f, ¢ and on ¢, but is independent of any other parameters.

The aim is now to generalise the convergence result in (5.23) to include the
framework of the new MLMCMC estimator. There are two issues which need
to be addressed. Firstly, the bounds in assumptions M1 and M2 in Theorem
5.8 involve moments with respect to the posterior distributions v*, which are
not known explicitly, but are related to the prior distribution p§ through (5.6).
Secondly, the samples which are used to compute the differences Y, = Qy — Qy_1
are generated by Algorithm 2, and may differ not only due to the truncation
order, but also because they come from different Markov chains (i.e. ©} ; is not

necessarily equal to 0}, as seen in Table 5.1).

To circumvent the problem of the intractability of the posterior distribution,
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we have the following lemma, which relates moments with respect to the posterior

distribution ©* to moments with respect to the prior distribution pf.

Lemma 5.9. For any random variable Z = Z(0,) and for any q s.t. By [|Z]7] <

oo, we have
B [Z29]] < By [121%]-

Proof. Using (5.6), we have

|Ee [Z9]| = / Z9(0;) exp [— @™ (0y; Fops)| m(00) b,
REe
o~ S};p {exp [ @™ (00; Fons)] } 1 Z(0,)|7 75(6,) A0,
s RE¢

The claim of the Lemma then follows, since the above supremum can be bounded
by 1. 0

Note that a bound on the first term on the right hand side of (5.22) follows
immediately from Lemma 5.9, together with (5.23): ‘Eyz Qe — QR"-H < Ca7f,¢h§’5,
for any 6 > 0. In order to prove M3, we further have to analyse the situation
where the two samples ¢ and ©}_; used to compute Y,* “diverge”, i.e. when
Oy, # O

Recall that the coarser levels in our multilevel estimator are introduced only
to accelerate the convergence and that the multilevel estimator is still a consistent
estimator of the expected value of Q; with respect to the posterior v* on the finest
level L. Hence, the posterior distributions on the coarser levels v¢, ¢ =0, ..., L—1,
do not have to model the measured data as faithfully as v*. In particular, this
means that we can choose larger values of the fidelity parameter U?M = 0%7 B, ONL
the coarse levels, which will increase the acceptance probability on the coarser
levels, since it is easier to match the model response F(uy(6,)) with the data Fyps.
As we will see below (cf. assumption C3), the growth in 07, has to be controlled.
Typically, we will choose 0%, = 0%

We need to make the following two assumptions on the parameters U%’,f in the

likelihood and on the growth of the dimension Ry.
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C3. The dimension R, — oo as { — oo and

_ Ry—Ry_

(Re— Re_)(27)™ =~ < R forall 6> 0.

C4. The sequence of fidelity parameters {07 ,}¢2, satisfies

072 —op2, S max (jo{”é, h%jf) , forall 6> 0.
For C3 to be satisfied it suffices that Ry, — Ry, grows logarithmically with R, ;.
Assumption C4 holds for example, if we choose the fidelity parameter to be equal
to o% for all £ > £y, for some £y > 0. Note that for assumption C2 to hold, one
usually requires 0%, — 0% as { — co.

Under these assumptions we can now prove that assumption M2 in Theorem
5.8 is satisfied, with 5 =1—46 and 8’ =1/2 — 9, for any § > 0.

Lemma 5.10. Let 0, and ©,_,, with joint distribution v**~', be such that Y, =
Qi(0p) — Qu—1(0p_1). Let (5.23), as well as assumptions C3 and C4 hold. Then

V1 [Yo] < Cogo (h%:f + R:{QJ”S), for any § > 0.

To prove Lemma 5.10, we first need some preliminary results. Firstly, note
that for ©F | # 0} to be the case, the proposal generated for 6 had to be re-
jected. Given the proposal ¢, and the previous state «92‘1, the probability of this
rejection is given by 1— ‘(807 '). We need to quantify this probability. Before
we can do so, we need to specify the (marginal) distribution of the proposal ;.

601 it follows from the construction

When 6, and ©,_; are jointly distributed as v
of Algorithm 2 that the first R,_; entries of §) are distributed as v*~1, since they
come from ©,_ ;. The remaining R, — R, ; dimensions are (independent of the
first Ry_; dimensions) distributed according to the prior distribution py restricted
to these dimensions. This is in fact the posterior distribution p’~! := plte-1.fie—1
(on RY) restricted to R**, and we shall denote this distribution by pﬁ_l. Using
the same proof technique as in Lemma 5.9, together with the relation (5.4), we

establish the following.
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Lemma 5.11. For any random variable Z = Z(0;) and for any q s.t. E . [|Z]7] <

oo, we have

S By 1217

o6 |

| Byt 127

We now have the following crucial result.

Theorem 5.12. Suppose 8, and 8, have joint distribution f(0,,0)), with marginal
distributions f(0)) = v and f(0),) = p5~*. Suppose C3 and C4 hold. Then

glim of0,10)) =1, for almost all 6,0 .
Furthermore,

By [(1-a%)7]"" < Ca,f,d),q(h%:f + RZ_11/2+5>7
for any q € [1,00) and 6 > 0.

