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ABSTRACT

In this thesis, we focus on the design of efficient adaptive algorithms for the numerical approxima-
tion of solutions to elliptic partial differential equations (PDEs) with parametric inputs. Nume-
rical discretisations are obtained using the stochastic Galerkin Finite Element Method (SGFEM)
which generates approximations of the solution in tensor product spaces of finite element spaces
and finite-dimensional spaces of multivariate polynomials in the random parameters.

Firstly, we propose an adaptive SGFEM algorithm which employs reliable and efficient hierar-
chical a posteriori energy error estimates of the solution to parametric PDEs. The main novelty
of the algorithm is that a balance between spatial and parametric approximations is ensured by
choosing the enhancement associated with dominant error reduction estimates.

Next, we introduce a two-level a posteriori estimate of the energy error in SGFEM approxi-
mations. We prove that this error estimate is reliable and efficient. Then we provide a rigorous
convergence analysis of the adaptive algorithm driven by two-level error estimates. Four diffe-
rent marking strategies for refinement of stochastic Galerkin approximations are proposed and,
in particular, for two of them, we prove that the sequence of energy errors computed by associated
algorithms converges linearly.

Finally, we use duality techniques for the goal-oriented error estimation in approximating
linear quantities of interest derived from solutions to parametric PDEs. Adaptive enhancements
in the proposed algorithm are guided by an innovative strategy that combines the error reduction
estimates computed for spatial and parametric components of corresponding primal and dual
solutions.

The performance of all adaptive algorithms and the effectiveness of the error estimation stra-
tegies are illustrated by numerical experiments. The software used for all experiments in this

work is available online.



To my family,

for believing in me more than I was able of



ACKNOWLEDGEMENTS

First of all, I would like to thank my supervisor, Alex Bespalov, for his continuous guidance,
patience, and support during the last three years and half. I am very grateful to him for being
always available and for his helpful advices about my research as well as, among other things, for
the methodical attention to details that he taught me.

I also would like to express my gratitude to Dirk Praetorius and Michele Ruggeri for their
valuable contribution to some of the theoretical results reported in this thesis.

Of course, I have to give thanks to my parents, for their encouragement and unconditional
support during my doctoral studies. I also would like to thank my brother Jacopo. I will not
forget how important has been his presence during my first year in Birmingham.

Finally, a special thanks goes to Teresa. She has been my brightest light during the dark mo-

ments.



1 Introduction

1.1 Topicsofthethesis . ... ... ... ... ... ... ... ....
1.2 Main contributions of thethesis . . . . . ... ... ... .....

1.3 Outlineofthethesis. . . . . . . . . . . . ... . . . ... . ....

2 Preliminaries

2.1 Functionspaces . . . ... ... .. ...
2.1.1 Sobolevspaces . ... ... ... ... ...
2.1.2 Lebesgue-Bochnerspaces . ... ..............
2.1.3 Tensor products of Hilbert spaces . . . . . ... ... ...

2.2 Discrete functionspaces . . . . ... ... ... L.
2.2.1 Triangulations . . . . . ... ... ... ...
2.2.2 Piecewise polynomial spaces. . . . ... ... ... ....

2.3 Adaptive mesh-refinement in the finite element setting . . . . . .
2.3.1 Marking strategies . . .. ... ... ... ... ..

2.3.2 Newest vertex bisection . . . .. . . . ... ... ... ...

3 Random fields

3.1 Random variables and probability spaces. . . . . ... ... . ...
3.2 Definition of random field . . . ... ... ... ... ... ...
3.3 Representation of random fields . . . . ... ... ... ... ...

3.3.1 Karhunen-Loeve expansions . . . . .. ... .........

3.3.2 Polynomial Chaos expansions . . . . ... ..........

4 Discretisation of elliptic problems with parametric uncertainty

4.1 Parametrisation of randominputs . . . . ... ... ... ... ...

4.1.1 The abstract setting of parametric operator equations

4.1.2 Parametric model problem . . . ... ... ... ... ....

Contents



CONTENTS

4.1.3 Mainassumptions . . . . . . .. ... oo
4.1.4 Weak formulation . . . . . .. ...
4.2 Stochastic Galerkin Finite Element Method . . . .. ... ... ... ...
4.2.1 Orthogonal polynomials in the parameter space . ... ... ...
4.2.2 Discrete weak formulation . . . . . ... ...

4.2.3 Stochastic Galerkin linear system . . . . ... ... .........

5 Adaptive algorithms driven by hierarchical a posteriori error estimates

5.1 Enrichments via hierarchical basis. . . . . ... ... ... .........
5.1.1 Enriched tensor productspaces . . . ... ... ... ........
5.1.2 Enhanced Galerkin solutions . . .. ... ... ... ........
5.1.3 Saturation assumption . . ... ... ... o000

5.2 Hierarchical error estimate . . . . . . ... ... ... ...
5.2.1 Error estimation using enriching subspaces . . . . ... ... ...
5.2.2 Estimates of the error reduction . . . . . ... ... ... ... ...
5.2.3 Suitable detail indexsets . . . . . ... ... ... oo

5.3 Adaptive SGFEM algorithm . . . ... ... ... . ... ... ... ...,
5.3.1 Computation of spatial and parametric estimates . . . . . ... ..
5.3.2 Marking strategy and refinements. . . . . . . ... ... ... ...
5.3.3 Adaptiveloop . .. ... ...

5.4 Numerical experiments . . . . . . ... ...
5.4.1 Setup of the experiments . . . . . .. ... ... ... ... .

5.4.2 Experiment 1 - Spatially regular solution on square domain . . . .

5.4.3 Experiment 2 - Spatially singular solution on L-shaped domain

5.4.4 Experiment 3 - Spatially singular solution on slit domain . . . . .

6 Adaptive algorithms driven by two-level a posteriori error estimates

6.1 Two-level error estimate . . . . . . . . . . . ..
6.1.1 Mainresult. . . . . . . . .

6.1.2 Auxiliarylemmas . . . . ... ... ... o Lo o L

6.1.3 Proof of the efficiency and reliability of the two-level estimate

6.2 Adaptive SGFEM algorithms . . . . . . ... ... ... ... ..., .

ii



CONTENTS

6.2.1 Local error contributions . . . . . . . . . ... e
6.2.2 Schematic adaptiveloop . . . . . ... ... ... Lo L
6.2.3 Estimates of the errorreduction . . . . . . . . . . . . ... ..

6.2.4 Markingcriteria . . . . . ...

6.3 Analysis of convergence of the adaptive algorithm . . .. ... ... .. ... ... ..
6.3.1 Convergenceresults. . . . . ... ... ... o o oo oo L
6.3.2 Linear convergence of the energyerrors . . . .. ... ... ... .......

6.4 Numerical experiments . . . . . .. ... ... Lo L

6.4.1 Experiment 1 - Comparison with hierarchical estimates . . . . ... .. ...

6.4.2 Experiment 2 - Comparison of computational costs . . . . . . ... ... ...

7 Adaptive algorithms for goal-oriented error estimation
7.1 Goal-oriented a posteriori error estimation . . . . . ... ... .o oo L L.
7.1.1 Abstractsetting . . . . ... ...
7.1.2 Extension to the parametricsetting . . . . . ... .. ... ... ... . ...
7.2 A goal-oriented adaptive algorithm . . . . . ... ... ... oo o L.
7.2.1 Local error estimates in the energynorm . . . . . .. ... ... ... ... ..
7.2.2 Markingstrategy . . . ... ...
7.2.3 Error reduction in the product of energynorms . . . . . ... ... ... ...
7.2.4 Goal-oriented adaptiveloop . . . . . ... ... oo oL
7.3 Numerical experiments . . . . . . .. .. ... ... o o oo oo

7.3.1 Setup of the experiments . . . . . .. ... ... ... ...
7.3.2 Experiment 1 - Estimation of directional derivatives on square domain
7.3.3 Experiment 2 - Estimation of directional derivatives on L-shaped domain . .

7.3.4 Experiment 3 - Pointwise estimation on slit domain . . . ... ... ... ..

8 Concluding remarks

Appendix A Numerical experiment of Section 6.4.2 (extended version)
Appendix B Stochastic T-IFISS package

List of references

140

143

146

155

iii



Notation

Lebesgue measure;

. almost everywhere (with respect to the Lebesgue measure);

Euclidean d-dimensional space;

set of natural numbers excluding zero;

set of natural numbers including zero;

cardinality;

Kronecker symbol;

boundary of a domain D C RY;

characteristic function of D;

differential operator of order |a|;

gradient operator;

norm of a Banach space X;

dual of a Hilbert space H;

inner product in a Hilbert space H;

duality pairing between H’ and H;

space of functions on D with continuous derivatives up to k;
subspace of CX(D) of functions with compact support;
space of bounded linear operators from X to Y;

sample space;

o-algebra of the events;

probability measure;

probability space;

probability distribution of a random variable Y on €2;
probability density function of a random variable Y on €2;
independent and identically distributed;

parameter space;

Borel o-algebra over I';

Lebesgue space of square integrable m-measurable functions over [’;

Lebesgue-Bochner space of m-strongly measurable functions from I to X;



Sobolev space of L?-functions with square integrable first-order weak derivatives;
subspace of H(D) of functions vanishing on dD in the sense of traces;
triangulation of a bounded Lipschitz polygonal domain D C R?;

set of total and interior vertices of 7, respectively;

set of total and interior edges of 7, respectively;

set of midpoints of interior edges of 7;

space of polynomials of total degree less than or equal to k in d variables;

space of globally continuous piecewise polynomials in P, over each element of 7;
subspace of functions in S¥(7') which vanish on the boundary dD;

first-order finite element space Sg(T);

first-order detail finite element space over 7;

subset of NISI of finitely supported indices;

Kronecker delta index;

finite-dimensional polynomial space associated with a finite index set P C J;
cardinality of a finite index set P;

number of active parameters of a finite index set P;

detail index set;

@ direct sum of spaces;

Nxp

TXP
QXI 63’

tensor product of Hilbert spaces or Kronecker product of matrices;

hierarchical a posteriori error estimate;

two-level a posteriori error estimate;

spatial and parametric threshold parameters of a marking strategy, respectively;
set of marked elements, midpoints, or edges;

subset of Q of marked indices.



Chapter 1

Introduction

Nowadays, mathematical models and computer simulations of problems depending on uncertain
parameters are indispensable in science and many engineering applications. Partial differential
equations (PDEs) with parametric uncertainty are ubiquitous in such mathematical models as
they evermore represent the starting point of the investigation and play a major role in the mo-
delling of physical phenomena. In these PDEs, diffusion coefficients, source terms, initial and
boundary conditions are model input data that can be affected by uncertainty. In principle, this
uncertainty can be simply due to the incomplete knowledge of the quantities in the model. This
is the case of uncertainties typically referred to as being epistemic. For instance, in modelling
groundwater flow in porous medium, subsurface quantities such as the permeability and porosity
are not really random in nature: they are inaccessible or may not be known everywhere in the
given domain. On the other hand, there are situations in which the uncertainty may come from
the intrinsic variability in the physical system, as, for example, mechanical properties in linear
elasticity problems or the action of the wind in geophysics models. These are the cases of the
so-called aleatoric uncertainties. The need for reliable uncertainty quantification is therefore es-
sential and typically achieved by supplying mathematical models with a probabilistic framework.

In the case of PDE problems whose physical input quantities vary in space, the modelling is
usually performed by means of random fields (see [88]). The numerical computation of solutions
to such PDEs involves three main stages. First, the input random field needs to be appropriately
represented in order to numerically handle the uncertainty of the problem. Typically, the random
field is parametrised by a large (possible infinite) number of random variables. For example,
this can be achieved by using Karhunen-Loeve (KL) expansions (see, e.g., [87, 88]), when the
dependence on the parameters is linear, and generalised polynomial chaos (gPC) expansions (see,

e.g., [133, 134, 135]) which allow more general dependence on the parameters. Second, an efficient
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numerical method has to be utilised to discretise the parametric PDE and a robust solver has to
be employed to solve the system arising from the discretisation. The third stage involves the
estimation of the error due to the discretisation, or in other words, the assessment of the accuracy
of the computed approximation.

Well-established numerical methods to solve parametric PDEs can be divided into two general
broad classes: non-intrusive and intrusive methods (see [79]). Non-intrusive methods are typically
suitable for parallelisation of deterministic solvers that can be used as building blocks of legacy
codes. Most representative methods of this class are Monte Carlo (MC) methods (see, e.g., [38,
114]) in which the desired stochastic moment of the solution to the PDE is derived by averaging
the spatial approximations obtained by sampling independent and identically distributed (i.i.d.)
realisations of the input random data according to the assumed statistics. On the one hand, using
MC methods requires minimal assumptions for the well-posedness of the parametric problem and
their implementation is elementary based on solving independent deterministic problems. On
the other hand, MC methods can result in expensive computations and, most importantly, yield
approximations that converge slowly. For this reason, other popular sampling-based methods
which generally improve the performance of classic MC approach, have attracted a lot of attention
in recent years. These are, e.g., quasi-Monte Carlo (QMC) methods (see, e.g., [38, 51]), multi-
level Monte Carlo (MLMC) methods (see, e.g., [18, 43, 126, 73]), multi-index Monte Carlo (MIMC)
methods (see, e.g., [80]), and stochastic collocation (SC) methods (see, e.g., [5, 102, 103, 101]).

Unlike non-intrusive methods, intrusive methods require partial redesign of the algorithms as
existing deterministic codes are modified in order to couple together both spatial and stochastic
degrees of freedom at early stage of the code. Most popular intrusive methods are stochastic Ga-
lerkin methods which date back to the pioneering work [72]. These methods are based on a varia-
tional (weak) formulation posed on an appropriate Lebesgue-Bochner space for the given stochas-
tic problem. In particular, a gPC expansion of the solution, which takes into account the stochastic
approximation, is combined together with a Galerkin projection onto a finite-dimensional space
for spatial approximations. In other words, the coefficients of the solution are approximated with
respect to a basis of functions (i.e., polynomials) depending on the parameters. This represents
a major difference to sampling-based methods such as MC, QMC, and MLMC methods: while
these methods are used to target directly stochastic moments of the unknown solution, the gPC

expansion arising from applying stochastic Galerkin methods also provides an explicit parametric
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representation thereof.

Under the finite element method (FEM) setting (see [42, 34, 35, 125]), a very efficient alter-
native to sampling-based methods is represented by the stochastic Galerkin finite element method
(SGFEM) (see, e.g., [48, 49, 8, 9]). This is a powerful tool which received a considerable attention
over the last two decades. As part of intrusive stochastic Galerkin methods, in the SGFEM, nume-
rical approximations are sought in tensor product spaces of finite element spaces associated with
the physical domain and spaces of (multivariate) polynomials over a finite-dimensional manifold
in the parameter domain. For the class of PDE problems whose data depend linearly on random
parameters, the SGFEM has been shown, on the one hand, to be immune to the ‘curse of dimensio-
nality’ (see, e.g., [44, 45]) and, on the other hand, to outperform standard classic sampling-based
methods. For example, so-called multi-level (or sparse tensor) versions of SGFEM discretisations
converge independently of the dimension of parameter spaces, thus achieving convergence rates
which are superior to those of MC approximations (see [30, 118]); in particular, right implemen-
tation of the SGFEM leads to optimal rates as if the stochastic problem was parameter-free (see,
e.g., [47]).

A fundamental aspect of any simulation is the cost associated with running the chosen nu-
merical method. For parametric PDEs, regardless of growing computational power of modern
computers which allow the treatment of high-dimensional problems, if a large number of ran-
dom variables is used to represent the input data of the parametric problem, and highly refined
spatial grids are used for spatial approximations on the physical domain, then computing the so-
lution (or stochastic moments) may become prohibitively expensive. This is true, in particular, for
both sampling-based and stochastic Galerkin methods. In this respect, however, much work has
been done in recent years. For example, it is true that the cost associated with using the SGFEM
is high. This is because the SGFEM allows the simultaneous discretisation of both physical and
parametric spaces, and thus result in huge linear systems normally many orders of magnitude
larger than deterministic subproblems arising from, e.g., MC methods. Nonetheless, it is also
true that the resulting matrix arising from applying the SGFEM is highly block-sparse (see, e.g.,
[65]). Firstly, this means that, effectively, such matrix does not need to be assembled. Secondly,
according to its symmetry and definiteness, the linear system is suitable to be solved by iterative
solvers (e.g., CG, MINRES, and GMRES, see [128, 129, 122]) performing efficient matrix-vector

operations of single blocks. Further to that, to speed up the computation, iterative solvers are
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always coupled with preconditioning strategies (see, e.g., [106, 107, 127]).

In computational PDEs, especially under the finite element framework, the design and theo-
retical analysis of adaptive FEM algorithms have received a significant attention for deterministic
(see, e.g., [52, 96, 97, 31, 93, 98, 40]), and more recently, for parametric PDE problems. In par-
ticular, along with the computation of numerical solutions, a major role in this area is played by
the a posteriori error estimation (see, e.g., [2, 131]). It is well known in the finite element commu-
nity that adaptive strategies based on rigorous a posteriori error analysis of computed solutions
provide an effective mechanism for building approximation spaces and accelerating convergence.
In particular, numerical adaptive algorithms should be designed so as to identify a finite set of
most important parameters to be incorporated into the basis of the approximation space and, at
the same time, spatial and stochastic components of approximations should be judiciously cho-
sen and incrementally refined in the course of numerical computation. This is desirable in order
to compute approximations of the solution (or other quantities of interest different from the so-
lution) up to a prescribed accuracy (engineering tolerance) with minimal computational work.
However, this presents a number of theoretical and practical challenges. In fact, a posteriori error
estimation techniques rely heavily on how the approximation error is estimated and controlled. In
this respect, most common techniques primarily focus on the estimation of the error in a suitable
norm, typically, the (energy) norm induced by the bilinear form of the variational formulation
associated with the PDE.

Within the SGFEM setting for PDE problems with parametric inputs, several adaptive strate-
gies, based on the estimation of global energy norm of the errors, are used to enhance the com-
puted solution and drive the convergence of approximations. Such strategies are developed by
extending the a posteriori error estimation techniques commonly used for deterministic prob-
lems (see, e.g., [50, 16, 2, 96, 97]) to the parametric setting. For example, explicit residual-based
a posteriori error estimates provide spatial and stochastic error indicators for adaptive refinement
in [77, 54, 55]; implicit error estimators are used in [132] for the SGFEM based on multi-element
gPC expansions; local equilibration error estimates are utilised in [56]; hierarchical error estimates
and associated estimates of error reduction drive adaptive algorithms proposed in [29, 27, 47]. It
is worth mentioning that in contrast to the design, the convergence analysis of algorithms for
parametric PDEs is, however, much less developed. Among the most significant contributions,

the convergence of an adaptive SGFEM algorithm driven by residual-based estimates is proved
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in [55] under additional assumptions about enforcing spatial refinements also during iterations
where enrichment of parametric discretisation is performed; moreover, the quasi-optimality of
the generated sequence of grids (in a suitable sense) is established.

In many other practical applications, however, one is not interested in globally approximating
the solution and estimating the associated error in some suitable norm. The estimation of the error
in computing some specific feature of the solution may be, indeed, more useful to the application.
For instance, simulations may target a feature of the solution localised on some part of the com-
putational domain, e.g., the approximation of pointwise values or the approximation of stochastic
moments on a region where the solution exhibits spatial singularities. In this case, the global en-
ergy norm of the error does not provide any meaningful information. Error estimation strategies
thus need to address the approximation of a prescribed quantity of interest (or goal quantity)
which can be typically represented by some linear functional of the solution. In the deterministic
setting, such goal-oriented techniques are well-established (see, e.g., [21, 109, 22, 74, 11]) whereas
relatively little work has been done in the parametric setting; notice that in this latter case, the
quantity of interest is parametric since it depends on the parameters through the solution itself.
In the framework of non-intrusive methods, goal-oriented error estimation techniques and as-
sociated adaptive algorithms are proposed in [57] for the MLMC method and in [3] for the SC
sampling, where, in particular, the authors proposed a procedure to estimate the quantity of in-
terest at each collocation point. Under the SGFEM setting, error estimation of linear functionals
of solutions is addressed in [90] and, for nonlinear problems, in [37]; these works naturally ex-
tend deterministic dual-weighted residual methods to parametric PDEs. In addition, goal-oriented
estimates derived from generic surrogate approximations (either intrusive or non-intrusive) are

introduced in [36].

1.1 Topics of the thesis

In this thesis, we mainly deal with the design of efficient adaptive strategies for the numeri-
cal discretisation of parametric PDEs. The model problem under consideration is a parametric
steady-state diffusion equation with homogeneous Dirichlet boundary conditions on a spatial
two-dimensional polygonal domain. We further assume that the source term is deterministic

rather than being parametric. We consider the case of domains on which the solution may be
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either regular (as for simple square domains) or may exhibit a corner singularity (as in case of
L-shaped or slit domains). The input diffusion coefficient is represented by a spatially varying
random field depending linearly on an infinite countable set of (random) parameters. These are
defined as the images, in the parameter space, of infinite i.i.d. random variables on an underlying
probability space. Note that our model problem is the same parametric equation considered in,
e.g., (49,9, 29, 54, 56], to name but a few.

We will recall the probability framework lying in the background of our investigation and
how to handle numerically the input parametric coefficients by means of KL or gPC expansions of
random fields. For the discretisation of the problem, the SGFEM is the numerical method that we
consider throughout. The starting point is the variational (or weak) formulation that is derived
from the parametric problem via direct application of the SGFEM. The main focus will be on the
a posteriori error estimation, for computed SGFEM solutions, in the global energy norm and in
estimating prescribed quantities of interest.

Our goal is the development, and in part the analysis, of adaptive SGFEM algorithms derived
under the stardard SOLVE, ESTIMATE, MARK, REFINE paradigm of adaptive finite element methods
(see, e.g., [104, 105]). Two kinds of a posteriori error estimates are used by such algorithms: a
hierarchical error estimate, developed in [24, 29] and based on results from [16, 15, 12], and a novel
two-level error estimate based on ideas from [100, 99, 62]. Hierarchical and two-level a posteriori
estimates are primarily used for the estimation of the energy norm of the global error. We will
show how they can be also used for the goal-oriented error estimation in the quantity of interest
of SGFEM solutions. Both estimates are proved to be efficient and reliable for the estimation of
the energy norm of the error under the so-called saturation assumption (see, e.g., [16, 12, 13, 39]
for the deterministic setting). In addition, such estimates are used to identify dominant sources
of discretisation error and guide the proposed adaptive algorithms by using various refinement
strategies for the enhancement of either the spatial or the parametric component of the solution.
For marking purposes, two popular strategies such as the maximum (see [10]) and the Dorfler (see
[52]) marking strategies are considered; for spatial refinement of grids of the physical domain, we
primarily focus on the newest vertex bisection (NVB) rule (see, e.g., [17, 84, 31, 124]).