Proof. We will first derive a bound on 1 — (6} |6}), for £ > 1 and for 6} and 60}

. . . 70 w1 (9" .
given. First note that if w > 1, then 1 — af(0;|0]) = 0. Otherwise,
4 ¢,C

we have
/ Vi 7T£ 9/ ﬂ'e<9/) 74_1(9,/ ) ﬂ'z 9//
1-a'(0,0)) = 1-% g 1_%
™ ( z,c) ™ ( 5)7 ( e,c) ™ ( e,c)
7 (6;) 7 (67)
1— 1— .24
o | e Ry (5:24)

Let us consider either of these two terms and set 6, = (fj)jzl to be either ¢, or
7. Using (5.6), as well the prior (5.1) we have

7t(0,) _ 76(00) exp[—Pe(0p; Fops)]
Wé_l(egvc) Wg_l(egyc) eXp[—(Pe—l(QZ,C? Fobs)]
Ry 2
ARy & 1 Fops — Flue(60))|?
Sl D DI S
J=Ry_1+1 ’
Fo s - 9 §
N [ Fon f(zue 1(0.0))l ) (5.25)
OFe—1

Denoting Fy := F(ue(6;)) and Fy_y := F(up—1(0ec)), and using the triangle
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inequality, we have that

||Fobs - FE||2 . ||Fobs - Fﬁﬁ—l”2

U%,e 012[7,[71
2
Y o L 1 ) Ty
B ‘712?,@ U%,z—1
_ _ 2| Fops — Fy_1|| + || Fr — Fy_
= ||Pjobs_}7Z—1||2 (O-F,%_O-F,%—J + || i 1O|'|2 || 1||”Fg—Fg_1”.
Fy

By our assumptions on F, it follows from Proposition 3.16 that
1Fe = Fesll S €80 (llae = aillony + 1i3)

for almost all 6, and for a constant C'(6;) < oo that depends on 6, only through
ag. Since ||Fy—1|| can be bounded independently of ¢, for almost all 6, (again by
assumption on F), and since || Fops — Fr_1]] < || Fops|| + || Fr—1]|, we can deduce
that

||Fobs - FEHQ B ||F0bs - P1€—1||2

2 2
OFy OF—1

S C(b) <(UE,% — opi) + lae — arall o) + hﬁf) :

Finally, substituting this into (5.25) and using the inequality |1 — exp(z)| <

|z| exp |z| we have
()
7 1(0,0)

<00 ((2m)

’1

Ry—

A
TGt (07 = 07i) + llae — aelloay + RET) S (5:26)

for almost all 6,, where ¢, := Zf:‘f Ry1s1 &5 e a realisation of a x*-distributed

random variable with R, — R,_; degrees of freedom.

Now as £ — 0o, by assumption C3 we have R, — oo and (2r)~(Re=Re-1)/2¢,

0, almost surely. Moreover, hy — 0 and it follows from Proposition 3.14 that
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lae — ag-1|lcom) — 0, almost surely. Hence, using also C4 we have

m(0c)
W =0, for almost all 6,.

l—o00

lim ‘1—

The first claim of the Theorem then follows immediately from (5.24).

For the bound on the moments of 1 — ay, we use that all finite moments of
C(6,) can be bounded independently of ¢ (cf. Proposition 3.14). It also follows
from Propositions 3.14 and 3.15 that

1/a —1/2+6
E [Haz — ag_1||qco(5)] < szl/ T forany 0 >0, ¢< oo.

Finally, since ¢, under the prior p§ is x>-distributed with R, — R, ; degrees of

freedom, we have

S (R;— Ry_1)?, forany 6 >0, ¢< oo.

To bound the gth moment of 1 — «y, we now use (5.24). Since (a4 b)? < a?+ b7,
where the hidden constant depends only on ¢, it suffices to prove bounds on the
gth moments of the two terms on the right hand side of (5.24). Minkowski’s
inequality, together with the definition of f, gives

0o q11/q 0o q11/q
g1/ ™ (Qz) ™ (95)
E; [(1—a"?]"" S Ef|[1- 00 +Ef||1- (60
q11/q q11/q
S | PO /O N B | PRl /0
I | R ) )| |

The bound on the gth moment of 1 — a then follows from (5.26), assumptions
C3 and C4, Minkowski’s and Hoélder’s inequality and Lemmas 5.9 and 5.11. [

We will further need the following result.

Lemma 5.13. For any 6,, let a,(6,) = exp (Zf:"l \/,u_ngﬁjg]) and k(0,) =
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min, 5 ae(-,x). Let 8,,0; be as in Theorem 5.12. Then

/ /! CRZ 8// / /! / /!
[ug(0) — we(0)) 1oy S ;Eé,;) lae(0y) — ar(07 oy, for almost all 6y, 0y,
¢
(5.27)
and / e 1/q
Ef ['U@(Qﬁ) _uf(eﬁ) HI(D):| ,S 1, (528)

for any q < oo, where the hidden constants are independent of ¢ and u,.

Proof. Using the definition of x(¢)), as well as the identity

/ ae(0,)Vue(6)) - Vodz = / fode = / ar(6)) Vu(67) - Vodz,
D D D
for all v € H}(D), (deduced from (2.4)) we have
(07) e (07) — ue(07) 21 ()
< / ag(60) V (ue(0p) = ue(67)) - V (we(6y) — we(07)) d
D
< [ (@8 = aul6)) Vuel6) - ¥ (wa(6)) — u(6) d.
D
Due to the estimate |ug(0))|m1(py S Cy%(#y) this implies (5.27).
It follows from Proposition 3.14 that E; [Hag(eg) — a0 %,
E [x(07)~7 and can be bounded independently of £. The result then follows from

an application of the Minkowski and Holder’s inequalities, together with Lemmas
5.9 and 5.11. O

and

Using Theorem 5.12 and Lemma 5.13, we are now ready to prove Lemma
5.10.

Proof of Lemma 5.10. Firstly, we have

Vit [Qul6) = Qea(OF1)] S Epeems [(Qul67) - Qua(61)] . (5.29)

Let us denote by ; the proposal generated for 0} by Algorithm 2, with ¢, , =
©}_; and with some ¢, .. Note that 0} # 0; only if this proposal was rejected. It
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follows from (5.29), together with Minkowski’s inequality, that

Vi [Qu07) — Qea(O7)]
S [(Qul0) = Q0] + By [(Qu0) - Qa(010)"] . (5:30)

where, by construction, the joint distribution f(6y,6;) is such that the marginal
distributions are f(67) = v* and f(8}) = p; ', and we have used that 0pc = Op ;.
A bound on the second term follows immediately from (5.23) and Lemma 5.11,
ie.