The main tasks that we aim to pursue in this thesis are essentially three:

* designing an adaptive SGFEM algorithm which uses hierarchical a posteriori estimates for

the energy error of computed solutions;



1. INTRODUCTION

* designing an adaptive SGFEM algorithm which uses two-level a posteriori estimates for the
energy error of computed solutions as well as investigating the convergence properties of

such proposed algorithm;

* designing a goal-oriented adaptive algorithm for the error estimation of linear quantities
of interest (different from the energy error) derived from computed solutions; the resulting

total error estimate may be based on either hierarchical or two-level estimates.

For the above mentioned tasks, a large part of the work is dedicated to the results of extensive
numerical experiments which aim at illustrating the computational aspects as well as the perfor-
mance of the proposed adaptive algorithms. We emphasise that although we focus on a specific
model problem, we try to keep the design of the algorithms as general as possible. In particular,
they can be extended, with natural amendments, to more general PDE problems. These can be, for
example, reaction-diffusion problems, PDEs with parametric source terms with affine dependence

on the parameters, and, as in [82], parameter-dependent linear elasticity equations.

1.2 Main contributions of the thesis

The main contributions of the present work can be summarised as follows.

First, we propose an adaptive algorithm which employs hierarchical error estimates from [29]
for the estimation of the energy error of computed SGFEM solutions to the parametric model
problem. The enrichment of finite element spaces in the algorithm in [29] is based on uniform
refinements of the spatial grid, hence allowing an efficient discretisation only of spatially regular
problems. We extend this algorithm in order to deal with problems exhibiting spatial singulari-
ties. Furthermore, our proposed algorithm is designed so as to run in two different versions. A
first, more traditional version, which is driven by total error estimates, and a second version, in
which the Dorfler strategy firstly returns sets of marked spatial and parametric components of the
two sources of discretisation error, and then the associated larger error reduction estimate indicates
the type of enhancement. For both versions, numerical experiments show that the algorithm is
efficient and able to ensure a balance between spatial and parametric approximations. Although
adaptive algorithms for parametric PDEs already exist in the literature (see, e.g., [76, 55]), our
algorithm is probably the first useful tool for such kind of problems under the framework of

hierarchical a posteriori error estimation.
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Second, a two-level estimate for the energy norm of the global error is introduced. The estimate
is derived under the same hierarchical framework from [29] (see also [24]) and its construction is
based on ideas from the deterministic setting (see [100, 99, 62]). We prove that such a novel esti-
mate is both efficient and reliable. To ease the presentation of the analysis, our proof is based on
the two-dimensional model problem under consideration, though it applies to any spatial dimen-
sion. Then we study the convergence of the associated adaptive SGFEM algorithm. In particular,
four versions of the algorithm, based on four different marking strategies that combine both the
maximum and the Dorfler strategies, are proposed. For all versions, by adopting the arguments
from [98], it is proved that the computed sequence of two-level error estimates converges to zero
(see [25]). We stress that such a result holds independently of the saturation assumption, and in
particular, the analysis does not require extra assumptions on the refinement level of the under-
lying spatial grid as, for example, the assumption needed in [55]. Moreover, for two versions of
the algorithm, in the spirit of [96], we prove that linear convergence of the energy errors is ex-
pected (yet assuming the saturation assumption in this case). These contributions fill a gap in the
theoretical analysis of adaptive SGFEM algorithms for elliptic parametric PDEs.

Third, we use the ideas of deterministic goal-oriented error estimation (see [22, 74, 11]) and
adaptivity to design and implement an efficient adaptive algorithm for approximating linear
quantities of interest of the computed solution to our parametric model problem. In the al-
gorithm, the SGFEM is used to approximate the solutions to both primal and dual problems
and adaptive refinement is guided by an innovative strategy that combines the error reduction
estimates associated with spatial and parametric components of the primal and dual solutions.
Specifically, the marking is performed by employing and extending the strategy proposed in [67]
to the parametric setting. Numerical experiments illustrate the performance and the effectiveness
of such error estimation strategy.

Finally, we want to emphasise that all numerical aspects of the main contributions reported in
this thesis, such as the implementation of the two-level error estimation and all proposed adaptive
algorithms, have been developed in conjunction with the open source Matlab toolbox Stochastic
T-IFISS [28] which is available online and has been used to run all numerical experiments. Of
course, there exist many available pieces of software for general uncertain quantification, such
as FERUM [33] and UQLab [89], as well as finite element packages that can be employed as a

framework to solve PDEs problems with uncertain inputs (e.g., plafem [69], ALBERTA [117], and
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FEniCS [4]). Open source software packages implementing stochastic Galerkin methods, such as
ALEA [58] and SGLib [136], are also freely available. In this respect, our Stochastic T-IFISS toolbox
has been developed and designed to provide a computational laboratory for elliptic parametric
PDEs. Besides supporting the investigation reported in this work, it represents a contribution
to the set of existing packages for the study of parametric PDEs and can be used for academic

research as well as teaching.

1.3 Outline of the thesis

In Chapter 2, we recall the definitions and properties of function spaces such as Sobolev spaces
and Lebesgue-Bochner spaces (Section 2.1), and finite element spaces on conforming triangula-
tions of bounded domains (Section 2.2). In addition, in Section 2.3, we describe two popular
marking strategies and the NVB refinement rule adopted by all adaptive SGFEM algorithms pre-
sented in the thesis.

In Chapter 3, we introduce the probabilistic framework required to setup the study of PDEs
with parametric inputs. This includes the definition of probability space, random variable, and
random field (Sections 3.1 and 3.2) as well as how to represent the latter by means of Karhunen-
Loeve and polynomials chaos expansions (Section 3.3).

In Chapter 4, we present the elliptic parametric model problem that we considered in this
work. We make all the required assumptions on the underlying probability space, the parameter
space, and the input random field required for the well-posedness of the problem. Then we derive
its weak formulation (Section 4.1). In Section 4.2, we introduce the approximation space and
briefly describe the discretisation of the weak problem via the SGFEM and discuss some numerical
implementation aspects.

Chapter 5 is dedicated to the design of adaptive SGFEM algorithms driven by hierarchical a
posteriori error estimates. Initially, we recall the parametric framework from which such esti-
mates are derived (Sections 5.1 and 5.2). Then, in Section 5.3, we present the adaptive SGFEM
algorithm for the numerical solution to our parametric problem. We describe all modules com-
posing the adaptive loop and present the two versions of the algorithm driven by dominant total
error estimates and error reduction estimates, respectively. Section 5.4 presents the results of

three illustrative numerical experiments posed on square, L-shaped, and slit domains.



1. INTRODUCTION

In Chapter 6, the novel two-level error estimate is introduced and analysed. In Section 6.1,
we set up the notation, define the estimate, and prove that it is both efficient and reliable for the
estimation of the energy norm of the error. In Section 6.2, we present adaptive algorithms with
four marking criteria, whereas in Section 6.3 we state the convergence of the computed sequence
of two-level error estimates and prove the linear convergence of global energy errors. Numerical
experiments are reported in Section 6.4, where we first compare the performance of adaptive
algorithms driven by hierarchical and two-level estimates, and then compare the computational
cost associated with employing the proposed marking strategies when using two-level estimates.

Chapter 7 deals with the design of an adaptive goal-oriented SGFEM algorithm for the nume-
rical approximation of prescribed quantities of interests represented by linear functionals of the
solution to the model problem. Firstly, we show how deterministic goal-oriented error estima-
tion techniques can be easily applied to the parametric setting (Section 7.1). Then, a novel goal-
oriented adaptive algorithm is presented in Section 7.2. The effectiveness of the error estimation
strategy and the performance of the algorithm are demonstrated in Section 7.3 by three numeri-
cal experiments including the estimation of directional derivatives and approximated pointwise
values of the solution.

Chapter 8 contains the concluding remarks about the present work.

In Appendix A we report the complete results of the numerical experiment in Section 6.4.2
about the comparison of computational cost of adaptive algorithms in Chapter 6.

Finally, Appendix B aims at highlighting and briefly describing the main components of the

toolbox Stochastic T-IFISS which was used to perform all numerical experiments in the thesis.
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Chapter 2

Preliminaries

In this chapter, we introduce some basic notation and recall many of the ingredients that will
be used throughout the thesis. These include functions spaces, in particular, Sobolev spaces on
bounded domains D C RY, d € N, as well as Lebesgue-Bochner spaces of functions taking values
in arbitrary Banach spaces. Next, we recall the definition of conforming triangulations of a do-
main D and discrete polynomial (finite element) spaces defined on such triangulations. Finally,
in the context of adaptive finite element methods for the numerical solution of partial differential
equations, we describe two popular marking strategies for the selection of elements contributing
with large errors to the approximation of the solution as well as a particular mesh-refinement

technique, which is the one used by all adaptive algorithms proposed in this work.

2.1 Function spaces

Let (T,%, u) be a measure space, where T is a non-empty set, ¥ is a o-algebra on T, and p is a
measure. For all 1 < p < co, we denote by Lj(T) the Lebesgue space of y-measurable functions

such that

1/p
| v||L’:3(T) = (J;lv(t)lpdy) < 400, (2.1)

For p = oo, the LP-norm is defined by || V”L;o(‘[‘) = esssups1|v(t)). Whenever L,’;’(T) is a Hilbert
space, (), denotes the inner product on Lﬁ(T) which induces the LP-norm (2.1). For a domain
DcRY deN, spatial points of D are denoted by x = (xq,...,Xq). Also, in this case, we denote
Lebesgue spaces simply by LP(D), their norms by |- || s(p) with the Lebesgue measure dx replacing

dp in (2.1), and for p = 2, we denote the associated inner product by (-,-);2(p). Furthermore, let

11



2. PRELIMINARIES

a:=(ay,...,aq) € Ng be a multi-index of d non-negative integers. For a multi-index «a,

olal

D% = ——
' a, ag’
Ixyt - dxy

(2.2)

denotes the differential operator of order |a|:= Y ¢, a;. In the case d = 2, V represents the gradient

operator, i.e., the vector of first-order derivatives V := (D10, DOy in x; and x».

2.1.1 Sobolev spaces

Let CK(D), k € Ng U {co}, be the space of functions whose all derivatives D% of orders |a| < k are

continuous on D. We say that a function v € LP(D) has a weak derivative w of order || if

f v(x)D%@(x)dx = (—1)'“'] w(x)p(x)dx Y e CS(D), (2.3)
D D

where C3°(D) denotes the space of functions in C*(D) with compact support in D. Note that
if v € LP(D) has continuous partial derivatives D% in the classical sense (2.2), then D% coincides
with the weak derivative. However, a partial derivative may exist without existing in the classical
sense. Hereafter, D% will then refer to weak derivatives in general but also assumes the meaning
of classical derivative as appropriate.

Sobolev spaces are defined as follows (see, e.g., [1, 35]).
Definition 2.1 (Sobolev space). Let k € Ng. The Sobolev space WXP(D) is defined as
WkP(D) := { ve LP(D) : ||v]wke < oo},

where the Sobolev norm ||-||y«e is given by

1/p

(Z|a|§k”DaV”IZp(D)) if1<p<oo,

v llwee ==
max|q|<k | D*Vllo(p) ifp=oo,

where D® denotes weak derivatives (see (2.3)).