B et [(Qe(eé) - Qz—1(9?_1))2] < Cugo (Hi2] + R (5.31)

The first term in (5.30) is nonzero only if 6} # 6. We will now use Theorem 5.12
and Lemma 5.13, as well as the characteristic function Igp_q, € {0,1} to bound

it. Firstly, Holder’s inequality gives

Ey |(Qu(67) — QB)°] = By [(Qul6F) — Qu0)) iy

/¢ 1

< Ey [(QE(QQ) - Qe(%))zm] Ey [Tiop203) ez (5.32)

for any ¢, ¢ s.t. ¢; ' +q; ' = 1. By our assumptions on G, it follows from Lemma
5.13 that the term E;[ (Q¢(6}) — Qu(8)))*" }l/ql in (5.32) can be bounded by a
constant independent of ¢, for any ¢ < oo. Moreover, using the law of total

expectation, we have
By [Lupsop) = Es [P10F # 0,107,607 |

Since 6} # 0, only if the proposal ¢, has been rejected on level ¢ at the nth step,
and in this case 6] ' = 07, the probability that this happens can be bounded by
1 — af(6,]07), and so it follows by Theorem 5.12 that

Ef [Iopzop) <Ef[1—a‘(0100)] < h=d + R (5.33)
Combining (5.30)-(5.33) the claim of the Lemma then follows. O

We now collect the results in the preceding lemmas to state our main result

of this section.
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Theorem 5.14. Let a, f,¢, F and G be as described at the beginning of this
section, and suppose assumption C2 holds withn =1—6 and ' =1/ =4, for
any 6 > 0. Under the same assumptions as in Lemma 5.10, the assumptions M1
and M2 in Theorem 5.8 are satisfied, with o =3 =1—06 and o' ="' =1/2 -9,
for any 6 > 0.

If we assume that we can obtain individual samples in optimal cost C;, <
h[d log(he_l), e.g. via a multigrid solver, we can satisfy assumption M5 with
v =144, for any § > 0. We assume that assumptions M1 and M4 hold, with
o =3 =1—9. Then it follows from Theorems 5.8 and 5.14, as well as equation
(5.16), that we can get the following theoretical upper bounds for the e-costs of
classical and multilevel MCMC applied to model problem (2.1) with log-normal
coefficients a, respectively:

C.(QNC) < e @)=0 4nq CE(@%{I{NZ}) < e @)= forany 6 > 0. (5.34)

~ ~

We clearly see the advantages of the multilevel method, which gives a saving
of one power of £ compared to the standard MCMC method. Note that for
multilevel estimators based on i.i.d samples, the savings of the multilevel method
over the standard method are two powers of ¢ for d = 2,3. The larger savings
stem from the fact that 3 = 2« in this case, compared to § = a in the MCMC
analysis above. The numerical results in the next section for d = 2 show that in
practice we do seem to observe 8 ~ 1 ~ 2a, suggesting Cg(Ai/{I{“NZ}) = O(e7).
However, we do not believe that this is a lack of sharpness in our theory, but
rather a pre-asymptotic phase. The constant in front of the leading order term in
the bound of V,ce-1[Y;], namely the term E; [ (Q((6y) — Qu(0)))*" }Uql in (5.32),
depends on the difference between Q,(6}) and (). In the case of the pCN
algorithm for the proposal distributions ¢“¢ and ¢“¥ (as used in Section 5.3
below) this difference will be small, since 6} and ¢, will in general be very close
to each other. However, the difference is bounded from below and so we should
eventually see the slower convergence rate for the variance as predicted by our

theory.
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5.3 Numerics

In this section we describe the implementation details of the MLMCMC algorithm
and examine the performance of the method in estimating the expected value of
some quantity of interest. We start by presenting in Algorithm 3 a simplified
version of Algorithm 2 given in Section 5.2 using symmetric proposal distributions
for ¢“¢ and ¢“*, describing in some more detail the evolution of the multilevel

Markov chains used to compute samples of Y.

Implementation Details

Given the general description of the multilevel sampling in Algorithm 3, it remains
to describe several computational details of the method, such as the choice of the
symmetric transition densities ¢““(6}_,|07_;) and ¢“* (0} |0} 1), the values Ry
defining the partition of the KL. modes over the multilevel hierarchy, as well as
various MCMC tuning parameters.

For all our symmetric proposal densities ¢(6'|6™) we use the so-called precon-
ditioned Crank-Nicholson (pCN) random walk proposed by Cotter et al. in [19].
Given the current state 6", the 7' entry of the proposal is obtained by

0, =\/1-3207 + B¢,

where (; ~ N (0,1) and (3 is a tuning parameter used to control the size of the
step in the proposal, that may be chosen level dependent, i.e. 3 = (. In the
numerical experiments, we typically choose 3, < 3y for £ =1,..., L.

The other free parameters in Algorithm 3 are the parameters 0%, found in
the likelihood model described in (5.4). The value of 0%, controls the fidelity
with which we require the model response to match the observed data on level
¢. In our implementation we fix the fine-level likelihood variance 0%7 . to a value
consistent with traditional single level MCMC simulations (i.e. the measurement
error associated with Fyp in a practical application), and then allow the remaining

parameters to increase on coarser levels. In particular, we choose
op, = (14 Rhy)o? (=0 L—-1
Fe — 1) YFe+1> — Y .