Clearly, WOP(D) = LP(D) for all 1 < p < co. It is well known that, for 1 < p < co, Sobolev spaces
WkP(D) are Banach spaces when equipped with the Sobolev norm ||- llwxe(p) (see, e.g., [1, Theorem
3.3]). We denote by H¥(D) the space W*?(D) which is a Hilbert space equipped with the inner
product

(V, W)hik(D) = Z (D*v,D%w)i2p) Y v,we H¥(D), @ e N§.

lal<k

Furthermore, for k = 1, we denote by Hé(D) the closure of C3°(D) in HY(D). In particular, if D has

12



2. PRELIMINARIES

a Lipschitz boundary dD (e.g., in the sense of [35, Definition 1.4.4]), then Hé(D) can be identified
with the space of functions v € H'(D) such that v|;p = 0, where v|;p has to be understood in the

sense of traces (see, e.g., [35, Section 1.6]).

2.1.2 Lebesgue-Bochner spaces

Lebesgue-Bochner spaces are a generalisation of Lebesgue spaces to functions which take values
in an arbitrary Banach space rather than in R (or C); see, e.g., [115, 1]. These are the natural candi-
date spaces to consider when we look for solutions of PDEs depending on uncertain or parametric
inputs (see Section 4.1.4).

Let (T,%, u) be a measure space and X be a Banach space with norm ||-||x. We say that a function
s: T — Xis simple if s(t) = ) [, Xg (t)v, t € T, where Xg_denotes the characteristic function of a
p-measurable subset E, of T and v, € T for k=1,...,m, with m € N. Then, a function v: T — Xis
strongly u-measurable if there exists a sequence (s,),en 0of simple functions such that s,(t) — v(t)

asn— oo, forae. teT.

Definition 2.2 (Lebesgue-Bochner space). Let (T,%, u) be a measure space and X be a Banach space

with norm ||-||x. The Lebesgue-Bochner space LIF;(T;X) is the Banach space defined as
Lu(T; X) := { vi T — X : vis p-strongly measurable and || v|| s 1,x) < oo} , (2.4)

where the Bochner norm ||- ”[_/ﬁ’(T;X) is given by

p
([Iv(Dldp) ™ if1<p<c,
l V||L,ﬁ’(T;x) =
esssupger [[V(t)llx if p=co.

If p=2and Xis a separable Hilbert space with inner product (-,-)x, then LZ(T;X) is itself a Hilbert
space with inner product defined as (u, v ,_z T:X) JT )xdpuforall u,ve LZ(T X) (see, e.g.,

[88, Proposition 1.34]).

2.1.3 Tensor products of Hilbert spaces

Throughout the thesis, we will often make use of tensor products of Hilbert spaces when defining
the trial and test spaces for discrete weak formulations of parametric PDEs. Let us briefly recall
the definition following the construction given in [111, Section II.4]; see also, e.g., [85, Chapter 1]

and [115].

13
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Let H; (resp. H>) be a Hilbert space equipped with the inner product (-, )y, (resp. (-,-)x,). For

vi € H7 and v, € H), let v; ® v, be the bilinear form on H; x H, defined by

(i ®v2)(P1,¥2) = (Y1, vi)p, (P2, v2), Y1 €Hy, Vipr € Ho.

Now, consider the space C of all finite linear combinations of bilinear forms above. On C, we can

define the following inner product:
(UBV, w®2z)¢ = (u, W)y, (v, Z)y, YuweHy, Vv,zeH,. (2.5)

Inner product (2.5) is well-defined and positive definite (see [111, Proposition 1, Section II.4]).
Then, the tensor product H, ® H, of Hilbert spaces H;, and H; is defined as the completion of
the space C under inner product (2.5). In particular, if {u,} ey and {v;,}men are the orthonormal
basis of H1 and H,, respectively, then {u, ® iy}, men 1S an orthonormal basis of H; ® H, (see [111,
Proposition 2, Section 1I.4]).

Now, let (T,%, u) be a measure space and {1} nen be the orthonormal basis of a separable
Hilbert space H with inner product (-,-);;. We recall the following important result which will
be used when describing the discretisation of PDEs with parametric inputs (see Section 4.2). The
Lebesgue-Bochner space Lﬁ(T;H) (see (2.4)) can be uniquely identified with the tensor product
space Lﬁ(T) ® H. In fact, for all functions v € LIZ‘(T;H), we have in H,

M
v(t)= Llim (O with £ (8) i= (P, V(8 € Ly(T).

m=1

Then, there exists a unique isomorphism U : Lﬁ(T) ®H — Li(T;H) such that f(t)® ¢ — f(t)y for
all fe Lﬁ(T) and p € H, i.e. (see [111, Theorem II.10] or [118, Theorem B.17 and Remark C.24]),

U

Le(T) ® H = Ly(T;H). (2.6)

2.2 Discrete function spaces

The discretisation of domains as well as the (mesh-)refinement strategy are two fundamental in-
gredients of the design and the implementation of adaptive algorithms for PDEs in the context of
the finite element method (FEM). In this section, we recall the notion of triangulation of bounded

domains and define the corresponding discrete function spaces on such triangulations.
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2.2.1 Triangulations

Triangulations of bounded domains rely on the definition of d-simplices. These are d-dimensional
objects defined as the convex hull of (d + 1) points. Specifically, let d e Nand S be a set of (d+1)
affinely independent points x1),...,x(9*1) in R9. We say that T c R9 is the d-simplex generated by
the points of S if
d+1 d+1
T = conv(S) := {x: ZA,.X(” : xes,0<A,<1Vi=1,..,d+1, and ZA,. - 1}.
i—1 i=

i=1

The points xD, ... x(d+D)

are called the vertices (or nodes) of T. For instance, a 1-simplex is a
segment, a 2-simplex is a triangle, and a 3-simplex is a tetrahedron. For any d-simplex T and
a non-negative integer m < d — 1, we can further define the m-dimensional face of T as the m-
simplex generated by the m+ 1 points of T. In particular, O-dimensional faces are simple points,

1-dimensional faces are called the edges and 2-dimensional faces are called the facets of T.

Let us now introduce the notion of triangulation of a domain; see, e.g., [42, 35].

Definition 2.3 (Conforming triangulation). Let D C RY, d = 2,3, be a polygonal or polyhedral

domain. A finite set T is a conforming' triangulation (or mesh) of D if it fulfils:

* each element T € T is a d-simplex generated by (d + 1) vertices x(Tl),..., x(Td+1) € D;

* the union of all elements of T covers the closure of the domain, i.e., D = | J7c7 T;

* the intersection of two elements T, T’ € T can be either empty, a vertex, or an edge (resp. facet) if

d=2(resp. d=3).

The third condition of Definition 2.3 guarantees that a conforming triangulation 7 does not con-
tain any hanging node, i.e., a vertex of an element T € 7 which is contained in the interior of an
edge (or facet) of some element T" € 7.

Given 7, we denote by V(7 ) := U7er N (T) the set of vertices of 7, where NV (T) denotes the set
of vertices of T € 7. Analogously, the set of edges (resp. facets) is given by £(7') := <7 £(T), with
E(T) denoting the set of edges (resp. facets) of T € 7. Furthermore, we denote by N°(7') c N(T)
the set of interior vertices, i.e., x € N°(7) if and only if x ¢ dD, and we denote by £°(7) the set of

interior edges (or facets), i.e., E € £°(7) if and only if E = TN T’ for two elements T, T’ € 7.

IConforming triangulations are also referred to as admissible triangulations; see, e.g., [34].
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We introduce some further notation. The following sets
w(T) = U {T'eT : &Mnem)=0} and w(x):= U {TeT : xeN()}, (27)

are the element patch and the vertex patch of an element T € 7 and a vertex x € V(T ), respectively.

Furthermore, define

ht:= sup |x—x/| and pT::ZSUp{r>O : B(x,r)C T, xe T} YTeT, (2.8)

x,x'€T
where B(x, r) denotes the d-dimensional ball of radius r and centre x, and let h := maxy¢7 ht be
the mesh-size of 7. We say that a triangulation 7 is shape-regular if there exists a positive constant
C; such that
_hr

o(T):=maxo(T) < C; with o(T):=— VTeT, (2.9)
TeT oT

where o(T) is the shape-regularity constant which controls the degeneracy of an element Te€ 7. In
addition, a triangulation 7 is said to be quasi-uniform if all elements are of comparable size, i.e.,
there exists a positive constant C, such that

;
maxrer [Tl _ (2.10)
minter [Tl

Notice that if a triangulation is quasi-uniform, then it is also shape-regular, but not conversely.
Furthermore, we say that a given sequence of triangulations (7;)scy is shape-regular (resp. quasi-

uniform) if (2.9) (resp. (2.10)) holds for all triangulations 7, (¢ € N).

2.2.2 Piecewise polynomial spaces

We now introduce the discrete function spaces on triangulations of domains D C RY, d = 2,3. To
this end, for each k € Ny, let P, denote the space of polynomials of total degree less than or equal
to k in the d variables xi,...,xq4. It is well known that dim(Px) = (k + d)!/(k!d!) for general d € N
(see, e.g., [41, Theorem 2, p. 29]).

For a triangulation 7 of D, we define the finite element space on D as the space of globally

continuous piecewise polynomials of Py over each element T €7, i.e.,
SKT)={ve COD) : Vit eP(T), VTeT| VkeN, (2.11)

with inclusion SX(7') ¢ H}(D) for all k € N (see, e.g., [42, Theorem 2.1.1]). For functions vanishing
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on the boundary of D we define
S§(T):={veSNT) : vlap =0} c H)(D). (2.12)

A basis for the space (2.11) is easily constructed by considering the #\(7) Lagrange basis

functions @; € SK(T) such that @j(x;) = 6;;, with 6;; denoting the Kronecker symbol and x; being a
vertex of the triangulation 7, i = 1,...,#N (7)) (here, # denotes the cardinality); see, e.g., [42] and
[35, Section 3.1]. Hence, dim(SK(7')) = #/ (7). Analogously, a basis for (2.12) would only include
those basis elements @; associated with interior vertices x; € N'°(T). The functions ¢; are often

referred to as nodal basis functions and for k = 1, the are typically called hat functions.

2.3 Adaptive mesh-refinement in the finite element setting

One of the main topics of this work is the design of adaptive algorithms for (parametric) problems
in the setting of the finite element method. For a given model problem, e.g., a PDE posed on a
bounded domain where spatial discretisations are made via finite element spaces on conforming
triangulations (see (2.11) and (2.12)), adaptive FEM algorithms typically follow the standard loop

consisting of the following four modules

SOLVE = ESTIMATE =— MARK = REFINE. (2.13)

The module SOLVE computes a numerical solution of the problem under consideration whereas
the module ESTIMATE usually gives information about the distribution of the estimated error
among the elements of the underlying triangulation. Then, in order to construct enhanced appro-
ximations for the sake of reducing the error, the module MARK implements some marking strategy
to select the elements associated with comparably large errors and the module REFINE comes with
some refinement rule which determines the refinement of such elements. For an introduction to
the finite element method we refer to, e.g., [42, 34, 35, 125]; comprehensive reviews of the aspects
of adaptive FEMs may be found in, e.g., [104, 105, 121].

In what follows, we recall two popular marking strategies that are often employed in the MARK
module of adaptive finite element algorithms and we also describe the mesh-refinement technique

that will be used in the REFINE module of all adaptive algorithms presented in this thesis.
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Maximum marking strategy

Input: set {B(S)}scs and a marking parameter 6 € (0,1].
DO
set Bmax := max{B(S) : SeS};
END
FORSeS

IF B(S) 2 6 frmax
set M = MU{S};
END
END
Output: subset of marked elements M C S.

Strategy 2.1. The maximum marking strategy with threshold parameter 6 for a given input set of numbers
{B(S)} associated with the elements S of a generic set S.

2.3.1 Marking strategies

Suppose that a set of error estimates {f(T)}rc7 associated with elements T € 7 is available; in
an adaptive FEM algorithm these are typically computed by some (a posteriori) error estimation
technique implemented in the ESTIMATE module (see, e.g., [2, 131]). Two popular marking stra-
tegies to select a subset of elements which contribute with large errors are the maximum marking
strategy and the Dérfler marking strategy?.

Early uses of the maximum marking strategy date back to [10]. In this strategy, an element
T € T is marked if the associated error estimate S(T) is larger than a fixed proportion of the
maximum of all error estimates. That is, for a given marking (or threshold) parameter 6 € (0,1],

the strategy returns a minimal set M C 7 of marked elements such that

B(T) 2 Omax f(T) ¥ TeM. (2.14)

Notice that large values of 6 lead to small subsets of marked elements and vice versa.
The Dorfler marking strategy, introduced in [52], builds a subset of marked elements M C 7T
with minimal cardinality satisfying

Y BT =6) BT (2.15)

TeM TeT

where 6 € (0,1] is the associated marking parameter. Contrary to the maximum strategy, here,

2The Dérfler marking strategy may be also referred to as equilibration (see, e.g., [131]) or bulk chasing (see, e.g.,
[105]) strategy.
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Dorfler marking strategy

Input: set {B(S)}scs and a marking parameter 6 € (0,1].
DO

set B(S)? := Y ses B(S)?, M =0, and B(M):=0;
END
WHILE B(M)? < 6 (S)?
set Bmax := Max{B(S)? : SeS\ M};
FORSeS\M
IF B(S)? = Bmax
set B(M)? = B(M)? + B(S)? and M = MU (S};
END

END
END
Output: subset of marked elements M C S.

Strategy 2.2. The Dorfler marking strategy with threshold parameter 6 for a given input set of numbers
{B(S)} associated with the elements S of a generic set S.

large values of 6 lead to large subsets of marked elements and it is guaranteed that sufficiently
many elements are selected so that their combined contributions to the total error estimate con-
stitutes a fixed proportion thereof. Notice that in order to construct a minimal subset, the sum
on the left hand-side of (2.15) considers the elements according to the descendent magnitudes of
associated estimates. This way, the set {B(T)} rcpq satisfying (2.15) consists of the #M largest error
estimates of the full set {B(T)}re7-

The maximum strategy is listed in Strategy 2.1 whereas the Dorfler strategy is listed in Stra-
tegy 2.2. In both cases, the strategies are listed for generic quantities {(S)} associated with the

elements S of a set S.

2.3.2 Newest vertex bisection

The newest vertex bisection (NVB) (see [120]) is widely used in the FEM context since it turned
out to be a key ingredient for proving the convergence of adaptive algorithms for the numerical
approximation of solutions to PDEs; see, e.g., [52, 97, 31, 93, 40].

For simplicity, let us consider D c R?. Let 7y be an initial triangulation of D. In the NVB, a
reference edge is chosen for each element T € 7. This can be, for example, the longest edge of

each element (see [113]). Given a set of elements M, C 7, to be refined (obtained by employing,
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NN SN
/TN A\ /JD\AD\

a

Figure 2.1. NVB bisections. (a) One, (b)-(c) two, and (d) three bisections of the edges of an element in 7,.
Double lines denote the reference edges, black dots denote the edges to be bisected, and white dots denote
the newest vertices. Reference edges are always bisected first.

e.g., either the maximum or the Dorfler marking strategy), for € € Ng, successive iterations of NVB

refinements read as follows:

1) for each elements T € M,, the midpoint zt of the reference edge is connected with the vertex

of T in front of the reference edge. Then, z; becomes a new vertex;

2) such bisection (for all T € M,) produces two new elements (the children of T) whose refer-

ence edges are the edges in front of the newest vertex z; see Figure 2.1(a);

3) the triangulation obtained by the refinement of every marked element is not usually con-
forming due to the presence of hanging nodes. Hence, additional bisections are required to

yield 7,,1.

The third step of the NVB iteration described above is referred to as completion, or mesh-closure,
step. Notice that hanging nodes appear in the interior of those edges E = Ty N T, with Ty, T, € 7,
for which the refinement of only one between T; and T, involves the bisection of E. To get rid
of hanging nodes, the algorithm performs iterated newest vertex bisections which can split an
element T € 7, into two, three, or four new elements; see Figure 2.1. Observe that according to
the configuration of 7,, these additional bisections are likely to involve elements which do not
belong to the set of marked elements; see Figure 2.2. It is easy to see that the completion step
consists of finitely many additional bisections since the NVB performs at most 3#7, bisections
in case all edges of 7, are bisected. Furthermore, we emphasise that since the refinement of an
element involves the bisection of some of its edges, NVB iterations are equivalently defined for a
given input set of marked edges M, C £(7,). For additional details, we refer to [17, 84, 124] for
NVB refinements in two and three-dimensional cases and to [94] for an overview and comparison

of the NVB with other different mesh-refinement techniques.
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7} T€+1

(a) (b) (c) (d)

Figure 2.2. NVB refinement. (a) Triangulation 7, with marked elements M, = {T;, T4, Ts, Tg} in orange.
Double lines denote the reference edges of marked elements; (b) Bisections of reference edges of marked
elements M,. Four newest vertices (white dots), which are hanging nodes, are introduced; (c)-(d) Com-
pletion steps. Blue elements represent the elements of 7, that require further bisections to yield 7,,1. The
set of overall elements that are refined to obtain 7y, is Ry := M,y U {Tg, Ty, T1o}. In particular, there has
been one bisection in elements Ty, T4, Tg, Tg, and T;g, two bisections in element Ts, and three bisections in
element Tg.

Hereafter, for any given conforming triangulation 7" of D, we will let REFINE(:) be any subrou-
tine implementing NVB refinements such that T =REFINE(T, M) returns the coarsest conforming
triangulation 7 so that all elements (resp. edges) in M have been refined (resp. bisected). In
particular, 7 = REFINE(7,0). For each n € N, a triangulation 7}, is a refinement of 7 if 7,, can be
obtained by a finite sequence of refinements 7,,; = REFINE(Z,, M) for all £=0,..., n—1. Moreover,
in this work, we say that Tisa uniform refinement of 7 if T is obtained by three newest vertex

bisections per each element T € T (see Figure 2.1(d)).

Remark 2.3.1. An important feature of NVB refinements is that they automatically lead to nested finite
element spaces. That is, for some € € N, if SK(Ty) denotes the finite element space (2.11) associated with
triangulation Ty, after one NVB refinement, the larger finite element space S¥(Tp,1) constructed on
Tp.1 is such that SK(T;) C SK(Tp,1); see, e.g., [105]. This is not guaranteed by other mesh-refinement

techniques, such as red-green refinements (see [14]) and red-green-blue refinements (see [130]).

21



Chapter 3

Random fields

In many practical applications, the main challenge is to cope with the uncertainty in some phy-
sical quantity of the model which may vary either in space or in time. A good characterisation
of such uncertainty is therefore essential and represents the reason for developing efficient nu-
merical methods for reliable uncertainty quantification. At the basis of effective mathematical
modelling of uncertain inputs in the model’s data there are probability spaces and the notion of
random variable. In this work, we are only concerned with model problems whose responses have
uncertain spatial behaviour. In this case, spatially varying random fields represent the main tool
to model and handle the uncertainties numerically.

In this chapter, we first recall the concepts of probability space and random variable staying
within the classical formalism of probability theory (see, e.g., [86, 19]). Then, we address the
problem of the representation of random fields by describing the Karhunen-Loeve (KL) expan-
sions and, among spectral methods, we briefly review the idea of (generalised) Polynomial Chaos

(PC) expansions of random fields.

3.1 Random variables and probability spaces

A probability space is a measure space (€2, F(£2),P) where €2 is a non-empty set called the sample
space, F(£2) is a o-algebra on €2, and P is a probability measure, i.e., a measure P : Q2 — [0,1]
such that P(Q2) = 1. A (W, F(WV))-random variable Y on (€2, F(£2),IP) is a measurable function from
(Q,F(€2)) to (W, F(W)). The observed value y := Y(w) € WV, for some w € 2, is called realisation
of Y. We say that Y is real valued when it takes values in (R, B(R)), with B(R) being the Borel
o-algebra on R.

For any real-valued random variable Y on (€2, 7 (2),IP) there is a probability distribution Py
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defined as the probability measure on (R, 5(RR)) such that
Py(B):=P(Y(B)=P({weQ: Y(w)eB}) VBeBR). (3.1)

If Py is absolutely continuous with respect to the Lebesgue measure dx, then there exists a proba-

bility density (function) py : R — [0, +00) such that

PrB)= [ pyividy VB EB®) (3.2

Notice that jpr(y)dy =1, since Py(R) = P(Y~}(R)) = P(Q2) = 1 as P is a probability measure. The

mean and the variance of Y are defined by

E[Y]:= L Y(w) dP(w) = fRydWy) - fRpr<y>dy, (3.3)
Var(Y):=E[(Y - E[Y]))?] = E[Y?] - E[Y]?, (3.4)

respectively, where equalities in (3.3) hold due to (3.1) and (3.2). The standard deviation of Y is the
quantity defined by oy := v/Var(Y).

Now, let I, € R for all m € N, and consider a sequence (Y;,)men Of (I, B(I)) men-random
variables on (€2, 7 (€2),IP). Let (Py_)men be the associated probability distributions. We denote by
[ = @men [ the product space of (1)) meny and by B(I) := @ en B([) the product Borel o-algebra
defined as the smallest Borel o-algebra containing all sets &,,,en By, with B, € B([,,) for all m € N.
The product probability measure P on (I',B(I')) is defined as the unique (see, e.g., [19, Theorem
9.2]) probability measure such that

®IP’[® Bm] = H Py (Bm) Y Bme€B(ly). (3.5)

meN meN

Let Y(w) = (Ym(w))men, w € €2, be a multivariate random variable with joint probability dis-
tribution Py(B) := P({w € Q : Y(w) € B}) for all B € B(I') (cf. (3.1)). One can show that this is a
well-defined measure on (I, B(I')). Also, py represents the associated joint probability density. We
say that random variables (Y;,) meny are independent if the joint distribution Py is equal to the prod-
uct measure ®P defined in (3.5), or, equivalently, if py =[],y Py, , where py are the probability
densities of Y, for all m e N (see (3.2)). In particular, this implies that

E[Y] = erpv(y)dy = |_[

meN

Jl"m )/mme(ym)dym = I_I IE[Ym] where y:= Y(w)

meN

In addition, if the random variables are independent and, for all m = n, there holds py =py , we

say that they are independent and identically distributed (i.i.d.), whereas we say that Y, and Y}, are
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uncorrelated if E[Y,,Y,] =0 for all m = n.

3.2 Definition of random field

Random fields are very important in many engineering applications as they are typically used to
define or obtain other quantities of the model by means of, for example, a PDE. These quantities
can be velocity fields, temperatures, pressures, etc., according to the model under consideration.
However, in all those problems whose inputs are uncertain or depend on some random parame-
ters, one does not have in general the exact knowledge or representation of the random field itself.
We can only rather obtain a priori information from some physical property or quantity which is
relevant to the application. It is therefore essential to be able to construct or approximate random
fields appropriately.

A formal definition of a random field can be given as follows. Let (€2, 7 (€2),[P) be a probability
space and D C RY, d € N, be a bounded spatial domain. A random field is a jointly measurable
function a: D x 2 — R with respect to F(£2) on the sample space 2 and the Borel o-algebras on
D and R. In particular, a random field a can be seen as the family {a(x, w)}xep, weqy such that a(x,-)
is a random variable on (£2, 7 (€2)) for any fixed point x € D and a(-, w) is a realisation in D for any
fixed w € Q2; see, e.g., [88].