To reduce dependence of the simulation on the initial state of the Markov
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ALGORITHM 3. (Simplified Metropolis Hastings MCMC for Y,
¢>0)

Choose initial states ©)_; and 6. For n > 0:
e On level £ —1:

— Given ©j}_,, generate ©)_; from a symmetric distribution
E,C(@/ |@n )
q —11%¢-1)-

— Compute

(-1 e )
0,C @/ on _ . 1 m ( /—1 )
o ( 6—1| @71) min { ) 7_‘_4_1(@?_1)

O, , with probability a““ (0, |07 )

— Set @?j_ll = n . - 0.C ’ n
©}_, with probability 1 — a"“(0)_,|0}_,).

e On level ¢:

— Given 07, let 9270 = @’Z_ﬂl and draw 027 r from a symmetric distri-
bution ¢“* (6} 1|6} ).

— Compute

¢ 0/) WZ—l(gn )
OO = mi 17r(5 0,C .
O = i\ L e ) (0 )
0,=[0;",0, ] with probability o/(6,|0})

— Set 67 =
oy with probability 1 — of(8}]07).

e Compute

Y =Qu (0)7) — Qe-r (67))
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chain, and to aid in the exploration of the potentially multi-modal stochastic
space, we simulate multiple parallel chains simultaneously. The variance of the
multilevel estimator Vg, [}A/Z%CZ] is approximated on each grid level by 32 n using the
method of Gelman and Rubin [29]. Finally, due to the very high-dimensional pa-
rameter space in our numerical experiments, both the single-level and multilevel
samplers displayed poor mixing properties. As such, we use a thinning process to
decrease the correlation between consecutive samples, whereby we include only
every T™ sample in the approximation of the level-dependent estimator, where T
is some integer thinning parameter [61]. Then, after discarding ng initial burn-in

samples, the approximation of E ., ,[Y;] is computed by

After the initial burn-in phase, the multilevel MCMC simulation is run until

the sum of the sample variances of the L + 1 estimators satisfies

,Ng

e2
<
- 2

] =
gm

for some user prescribed tolerance €. The number of samples on each level is

Ng 0.8 \/Vyz,éfl D/g] /C[ ~ ’/S?,NZ/C& (535)

as described in (4.9), where C; is the cost of generating a single sample of Y; on

chosen to satisfy

level £. We assume this cost can be expressed as
Co=Cn)h,”,

where the constant C* may depend on the parameters o2 and X in (2.25), but does
not depend on ¢. The factors 7, reflect the additional cost for the auxiliary coarse
solve required on grid £ —1. For the experiments presented below, with geometric
coarsening by a factor of 2, we have np = 1 and 7, = 1.25, for ¢ = 1,..., L.
When an optimal linear solver (e.g. algebraic multigrid) is used to perform the

forward solves in the simulation we can take v ~ d. For a given accuracy ¢, the
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(standardised) total cost of the multilevel estimator can be written as

L M7
A ‘
C. (Q%}Nz}) = No+ > New] (E) , (5.36)
=1
where M, = h;2.
Numerical experiments
We consider the mixed problem
=V - (a(w, z)Vu(w, z)) = 1, for € D,
ou ou
o u|$1:0 ’ “‘x1:1 " Onlz=0 ToOnlz=1 (5:37)

defined on the domain D = (0,1)?. The quantity of interest is the average outflow
through the boundary {z; = 1} computed via the functional MY in section 2.5.

The (prior) conductivity field is modelled as a log-normal random field with
I-norm exponential covariance function (2.24). The “observed” data Fyps is ob-
tained synthetically by generating a reference conductivity field from the prior,
solving the forward problem, and evaluating the pressure at 9 randomly selected
points in the domain. The grid hierarchy in the multilevel estimator is chosen as
ho = 1/16, and hy = hy_1/2, for £ = 1,..., L. Five parallel chains are used in
each estimator }A/%{g

Figure 5-1 shows the results of a four-level simulation with A = 0.5 and 02 = 1.
The partitioning of the KL modes was such that Ry = 96, Ry = 121, Ry, = 153,
and R3 = 169. The fidelity parameter in the likelihood on the finest grid was
taken to be 0%, = 107*. The top two plots show the variance (respectively the
mean) of ), and Y, on each level. The variance and mean of Y, seem to decay with
O(h?) and O(hy), respectively. This suggests that at least in the pre-asymptotic
phase our theoretical result on the variance which predicts O(hy) (in Theorem
5.14) is not sharp (see comments at the end of Section 5.2). The result on the
bias seems to be confirmed.

The bottom right plot in Figure 5-1 shows the number of samples N, required
on each level of the multilevel MCMC sampler. The bottom left plot compares
the (standardised) computational cost of the standard and multilevel MCMC
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samplers for varying values of accuracy €. The vertical axis is scaled by 2. It is
clear that the multilevel sampler attains a dramatic reduction in computational
cost over the standard MCMC sampler. The precise speedup of the multilevel
over the standard algorithm can be evaluated by taking the ratio of the total cost
of the respective estimators, as defined by (5.35)-(5.36). When an optimal linear
solver (such as AMG, with 7 & d) is used for the forward solves in the four-level
simulation with ¢ = 8 x 107* (as in Figure 5-1), the computational cost of the
simulation is reduced by a factor of 50. When a suboptimal linear solver is used
(say, v =~ 1.5d for a sparse direct method) the computational cost is reduced by
a factor of 275 for the same value of €.