Analogously to random variables, for all w € €2, we can define the following quantities
E[a](x) := f a(x, w) dP(w) VxeD, (3.6)
Q
Cov[al(x,x) := E[(a(x, ) - E[a](x) (a(x’, ) - E[a](x))] Vx, x €D, (3.7)

which are the mean and the covariance of the random field a, respectively. The variance of a is
defined as Var(a)(x) := Cov|[a](x,x) for all x € D. Note that for these quantities to be well-defined
we should assume that the random field is second-order, i.e., a belongs to the Lebesgue-Bochner
space L]%)(Q; L?(D)). Furthermore, we say that Cov[a] is positive definite if

Z Z cmCovia](xm, x,)Chp = 0 ¥ Xy X, €D, ¢y €C. (3.8)

meN neN

Before addressing the problem of the representation of random fields, below we give two
examples of important classes of random fields which we will use in some numerical experiments

in this thesis.
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Example 3.2.1 (Stationary random fields). We say that a second-order random field is stationary,
if its mean E[a](x) is constant (i.e., it is independent of x € D) and the covariance can be written as
Cov[a](x,x’) = c(x = x’) for some function c : D — R called stationary covariance function. That is,
stationary random fields are invariant to translations. On simple two-dimensional rectangular domains
D = [-by, b1] x [-by, by] with [-by, by] C R, k = 1,2, a typical example of a stationary covariance

function is the following,
|x1 = X1| B [x2 — X§|

14 &)

Cov|a](x,x’) = exp|— (3.9)

where x = (x1,x3),x" = (xi,xé) € D, and €1,¢> > 0 are the correlation lengths; see [88, Example 7.56].

Example 3.2.2 (Isotropic random fields). We say that a second-order random field is isotropic if it is
stationary and its stationary covariance function c : D — Riis given by c(x) = co(r), where r := xf + xg
and cq is called the isotropic covariance function. That is, isotropic random fields are stationary random
fields invariant to rotations. A typical example of an isotropic covariance function on two-dimensional

domains is given by

1 7 r?
co(x) = mexp(—m), xeD, (3.10)

for a correlation length € > O; see [88, Example 6.10].

3.3 Representation of random fields

In order to take the uncertainty into account in a given model we need to represent random fields
in an appropriate way. Typically, a random field can be written in Fourier-type series in which the
spatial part, consisting of a family of real-valued functions, is separated from the stochastic part,
which consists of a sequence of random variables. In this section, we briefly recall two well-known

examples of such representations.

3.3.1 Karhunen-Loeve expansions

The Karhunen-Loéve (KL) expansion of a random field a is the preferred candidate in many ap-
plications since it represents an optimal approximation of a in the mean square sense when the
corresponding infinite expansion is truncated after the first, say, M € N terms.

Let C,: L?(D) — L?(D) be the covariance operator of a second-order random field a defined as

C(F)(x) := LCov[a](x, X )f(x)dx VY fel?D). (3.11)
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If the symmetric covariance Cov[a] is positive definite (see (3.8)), then C, is a symmetric, non-
negative, and compact operator. In particular, there exists a family (A,,, ;) men Of eigenpairs of
C,, i.e., satisfying

Cof)=Anf,  ¥YmeN, (3.12)

where the sequence of non-negative eigenvalues (A,,) ey, Which is enumerated according to de-
creasing magnitudes (i.e., A1 > A, >--- > 0), tends to zero as m — oo, and eigenfunctions (f,)nen

are orthonormal with respect to the inner product (-,-)2(p).

Definition 3.1 (KL-expansions). The Karhunen-Loéve expansion of a second-order random field a is

defined as

a(x,w) = E[a](x) + imfm(x)Ym(w), xeD, we, (3.13)
m=1

where Y, (w) are random variables uniquely defined by

1
VAm

and (A, fin)men are the eigenpairs of the covariance operator C, defined in (3.11).

Yi(w):= (a(x, w)-E[a](x), fm(x))2(p) YVmeN, wel,

It is straightforward to verify that Y, are mean zero uncorrelated random variables with unit
variance. Furthermore, expansion (3.13) is well-defined as it converges in Lﬁ(Q;LZ(D)) due to

Mercer’s theorem (see, e.g., [112, p. 245]). In fact, if we denote by

M
ay(x ) :=E[a](x) + Z VAnfn(X)Ym(w),  x€D, we, (3.14)
m=1
the truncated KL-expansion of a after M € N terms, then there holds

sup |Cov[a](x,x") — Cov[aM](x,x')| = sup Z Am®m(x)? = 0 as M — oo,

x,x’eD xeD =M1
and then supyep E[(@—apy)(x,)] = SUPyep X oo_pss1 Am®m(X)? — 0 as M — o (see also [87, p. 144]
and [88, Theorem 7.53]). In particular, the L]%)(Q; L?(D))-error due to the truncation after M terms

is then given by

(o)

la—amllzo;ezo) = Z Am- (3.15)
m=M+1

This error is optimal in the sense that for any other truncated series ay of M € N random variables
and spatial functions, error (3.15) due to KL-expansion is smaller than the corresponding error
la—amlli2;2(p) (see, e.g., [72]). It is clear that information about the decay of the eigenvalues

(Am)men of C, plays a crucial role in order to obtain good bounds which control the error of
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truncated KL expansions; see, e.g., [68, 119].

From the description above, we see that KL-expansions typically require the (a priori) know-
ledge of prescribed means E[a] and covariances Cov[a]. In addition, if the eigenpairs of the as-
sociated covariance operator C, are not given/known, they should be computed by solving (3.12)
which is in general a non-trivial task. For example, discretisation of (3.12) obtained from nu-
merical methods such as Galerkin projections and approximations via collocation points, give
rise to matrix equations whose eigenpairs approximate the eigenpairs of the continuous problem
(see, e.g., [88, Section 7.4]). However, such resulting matrices are typically dense and large, thus
efficient and accurate numerical approximations may result in expensive computations. In parti-
cular cases, such as exponential (see (3.9)) or triangular covariances on certain domains, there exist
the analytical expressions of the corresponding eigenpairs (see, e.g., [72, Chapter 2] and Exam-
ple 3.3.1 below). For other general covariances or complicated domains, one may use efficient

eigensolvers, e.g., so called fast multipole methods (see [119]).

Example 3.3.1 (Stationary covariances). Consider the KL-expansion of a random field with the sta-
tionary exponential covariance (3.9) from Example 3.2.1. In this case, the eigenpairs (A, fm)men of
the covariance operator C, of the associated random field are given by f,(x) := ﬁ-(l)(xl)fj(z)(xz) and
Am = )Lf.l)/lj.z), where ()\51), f,(l))ieN and (Aﬁ.z), fj(z))jeN are the eigenpairs of the one-dimensional eigen-

value problem

by -
J exp(— |X€kz| ) fR(z)dz = AW F(z), k=1,2. (3.16)
—by

See, e.g., [88, Example 7.55], for the analytical expression of such eigenpairs for problem (3.16). It can
be shown that the values of correlation lengths does not affect the asymptotic decay (i.e., for m — oo)
of eigenvalues A, which is of order O(m™?) (see [88, Example 7.58]). A truncated KL-expansion with

covariance (3.9) will be considered in the numerical experiment in Section 7.3.2.

In some cases, one may consider KL-expansions with explicit eigenpairs that yield random
fields with covariance functions that are close/similar to goal covariances functions whose eigen-

pairs are either not known analytically or are too difficult to approximate.

Example 3.3.2 (Isotropic covariances). Let D = (0,1)? and consider the following KL-expansion of a

random field a(x, w),

a(x,w) = E[a](x) + Z VVii9ii(x)Yij(w), x€D, wel), (3.17)
i=0 j=0
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where ¢oo(x) := 1, vog := 1/4, and
. . 1 2 2\ 2 .
¢ij(x) := 2cos(imx;)cos(jmxy) and wvjj:= Zexp(—n(l +j°) ) Vi jeN, (3.18)

with € > 0 and random variables Y;; being independent uniformly distributed in [-V3,V/3]; note that
they are mean zero and have unit variance for all i,j € Ng. It can be shown that random field a(x, w) in
(3.17) has a covariance function close to the isotropic function (3.10) provided that € is small enough;
see [88, Example 9.37]. KL-expansion (3.17) will be considered in the numerical experiment in Sec-

tion 5.4.4.

Example 3.3.3 (Exponential random fields). The well-posedness of some model problem may require
the input random field a to be positive, e.g., a > amin a.e. in D for some positive constant an. To
enforce such positiveness, we can represent a as a nonlinear function of the random variables. This is

typically the case of exponential random fields of the form

(o]

a(x,w) = amin + exp[ Z am(x) Ym(a))], xeD, we}, (3.19)

m=1

or, equivalently defined, e.g., as the KL-expansion of log(a — apn) assuming that a— ap;, > 0 almost
surely. In particular, when (Y,)men are normal random variables, random field (3.19) is called log-
normal random field; see, e.g., [5, 103, 128, 101]. In this thesis we are not going to consider the case
of exponential random fields, but we rather require the positiveness of the considered random fields by

direct assumption.

3.3.2 Polynomial Chaos expansions

The main drawback of KL-expansions is that they require the random field to have a known pre-
scribed mean and covariance function. Furthermore, assuming such statistics for the input ran-
dom field of the model under consideration does not guarantee at all the response to have the
same properties, i.e., we cannot expect to represent the solution of the model via KL-expansions.

A more general approach to representing random fields dates back to Wiener [133] and was
introduced for the representation of Gaussian random processes. This is known as polynomial
chaos (PC) expansion. Here, random fields are represented by an infinite series in which the
stochastic part consists of Hermite polynomials (see Example 4.2.2) in a sequence of independent
Gaussian random variables. That is, the idea is to write a representation in which a polynomial

combination of known random variables is used as a basis for the expansion. When random
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variables are assumed to be not Gaussian, in order to work with orthogonal polynomials, Hermite
polynomials are substituted by families of orthogonal polynomials with respect to the probability
distribution of such random variables. In this case, we typically talk about generalised PC (gPC)
expansions; see, e.g., [134, 135].

In general, for a sequence of independent real-valued (I, B(I'))-random variables (Y;(w))ien
on the probability space (2, F(€2),[P), with Y(w) = (Yi(w))ien, and a set {P,}nen of orthogonal
polynomials in Y forming a basis of Lﬁy(r), a second-order random field can then be expanded
(i.e., written) as

a(x, w) = i frn(X)Pr(Y(w)), xeD, we?, (3.20)

m=1
where coefficients f,, : D — R are spatial functions that have to be chosen appropriately; for exam-
ple, they can be finite element functions; see, e.g., [72, 135]. There are many well-known fami-
lies of gPC polynomial basis associated with the corresponding distribution of random variables
(Yi)ien. For example, Gaussian random variables lead to Hermite polynomials while uniformly
distributed random variables lead to Legendre polynomials (see Example 4.2.1). Jacobi and La-
guerre polynomials are instead associated with Beta and Gamma distributions, respectively; see,
e.g., [135, 70]. Notice that as for KL-expansions, in order to deal with expansion (3.20) numeri-
cally, truncation after a certain number of terms is, in general, required. In this work, we will
encounter gPC expansions in subsequent chapters when representing the solution of parametric

elliptic boundary value problems.
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Chapter 4

Discretisation of elliptic problems with parametric
uncertainty

In the present chapter, we focus the attention on the class of elliptic problems under considera-
tion in this work as well as the assumptions used in the remainder of the thesis. We consider
a boundary value problem, with an uncertain spatially-varying diffusion coefficient, posed on a
polygonal domain in R?. This coefficient is seen as a second-order random field (see Section 3.2).
In particular, we consider the case of a parametric random field depending on a countable infinite
number of parameters defined as the images of some (independent) random variables. In order
for the problem to be well-posed, we make particular assumptions on the random field as well as
on the structure of the underlying probability space. Lebesgue-Bochner spaces (or equivalently,
tensor products of Hilbert spaces) will be the natural spaces to use in order to derive the weak
formulation of the problem.