Figure 5-2 (left) confirms that the average acceptance rates o’ of the fine-level
samplers — the three right most data points in Figure (5-2) (left) — tend to 1 as
¢ increases, and E[1 — of] ~ O(hy), as predicted in Theorem 5.12. Finally, the
results in Figure 5-2 (right) demonstrate the good agreement between the MLM-
CMC estimate @%I{“M} and the standard MCMC estimate QM€ of the quantity
of interest MS" (u) for nine distinct sets of reference data with three levels of
fine-grid resolution. As before, the coarse grid in each case was defined with
ho = 1/16, the tolerance for both estimators was ¢ = 8 x 10™* and the model
for the log-normal conductivity field is parametrised by A = 0.5, 62 = 1 and
Ry = 169 on the finest grid.
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Figure 5-2: Average acceptance rate o of the multilevel sampler (left figure) and

estimates for the outflow M. (u) for nine reference data sets (right figure) for
A=05,02=1, Ry = 169, and hy = 1/16.
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Chapter 6
Conclusion

Multilevel Monte Carlo methods have the potential to significantly outperform
standard Monte Carlo methods in a variety of contexts. In this thesis, we con-
sidered the application of multilevel Monte Carlo methods to elliptic PDEs with
random coefficients, in the practically relevant and technically demanding case
where realisations of the diffusion coefficient have limited spatial regularity and
are not uniformly bounded or elliptic. Our setting includes, for example, log-
normal coefficients with very short correlation lengths.

Since the analysis of the discretisation error of the multilevel Monte Carlo
estimator requires knowledge of the regularity of the solution, the first chapter
of this thesis was devoted to establishing regularity results for the solution of a
linear, second-order elliptic PDE with random coefficients. For a wide class of co-
efficients, we showed that the solution lies in the Bochner space L?(Q, H'*%(D)),
where the value of s is determined by the Hoélder regularity of the coefficient,
as well as the geometry of the spatial domain. For log-normal coefficients with
exponential covariance, we can for example choose any s < 1/2 for any Lipschitz
polygonal domain. Our regularity results are optimal in the sense that the value
of s is the same as if we would replace the random coefficient by a deterministic
coefficient with the same spatial regularity. There is no loss in regularity due to
the randomness.

Using these new regularity results, we then furnished a complete finite element
error analysis using classical tools such as Cea’s lemma and a best approximation
result. We proved that all finite moments of the error in the natural H'-norm

converge with O(h*), where s is as in the regularity estimate above. This rate is
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optimal with respect to the regularity of the solution. Rates of convergence were
established also for the error in other spatial norms and the error in functionals.

The discretisation error analysis was finally used to give a rigorous bound on
the computational cost of multilevel Monte Carlo estimators. In the case of log-
normal random coefficients with exponential covariance function, for example, we
showed that the savings of multilevel Monte Carlo compared to standard Monte
Carlo are in most cases 2 powers of ¢, if the aim is to achieve a mean square
error of 2. For the multilevel Markov chain Monte Carlo estimator, with log-
normal random coefficient with exponential covariance function chosen as prior

distribution, the corresponding savings are 1 power of ¢.
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Appendix A

Detailed Regularity proof

In this appendix, we give more detailed proofs of Theorem 2.7 and Lemmas 2.8
and 2.9. The proofs follow those of Hackbusch [44, Theorems 9.1.8, 9.1.11 and
9.1.16], making explicit the dependence of all the constants that appear on the
PDE coefficient A. The proof follows the classical Nirenberg translation method

and consists of three main steps.

A.1 Step 1 — The Case D = R¢

Proof of Lemma 2.8. In this proof we will use the norm on H*(R?) provided by
= [|[a(€)(1 + [£]*)*/2|| L2(ra), Which is equivalent

the Fourier transform, ||ul|%,, (®9) :
to the norm defined previously and defines the same space.
For any h > 0, we define the fractional difference operator (in direction i =

1,...,d) by

s
R (v =h" et (—1)m < ) v(z + phe;),
Z .
where e; is the 7th unit vector in RY,

(3) 1 and (Z) (—1) = —s(1—s)(2 —llj)...(,u—l—s)'

Let us recall here some properties of R} from [44, Proof of Theorem 9.1.8]:
o (R (0)(@) = bS5 e (=1 (1) ol — phe).
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e For any 7 € R and v € H™"$(R%),
R0l ey < 0]l rrssay and [[(R}) 0]l gay < 0]l gres@ay. (A1)

— —

o Rjv(§) = [(1—e"9") /h"0(¢)  and  (R})*v(§) = [(1—e™"79") /R]"D(¢).

We define for u,v € H'(R?) the bilinear form

d(u,v) == /RdTVuVR}‘L(U) dr — AdTV(RZ)*qu dz

- i hsemhh (1) (;) /Rd(T(m — phe;) — T(2))Vu(z — phe;) Vo da.

Hence,

d(u,v)] < |T |Ct(]Rd,]RdXd) ’U‘Hl(md) |U|H1(Rd)a

where the hidden constant is proportional to
> e e () gun
p=1 H

which is finite, since (S> O(p=*7") and thus 372 ) e #"u'~*~1 = O(h*™"). The

H pu
three spaces H17*(R%) c L*(R?) c H* }(R?) form a Gelfand triple, so that we
can deduce, using (A.1), that

Toinl (R},) w31 ey < /R ) TV(R,) wV(R,) wdz

= —d(w, (R;L)*w) + <F, R’]il(R;l)*w>Hs—l(Rd)’H1—s(Rd)
< Jd(w, (Ry) w)| + || F|

Hs=1(R4) "Rz(R;L)*wHHl*S(Rd)

SJ ‘T|ct(Rd,Rd><d) |w|H1(Rd) |(R2)*w|H1(Rd) + ||F| Hs—l(Rd) ||(R;L)*w||H1(Rd),
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therefore we get

Tmin”(Riz)*w”l%Il(Rd)
5 |T|Ct(Rd7Rd><d) |U)|H1(Rd) \(RZ)*w|H1(Rd) -+ HF|
+ Tmin”(RZ)*wH%%Rd)

Hsﬂ(ﬂgd) || (R;L)*U}HHl(Rd)

S Tl e gaxay [w] g ray ‘(R;L)*w’Hl(Rd) + [ e ma) H(RZ)*“)HHI(Rd)
+ Toinl| (B)) W] -1y || (1) 0| 111 )
and finally, using (A.1) once more,

1
Tmin

IR wlmme S (I Tlea gy [wlmge) + | F)

e ) + 10l 2.