We consider the numerical approximation of the (weak) solution to our parametric model
problem under the general context of spatial discretisations made by means of finite element
approximations. Very popular numerical methods to tackle parametric PDE problems are clas-
sic Monte Carlo (MC) methods, including, e.g., multi-level Monte Carlo (MLMC) methods (see,
e.g., [43, 126, 73]), and stochastic collocation (SC) methods (see, e.g., [5, 103, 102]). These are
sampling-based methods that, in particular, require the (a-priori) truncation of input random
fields. Furthermore, they can be used also in the case of models where random parameters do
not need to take values in bounded domains (e.g., as in the case of lognormal random fields, see
Example 3.3.3). Nevertheless, in this thesis, we are not going to consider such class of numeri-
cal methods for the discretisation of parametric PDEs. We rather focus on the stochastic Galerkin

Finite Element Method (SGFEM); see, e.g., [48, 49, 8, 9]. This method arose by the pioneering con-
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tribution [72] which proposed truncated gPC expansions of solutions to parametric PDEs under
a Galerkin framework. This has resulted in the development of spectral stochastic finite ele-
ment methods, where gPC expansions of the solutions (which take into account the stochastic
approximation) are combined with a Galerkin projection onto (finite-dimensional) finite element
spaces for the spatial approximation (see also [9, 91]).

In what follows, we introduce the model problem, we derive its weak formulation, and state
the assumptions needed to ensure the well-posedness in Section 4.1. Then we describe the SGFEM

method and provide some details on the implementation aspects in Section 4.2.

4.1 Parametrisation of random inputs

Our starting point is a brief review of the abstract setting of general parametric operator equa-
tions. This is the functional analytic setting for the class of elliptic problems with random inputs

that deserves our attention.

4.1.1 The abstract setting of parametric operator equations

Throughout, we follow closely the description given in [118]; see also [75].

Let I' be a compact topological space and H be a separable Hilbert space over R equipped with
norm ||-||;. Also, let L(H,H’) be the space of bounded linear operators from H to its dual space
H’, and (-, -) be the duality pairing between H’ and H. Consider the following parametric operator
equation

Ayuly)=fly) VYyerl, (4.1)

where A : I — L(H,H’) is a continuous map with a bounded inverse A~! for all y € I' and f :
[ — H’. The unique solution u:= A~*f: T — H to equation (4.1) is continuous if and only if f is
continuous.

In order to derive the weak formulation of (4.1) in the parameter y € I', we further assume that
A(y) is a symmetric and positive definite operator for all y € I', and that there exists two positive

constants Ain, Amax < 00 such that

”-A(Y)“,C(H,H’) < Amax and ||A(y)71 ||£(H’,H) < Amin A4 ye r; (42)

i.e., for any v € H, the bilinear form (A(y)v, v) is an inner product on H which induces a norm
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equivalent to||-||;. Now, suppose that 7 is a probability measure on the measurable space (I, B(I)).
In this way, the operator A = A(y) depends on a parameter y in a probability space (I, B(I'), i)
while f becomes a random variable on I taking values in H. In particular, let us assume the

following regularity for the right-hand side
fel2(H). (4.3)

The weak formulation of problem (4.1) is then defined as follows: find u € L2(I'; H) such that

B(u,v):= J;(A(y)u( y)ydmn(y J(f yhdn(y)=:F(v) VYve L,ZZ(F;H). (4.4)

Due to assumptions (4.2) and (4.3), both integrals in (4.4) are well defined and the problem above

admits a unique solution (see [118, Theorem 2.18]).

4.1.2 Parametric model problem

Hereafter, we refer to the compact topological space I as the parameter space. Let D C R? be a
bounded domain with a Lipschitz polygonal boundary dD. For f € L?(D), consider the following

homogeneous Dirichlet problem for the parametric steady-state diffusion equation

=V-(a(x,y)Vu(x,y)) = f(x) xeD,yeT,
(4.5)
u(x,y)=0 xedD,yerT,

where y € [ are the parameters, V- denotes the divergence operator with V denoting the differen-
tiation with respect to spatial variables x € D, and the diffusion coefficient a: Dx[ — R is a

second-order random field (see Section 3.2).
Problem (4.5) is an example of a PDE with parametric inputs which perfectly fits into the class
of problems whose weak formulations derive from abstract parametric operator equations (4.1)
(see Section 4.1.4 below). Here, the parameter y can be seen as the image in ' of some random
variable Y on a probability space (€2, 7(€2),[P) with known/given probability distribution 7. This
is indeed one of the assumptions that we are going to make in next section. That is, we suppose to
work over the ‘image’ probability space (I, 5(I'), ), where I := Y(€2), rather than over (€2, 7(2), P).
For simplicity, we only consider the case of non-parametric, i.e., deterministic, sources f = f(x);
in fact, in principle, the source term may also be uncertain, that is, it may depend on y € I', thus

being a random field. Problem (4.5) is the same parametric equation that is also considered in, e.g.,

(49, 9, 24, 29, 54, 55, 76]. Note that the solution u to problem (4.5) will be itself a random field.
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4.1.3 Main assumptions

Let (I, B(I'), ) be the underlying probability space for problem (4.5). Let us make the following

first assumption.
Assumption 4.1. We assume that

* the parameter domain [ is the product space

M= ® ., with T, :=[-1,1] YmeN, (4.6)

m=1

and y € I are vectors of parameters y,, € I,, which are the images of i.i.d. random variables
Y : Q2 — [, on a probability space (€2, B(€2),P), i.e., ¥y = (¥m)meN = (Ym(@))men, w € 2. In

particular, B(I') is the product Borel o-algebra on I (see Section 3.1);

* the probability distribution 7 is the product probability measure on (I', 3(I')) given by

ny) = | | 7mbvm)  Vyel, (4.7)
m=1

where probability distributions 7, are probability measures on (I,,;, B(l;;)), for all m € N.
Moreover, every measure 7, is symmetric, i.e., the probability density p, : [, = [0, +c0) of

Y, such that d7t,(ym) = pm(Ym)dym (cf. (3.2)), is an even function.

We will refer toy € I as well as the components y,,, € I,,, for all m €N, as the parameters. We now

make the following assumptions on the coefficient a(x,y) in (4.5).
Assumption 4.2. The diffusion coefficient a(x,y) is a random field which depends linearly on
parameters y,, as follows,

a(x,y) = ap(x) + i am(X)ym, xe€D,yeTl, (4.8)

m=1

where we assume that:

* ap(x) is uniformly bounded away from zero, i.e., there exist two constants ag"i”, aB"aX )

such that

0 < al™ < ap(x) < ag™ a.e. in D; (4.9)

* spatial functions (a,)men satisfy [[am | =) = [lam+1 lli(p) for all m € N, and the series in

(4.8) converges uniformly in L*(D), with

1 [ee]
YV = “min Z lamlliep) < 1. (4.10)
ao m=1
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For example, decomposition (4.8) may come from a Karhunen-Loeve expansion of a random
field a(x,y) with a given covariance function Cov[a] (cf. (3.13)). Notice that the parameter-free

term ag(x) is equal to the mean value E[a]. In fact, for all m € N, we have that

Jym drn(y (I_[J dty(Yn ][f Ym dnm(ym)) = erympm(ym)dym =0,

n=m
where the second equality follows since 7, are distribution measures and the third equality fol-
lows from the symmetry of intervals I, and since y,, p;m(ym) is an odd function. In addition, for

all y e I, we have

(4.10)
| a(x,y) - a(x '<Z|a Xyl - Z'a Zna =) < ag™,

and from (4.9) we see that the random field a(x,y) in (4.8) is positive and bounded from above by

mln max
4y *ag

a.e.in D.

Remark 4.1.1 (Finite-dimensional noise assumption). The main theoretical and numerical challenge
in dealing with PDE problems depending on a countable infinite number of parameters is that, in ge-
neral, one does not known a priori which and how many parameters should be incorporated in the
discretisation of the model. In other words, it is difficult to decide after how many terms the represen-
tation of random inputs should be truncated. However, in many practical settings, realisations of the
input random field may be slowly varying in space. When this happens, only few terms in the series are
effectively needed to capture accurately the features of the random field. In this case, expansions such as
(3.13) or (4.8) can be truncated after a certain number of terms (cf. (3.14)). In literature, this is also
known as finite-dimensional noise assumption; see, e.g., [8, 68, 5, 79]. In our current setting, we keep

assumption (4.8) since we will show later that the approximation of problem (4.5) via SGFEM naturally

leads to truncated series in the expansion of the random field (see Proposition 4.1).

It is worth recalling that we do not loose generality in assuming that bounded parameters y,,
take values in I, = [-1,1] (m € N) as in Assumption 4.1, since this can be always ensured by

rescaling appropriately the spatial functions a,, in (4.8) (see [118, Lemma 2.20]).

4.1.4 Weak formulation

Let Hé(D) be the Sobolev space of functions in H!(D) vanishing on dD in the sense of traces and
H~Y(D) be its dual space. Furthermore, let (-,-) be the duality pairing between H™1(D) and Hé(D).
For all y € T, let f(y) € H"1(D) be defined by (f(y), w) := ID x)dx for all w € H (D). Fur-
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thermore, for all y € I', we define the following symmetric operator A(y): Hé(D) — H™Y(D),

a(x,y)Vv(x) - Vw(x)dx = (Agv, w) + iym(Amv, w)y Yv,we Hé(D), (4.11)

m=1

(Aly)v, w) = f

D
where A, : Hé(D) — H7Y(D) are the symmetric operators defined by
(Apv, w) = J am(x) Vv(x)- Vw(x)dx Yvwe Hé(D), m € Ng. (4.12)
D

Decomposition (4.11) follows the structure of the random field (4.8) and note that operator A(y)
n (4.11) is the one associated with problem (4.5) for all y € I'. Assumption (4.9) on the mean field

ag of the random field implies that the bilinear form (Ag-, -) is both continuous and coercive, i.e.,

[(Agv,w) | < ag®| V||H3(D)|| W”Hé(D) Yv,we Hé(D), (4.13)

(Agv, V) > ag“”nvnié V ve H(D). (4.14)

(D)
Also, both (4.9) and (4.10) imply that the operator A(y), as well as its inverse A(y)~!, are bounded

forallyerT,

SUP”A(Y)”L(H&(D),H*l(D)) < Amax  and SUPHA(Y)_l”[(H*l(D),Hl( by < Amin’ (4.15)
ye ye

where the positive positive constants A, and A,,,, are given by
Amax :=ag (1 +7y) and Amin = ag"™(1 =), (4.16)

respectively (see [118, Proposition 2.22]). Furthermore, (4.10) and (4.13) ensure that the series
in (4.11) converges in E(H&(D), H~Y(D)) uniformly in y. In particular, A(y) depends continuously
onyel (see[118, Lemma 2.21]).