For any 1 > h > 0, since |1 — e "7%"2 > |Im(1 — e "%h) |2 = e sin(&h)? >
e~2sin(&h)?, and since sin?(¢h) > (%gh)Q, for all |¢] < 1/h, we have conversely
that

d d
RO w|% way > (1 R’ * d
> IR e 2 /|g/ REDMEARIGIEE
1_e—h i&h |28
= (1+1¢ &)|*d¢
/|s e Z ie)|
d . 2s
> o2 1 2 Sm(gih) N 2
> [ T

> / (1+ €€ (e) Pde.
el<1/n
Hence, for any 0 < h < 1, we obtain

[l Fss@ey < Ad(1+|£|2)|€|25|w(§)|2d5 + /Rd(1+|g|2)|w(g)|2d§
d
Z“(Rﬂ*wnfm(u@d) + [lwllp gay

=1

IN
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and so

1

|| grres@ay S T

(1T Jex g ey [y + [P age=s ey ) + ol

min

< 4o0.

A.2 Step 2 — The Case D = Ri

Proof of Lemma 2.9. First we extend the solution w by 0 on R*\ R% and denote
the extension w € H'(R?). Take 1 <i < d— 1. Similarly to the previous section,
we define for u,v € H'(R?)

d(u,v) = /R

and deduce again that

T VuVR, (v) dx—/ TV(R})*uVvdzx

d d
+ RY

|d(u7 U)| 5 |T’Cf(M,Rd><d) |U|H1(Ri) |U|H1(Ri) :

We now note that, since i # d, (R},)*w € Hj(R%) and (R})*w € H'(R?) is equal
to the extension by 0 on R?\ R% of (R})*w. We deduce, similarly to the proof
in Section A.1 using (A.1), that

- 1
R sy S

=: B(w).

(1T cugez gowey 0l gty + I Wiz ) + 0l e

(Note that we added |w|H1(Ri) to the bound to simplify the notation later.)

Hence, by the same token as in the previous section, we get

LAt kEGE + o+ e PYEORES S Bw? (A2
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In particular, this implies that, for 1 <7< dand 1 <j <d — 1, we have

— 2
0w R
1 2571d :/ i2 12145, 21 2871d
@amm@w+m> € = [ IPIEPRORQ+ 6Py
< B(w)?,
which means that 5 e H*'(R%) and ‘ afjg’;j - < B(w). In particu-

lar, for all (i,7) # (d, d), this further implies that % € H*'(R%) and that
’ agj{;‘;j < B(w). Using Lemma 2.5 we deduce that 37“2_ € H*(R%) and
that

Hs—1(R%)

It remains to bound ‘

ow

< B(w), forall 1<j<d-1. (A.3)
830]

~Y

Hs(R%)

, which is rather technical. To achieve it we will
He(RY)

use the PDE (2.7), Lemma 2.4 and the following result.

Bxd

Lemma A.1. For almost all x4 € R, we have ‘%( rq) € H* (R and

f It

Proof. This follows from Fubini’s theorem and Plancherel’s formula, together
with (A.2). O

dug = [ @+ IgPril]ae| a5 B

Hs Rd 1)

From this we deduce that 2 5o wa) € H S(R41), for almost all 25 € R, and

that
L.

Let 1 <7 <d—1. Using Lemma 2.4 we deduce that Tidg—;';(.,xd) € H° (R4,
for almost all z; € R, and that

2

8—w(.,xd)’

dzg < B(w)?.

Hs (Rd* 1)

8w) H(’?w
T,g— ) (., x Tiq(., xg)|ctma—1y || =— (., @
H( da% (- za) Hs(Rd—1) T d)|C(R : 8xd( 2 L2(Ra-1)
ow
b ITatsalowy | Fatan|
Tq Hs(Rd_l)
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Therefore, since by definition || Tyl|core) < Tiax, We get

Ow 112
/ w2
Ry dxq

< 12 2 2 2
Hs(Rd—1) dﬂ?d ~ |T7'd|Ci(]Rd) |w|H1(Rd) + Tmax B( )

2
Tmax

B(w)?.

Since 32 is linear continuous from H'~*(R?"') to H=*(R*!) (cf. [44, Remark

6.3.14(b)]) we can deduce from this that 8%1_ <Tzda ) € H'(R%) and that

0 ow
Haxi (Tida—x)

To see this take ¢ € D(RZ). Then

S ThaxB(w), foralll <i<d-—1. (A.4)

Hs—1(R4)

0 ow ow 0
<8 (Tida_) ,<P> = ’ Tida_(mlaxd) 8i($',$d)
L Ld D'(RY),D(RY) Ld T L2(Ry,Hs(RI-1))
0 0
< Tid_w ' 90@,’%)
Ol ey, ey 119073 L3Ry H~* (R-1))
ow
< Tida_ H90||L2(R+,H1*S(Rd*1))‘
Ld |l L2(R,, Hs (RI-1))

Using (A.3) and Lemma 2.4, we deduce in a similar way that - (sz g;”) €
H*"'(R%) and that for all 1 <i<dand 1< j <d-1,

0 ow
. g <
' o (sz (%cj) T ax B(w). (A.5)

Hs—1(R%)

We can now use the PDE (2.7) to get a similar bound for (7, j) = (d, d). Since
F e H"L(RY), it follows from (A.4) and (A.5) that -2 (Tdd W) € H'(RY)
and that

0 ow
. . <
‘ o, <Tdd(9xd> T hax B(w) + HF|

~Y

Hsfl(Ri) SJ TmaxB(w).

Hs—1(R4)
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Analogously to (A.4) we can prove that

0 ow
' oz, (Ta_>

Hence, we can finally apply Lemma 2.5 to get that Tdd— € H*(R%) and that

S Thax B(w), forall 1<:i:<d-—1.

~

Hs—1(R4)

d

ow 0 ow \ ||? ow
HTdda S 5 (Tdda_> + HTdda
Tdllmery) =y 100 T/ et (rd) Tallemd)
< Th. Bw)?.

By applymg Lemma 2.4 again, this time with b := 1/Ty; and v := Tdd%, we
deduce that 2% > € H*(RY) and that

0 1 0 1 0
‘ _— Sle— Taa7— - + (| Taa7— -
a«Td Hs(Ri) Tdd Ct(@) axd L2(Rd) Tmln axd HS(Rd)
[Taale (RS
t(RL) 1 ow
N —+Tmax T
T
< max B ‘
ST (w)

To finish the proof we use this bound together with (A.3) and apply once more
Lemma 2.5 to show that w € H'™(R%) and
< Tmax
lollsecety S 5 (1Tl euga gosey 0l ety + 1

min
Tmax

+ T “wHHl(R dy.

Hs—l(Ri))

A.3 Step 3 — The Case D Bounded

We can now prove Theorem 2.7 using Lemmas 2.8 and 2.9 in two successive steps.
We recall that D was supposed to be C2. Let (D;)o<i<p be a covering of D such
that the (D;)o<i<p are open and bounded, D C UY_,D;, UY_ (D; N OD) = 9D,
D, C D.
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Let (xi)o<i<p be a partition of unity subordinate to this cover, i.e. we have
xi € C*°(R%R;) with compact support supp(x;) C D;, such that > 7 x; = 1
on D. We denote by u the solution of (2.4) and split it into u = >0, u;, with
u; = uy;. We treat now separately uy and then u;, 1 <7 < p, using Lemma 2.8

and 2.9, respectively.

Lemma A.2. ug belongs to H'™5(D) and

Azt
luollmy S S

min

Hsfl(D) .

Proof. Since supp(ug) C Dy, we have that ug € H}(D) and it is the weak solution
of the new equation —div(AVuy) = F on D, where

F = fxo+AVu-Vyo+div(uAVy) on D.

To apply Lemma 2.8 we will now extend all terms to R?, but continue to denote
them the same. The terms ug and fxo + AVu - Vy, can both be extended
by 0. Their extensions will belong to H*(R?) and H*}(R?), respectively. It
follows from Lemma A.2 in [12] that every element of uA € H*(D) and so if we
continue every element of uAV o by 0 on R?, the extension belongs to H?®(R?),
since supp(xo) is compact in D. Using the fact that div is linear and continuous
from H*(R?) to H* '(R?) (cf. [44, Remark 6.3.14(b)]), we can deduce that the
divergence of the extension of uA Vg is in H**(R?), leading to an extension of

F on R%, which belongs to H*"1(R?).

Let ¢ € C=(R?, [0, 1]) such that ¢» = 0 on Dy and ¥ = 1 on D¢, where D is
an open set such that Dy C D and D C D. We use the following extension of A
from Dy to all of R%:

(2) = A(z)(1 —Y(2)) + Apin¥(2) Lg, if xe D,
At () 1y, otherwise.

This 1mphes that K S Ct(Rd,RdXd), with ||KHC’5(5,R‘1X‘1) S HA||ct(57Rdxd), and for
any § € Rd) K(l’>§£ 2 Amin|§|2'
Using these extensions, we have that —div(AVug) = F in D'(R%). Indeed,
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for any v € D(R?),
» A(z)Vug(z)Vo(z)dz = /L;A(as)Vuo(:v)Vv(x) dz, for any v € D(RY),

since supp(uo) is included in the open bounded set Dy, which implies that Vuy =
0 on DS and A = A on Dy. Since u € H{(D), we have by Poincaré’s inequality

that [|ul|z2(py S |u|m1(py. Therefore it follows from the Lemma 2.1 that

[/l =1
uolm@ey < |ulmio)llxolleo + [[ullz2p)[[VXollo S A—()

By the triangle inequality, we have

1£]

Hs—1(R4) + ||AVU . VXO|

Hs—1(Rd) + ||d1V(uAVXO)|

Hs—1(Rd) < /X0l Hs=1(R9)

Since xo € C®(R?) and |xo| < 1 in D, we have ||fxollgs—1®e) < ||fllzs—1(p)-
Using the definition of A« and the fact that |A; ;(z)| < [|A(2)||dxd, we have

ou dxo

d
[AVY - Vol gs-1mey < [[AVU - Vxol|p2ma) = || Z Ai,ja_xja_xi”LQ(Rd)

ij=1
5 Amax’u‘Hl(D)'
Finally, using Lemma 2.5, the linearity and continuity of div from H?*(R?) to

H'7*(R%) and |Aijleem) < |Aleip raxay, we further get

[div(uAVX0)]

0 dxo
Hs—l(Rd) = || Z %(UJAW(E—) | Hs—l(]Rd)

i,j=1 J

: IXo
S (wAy—=)

J

H(RY)
2,7=1

S Al @ raxay[ull 20y + Amax|| vl 5s(p)
Putting these estimates together, we have

A t(1) X
e oy S e @mexe)

S DR

Hs—l(D).
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We can now apply Lemma 2.8 with T = A and w = ug to show that uy €
H*$(R?) and

1 _
ol s ey S A <|A|ct(5,Rdxd)|U0|H1(Rd)+||F|

Hsfl(Rd)) + ||UO||H1(]Rd)

_ IAlle@goa
S AL

min

/]

Hsfl(D) .

The hidden constant depends on the choices of yp and ¢ and on the constant
in Poincaré’s inequality, which depends on the shape and size of D, but not on
A. O

Let us now treat the case of u;, 1 <1 < p.

Lemma A.3. For 1 <i<p, u; € H™*(D) and

A | Alles (g
Huz‘HHHS(D) ~ A3

min

L1 7]

Hs—l(D) .

Proof. Similarly to the proof of the previous Lemma, u; € H(D N D;) is the
weak solution of a new problem —div(AVu;) = g; in D'(D N D;) with

9 = fxi+tAVu-Vy; +div(uAVy;)
As in Lemma A.2, we can establish that g; € H*~'(D N D;) and

||A||ct(5RdXd)
gill zrs-1(prpyy < A—-HfHHs_l(D)'

Now let @ = {(,ya) € R x R+ |y/| < 1 and |yl < 1}, Qo = {(¥/,30) €
R x {0} |ly]] < 1} and Q@+ = QNRE. For 1 < i < p, let a; be a bijection
from D; to Q such that o; € C*(D;), o; ' € C*Q), ay(D; N D) = Q, and
a;(D; NOD) = Q.

For all y € Qy, we define w;(y) = u;(a; ' (y)) € HYQ,) with Vw;(y) =
J T (y)Vui(a; (y)), where Ji(y) := Day(a; *(y))) is the Jacobian of «;. Fur-
thermore, for z € D; N D and ¢ € H}(Q,), we define v(z) := ¢(a;(x)). Then
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v € H}(D; N D) and Vo(a; ' (y)) = JI (y)Ve(y), for all y € Q, so that
A(x)Vu;(z) - Vo(z) dz
DiND

=/, A(a; " (y) Vui(a; (y)) - Vo(ag ' (y)) [det Ji(y)) | dy

_ /Q Ti(y) Vui(y) - Veply) dy,

where
Ti(y) := |detJi(y)| " Ji(y) Ale; ' () Ji (y) € Sa(R).

We define F; € H*~1(Q4) by

(i@ me-1@umi—@y) = {959 0 Qi) s (pinp), i (D)

1

for all ¢ € Hy7%(Q,). Indeed, since we assumed that a; and ;' are in C?

we have ¢ 0 a; € Hy~*(D; N D) and moreover [l o o]l gi-s(pinn) < [19llm-say)
(cf. [44, Theorems 6.2.17 and 6.2.25(g)]), which implies that F; € H*~1(Q,) and

1Bl S Ngillms—1(onpy)-

We finally get that v; € H}(Q.) solves
/Q TiVui - Vo dy = (F, ) im0y  forall ¢ € Hy(Qy).
N

In order to apply Lemma 2.9 we check first that T; € CY(Q,,R?*%) and that
it is coercive, and then define an extension of T; to R%. Recalling that «; is
a C?~diffeomorphism from D; N D to Q., with a; ' € C?(Q), we have for any
y € Q4 and £ € R%:

e Coercivity: Using the compatibility of | - | and || - ||axd, we have

Ti(y)¢ - € = |detJi(y)| " Jily) Alo; M (y)) T (9)€ - €
= |detJi(y)| "t Ala; () S ()€ - T (y)€
2 |det i ()]~ Al (9)€]?
2 AminlE]?.
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Hence T,y = Anin -

~Y

e Boundedness: Using the sub-multiplicativity of || - ||4xa, we have
Thax = ||Tz‘||00(m,RdXd)
= sup [l|detJ;(y)| ™ Ji(y) Aei ' () I (1) laxa
?JGQJr
< sup (|detTy(y)| " 1 7i(y) llaxa A (07" () laxa 17 () llaxa)
?JGQJr
S Amax .

e Regularity: Since A € C/(D,R%%) and o; € C*(D;), T; € CH(Q,,R¥9).
Using the fact that ||MN||Ct(Q7+’Rd><d) < ||M||Ct(m,Rdxd)||N||Ct(m,Rdxd), for
any M, N € R™? we further have

ITille @7 paxey = llldet i~ Ji(A 0 a7 ) I llevgr gy S 1A lle @ paxay.

We now extend T; to RZ. Since we assumed that supp(y;) is compact in D,
we can choose Q; and Q; such that supp(v;) C Q; C Q; C Q; C Q; C Q and
consider ¢ € C*(R?, [0, 1]) such that 1) = 0 on @; and 1 = 1 on @ic. We define
the extension T; of T; on R? by

=) L)1 = () + Amint(z) Ly if € Qy
. Aminw<x>Id ifx € Qi

Analogously to the case of A in Lemma A.2, we can deduce that, for any ¢ € R,
Tl(y)gf 2 Amin|£|2a Tnax S Amax and ||Ti||0t(@7ﬂgd><d) S HA“ct(ﬁRdXd) . (A.6)

We now define an extension of F; on Ri. Note again that we can choose an open
set G; such that supp(F;) C G; C G; C Q and extend F} to all of ]Ri such that
1F]

Finally we continue v; by 0 on R, which yields v; € Hj} (Ri). Moreover, since

Hs—1(R4) S ||FiHHS—1(Q+)'
T, =T, on supp(v;) C @4, v; is then the weak solution on ]Ri of

—div(T;(2)Vv(2)) = Fi(z),
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which enables us to apply Lemma 2.9 and to obtain that v; € HHS(Ri) and

HUiHHHS(Ri)

Amax el Amax
< ATm(mrct(m(R)) ol ety + 1 Elleraty) + 72 el

Recalling that u;(z) = v;(a;(x)) for any x € D N D; and using the bounds in
(A.6), as well as the transformation theorem [44, Theorem 6.2.17], we finally get

lill 142y
Amax Amax

S 25 (1A llerp s,z el orpy + gillsconny ) + A 1
Avax |1 Al et 5 5, )

< | o)

[
The result in Theorem 2.7 follows directly from Lemmas A.2 and A.3, if we recall
that u = > u;.
i=0
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