Now, let us consider the Lebesgue-Bochner space L2(T; Hé (D)). The weak formulation of prob-

lem (4.5) reads as: find u € L2(T; Hé(D)) such that (cf. (4.4))

f{A y))dm(y J-(f yhdn(y)=:F(v)  Yvel2(T;H}(D), (4.17)

where, due to (4.11) and (4.12), the symmetric bilinear form B can be written as
B(u,v) = Bg(u,v) + ZBm u,v) Yuve L,ZI(F;H(%(D)), (4.18)
m=1
with component bilinear forms By and B, given by
Bolu )= [ (Aouly) iy () Y uve 2T HD), (419

B (u,v):= jrym(Amu(y), v(y)) dre(y) Y u,ve L2(T;HA (D)), YV meN, (4.20)
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Note that F € L2(I'; H"1(D)) and inequalities (4.15) imply that B(-,-) is both continuous and coercive
with Aqax and A, defined in (4.16) being the continuity and coercivity constants, respectively.
Therefore, the existence of the unique solution u € V satisfying the weak problem (4.17) is gua-
ranteed by the Lax-Milgram lemma (see, e.g., [35, Theorem 2.7.7]).

To conclude, observe that on the one hand, the bilinear form B(-,-) defines an inner product in

L2(T; H&(D)) which induces a norm
Ivlg := B(v,v)¥? Vve L,zl(r;Hé(D)),

called the energy norm, that is equivalent to [|-|l 2(r,11(p) (see, e.g., [75, Lemma 1.3]). On the
other hand, (4.13) and (4.14) imply that also By(-,-) defines an inner product in L2(T; Hé(D)) which
induces the norm ||-|[g, := Bo(-,-)/? equivalent to ||-||L721(F;H3(D)). Therefore, we have the following

equivalence of norms,
Aiviig < lIviig, < Allvlig ¥ ve La(THg (D), (4.21)

where A <1 < A are given by

max min*

A:=alna-l and A= al> Al (4.22)
0 0

4.2 Stochastic Galerkin Finite Element Method

In this section, we describe the approximation of the solution to weak formulation (4.17) using
the stochastic Galerkin Finite Element Method (SGFEM); see, e.g., [72, 48, 49, 8, 9, 91, 79].

First of all, notice that the weak solution u € L2(T; Hé(D)) to the weak formulation (4.17) can be
seen as a function in the tensor product space L2(I)® Hé(D) due to isomorphism (2.6). Therefore,

in the remainder of the thesis, we choose
V= L2(T) ® HA(D) (4.23)

as both our trial and test space in (4.17). As in non-parametric (i.e., deterministic) FEM, discreti-
sation via SGFEM aims at computing a discrete approximation of a weak solution u via Galerkin
projection onto a suitable finite-dimensional subspace of V. Such subspace can be defined by
maintaining the same tensor product structure of V, i.e., it can be given by the tensor product
of independently constructed finite-dimensional subspaces of H&(D) and L2(T). In particular,

the method considers a finite element space associated with the spatial discretisation of D and
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a finite-dimensional space of multivariate polynomials in the parameters for the stochastic ap-
proximation.
The construction of the finite-dimensional subspace of L2(I') deserves particular attention. We

describe such construction in the following section.

4.2.1 Orthogonal polynomials in the parameter space

For each m €N, let {p}«en, be the set of univariate polynomials of degree k, with pg' := 1, which
forms an orthonormal basis of L,sz(rm) with respect to the inner product (-,-), . If 7, has finite

moments, i.e.,

\f YmdTnm(ym) < o0 ¥ neN, (4.24)
.

m

these polynomials satisfy the well-known three-term recurrence (see, e.g., [70]),

ﬁ;@.l Pkm+1()/m) = (Ym_a?)p/‘;n(.)/m) - /Sll;np?_l()’m)r Ym € rml k € Np, (4'25)

where p™} := 0 for all m € N and

ag = (Ym Py PK)m,  and B = gl /¢,

with ¢, denoting the leading coefficient of p;” and ' := 1. Notice that under Assumption 4.1, we
have that ;" = 0 in (4.25) due to the symmetry of I};, and the symmetry of measures 7,, for all
m € N. Recurrence (4.25) can be derived from the Gram-Schmidt orthogonalisation of monomials
(Ym)nen,- For a proof of orthonormality of a set of (univariate) polynomials {p,} e, satisfying
(4.25), see, e.g., [118, Lemma 2.14]; the completeness, on the other hand, is a classic result due
to Riesz based on the assumption that measure 7, is uniquely ‘determinated’ by its moments in
(4.24) (see, e.g., [23, Theorem 2.1] and [63, Section 3.1]).

We report some examples of sets of orthonormal polynomials satisfying the three-term recur-
rence (4.25). For additional examples of families of orthonormal polynomials we refer to, e.g.,

[135, 70].

Example 4.2.1 (Legendre polynomials). For all m e N, let [, = [-1,1] and m,, be the uniform dis-
tribution measure on (I, B([)), i.e., dpn(Ym) = Pm(Ym)dYm with pm(ym) = 1/2 for all y,, € T,

Then, the orthonormal basis of polynomials of L2(T,,) consists of scaled Legendre polynomials, defined
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by Rodrigues’ formula
V2k+1 d*

Wd_y,’;olm_l)' Ym €lm, k€N,

Lkm()/rn) =
which satisfy the following three-term recurrence

ml_m

kL m) = Ym L (Ym) = B L1 (Ym), k€ No, (4.26)
with L™, :=0, Ly :=1, and By := 1 and B, = k/(V2k+1V2k—1) for all k€ N.

Example 4.2.2 (Hermite polynomials). For all m e N, let [, := R and 7, be the standard normal

distribution measure on (I, B(I'y)), i.e., dtm(Ym) = pm(Ym)dym with

1 2
pm()/m): \/Zexp(_%)) Ym€lm.

Then, the orthonormal basis of polynomials of L2(T,,) consists of normalised Hermite polynomials, de-

fined by Rodrigues’ formula

1 yZ dk yZ
H(ym) = (—1)kﬁexp(7m)mexp(—7m , Ym €Tm, keNg,
: m

which satisfy the following three-term recurrence
ﬁﬂlHﬂl(ym) = Ym len(ym) - [j’lQnngll(ym)r kENOI
with HM =0, H" := 1, and BT := 1, B = Vk for all ke N.

Example 4.2.3 (Rys polynomials). For all m e N, let T, = [-b, b] with b € R, and let 7, the ‘trun-

cated’ Gaussian distribution measure on ([, B([';,)), i.e., d7tm(Ym) = Pm(Ym)dYm with

(vm) (zqa(b) 1)_1 L (-2 )i (ym) er (4.27)
= b XPl—5 5 ’ m m- .
PmYm s a2 P 252 [-b,b]\Ym Y

where ®(-) denotes the Gaussian cumulative distribution function defined as

R t2
P(x) = \/T_nj_wexp(—g)dt VxeR,
s € R, and X|_p, ) is the characteristic function of the interval [-b, b]. The function defined by (4.27)
is the probability density function truncated on the interval [-b, b] of a mean zero Gaussian random
variable with standard deviation s. Hence, Tt,, is a particular case of the measure in Example 4.2.2.

The associated orthonormal polynomials in L721m(l'm) which satisfy the three-term recurrence (4.25) are

typically referred to as Rys polynomials; see, e.g., [83, 116].

Now, let NIS] ={v=(Vm)men : Vm € Ng} be the set of multi-indices. In order to construct a basis
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for the space L2(I'), we define the following set of finitely supported multi-indices

J = {v € NIS] : #supp(v) < oo} , (4.28)
where supp(v) := {m e N : v, > 0} is the support of v and # denotes the cardinality. Note that the
set J is countable since it can be understood as a countable union of countable sets. The set J and
all its subsets are called index sets, and we refer to elements v € J simply as indices. Fory e ', we
define the following polynomials

]_[pvm Ym) = ]_[ pvm (Ym)  Yve]d (4.29)

mesupp(v
where {p } is the set of polynomials of degree v, with py’ := 1, forming a basis of szm(rm) for all
m € N. Then, the set {P,(y)},c7 of polynomials P, defined in (4.29), for all v € J, is an orthonormal
basis of L2(I) with respect to inner product (-,-), (see, e.g., [118, Theorem 2.12]). Note that due to
the tensor product structure of the space V, each function v € V can be written as a PC expansion
in the orthonormal polynomials P,, i.e.,

y)=) w,(x)P(y) with unique coefficients w,, € Hj (D). (4.30)

veld

For a given finite index set P C J of cardinality #P < co, we denote by Py the finite-dimensional

subspace of L2(I') of polynomials associated with P, i.e.,

Pp = span{PV(y) :veP, ye F} = @ P,, (4.31)

veP

where P, := span{P,} and P, is defined in (4.29) for each v € P. Throughout, we will assume
that Pp in (4.31) always contains the zero index v =0 :=(0,0,...) so that Py also contains constant

functions.
Example 4.2.4. Let P C J be a finite subset consisting of the following four indices:
P = {v(l) =0,v?=(1,0,0,...), ¥ =(0,1,0,...), v = (2,1,0,...)}.
We have supp(v(l)) =0, supp(v(z)) = {1}, supp(v(3)) = {2}, and supp(v(4)) = {1,2}. From (4.29)
and (4.31), it follows that the basis of the associated space Py is formed of the following four polynomials
Po) =1 Pa)=pin) Pol) =pib2), Puwly)=pn)piv2),  Yyerl.

For example, in the case of uniformly distributed parameters on I,, = [-1,1], the orthonormal basis

(PR kery, Of L I) consists of Legendre polynomials satisfying the three-term recurrence (4.26), thus
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we have

Puw=1 Po=x \/g, P, = yz\/g, P = (\/5(3in - 1)/2) (yz\/g).

Example 4.2.4 shows that a finite index set P C J determines both the ‘active’ parameters y,,
of P, i.e., those parameters y,, € [, for which there exists v € P with nonzero v, (y; and y»
in the example) as well as the associated polynomial degrees in these ‘active’ parameters. This

observations lead to the following definition.
Definition 4.1. Let P be a finite subset of J. The support of P is defined as

supp(P) := U supp(v). (4.32)

vedP

A parameter y,, € I, is active (in P) if m € supp(P). Furthermore, we denote by My := #supp(P) the

number of active parameters of P.

With reference to previous Example 4.2.4, we have supp(P) = {1,2}, Mp = 2, and y; and y, as active

parameters in P.

Example 4.2.5 (Complete and tensor product polynomials). Let M € N and n € Ng. The space of
complete polynomials Ppy, ) is the space of polynomials of total degree less than or equal to n in the
first M parameters y,,, i.e., the associated index set P(M, n) is defined as

M
P(M, n) ::{VENIS] : supp(v) C {1,...,M}, vaSn}. (4.33)

m=1

The space of tensor product polynomials Piiu,n) 15 the space of polynomials of degree n in each of the

parameters y,, for m=1,..., M, i.e., the associated index set F’JS(M, n) is defined as
ﬁ(M, n):= {ve N§ : supp(v) € {1,...,M}, v,,<n form= 1,...,M}. (4.34)

Notice that P(M, n) C fﬂs(M, n) and supp(P) = supp(?ﬁ) ={1,...,M}, i.e., only the first M parameters are

active. For example, for M=n =2,

(0,0), (1,0), (2,0) (0,0), (1,0), (2,0)
P(2,2)=4(0,1), (1,1) and P(2,2)={(0,1), (1,1), (2,1)¢-
(0,2) 0,2), (1,2), (2,2)

The dimensions of these spaces are #P(M, n) = (M + n)!/(M! n!) and #E]S(M, n) = (n+1)M, respectively.
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4.2.2 Discrete weak formulation

For the construction of a finite-dimensional subspace of Hé(D) for the spatial discretisation of
weak problem (4.17), the SGFEM considers a finite element space. For simplicity, here, we focus
on the first-order finite element space X := Sj(7) of piecewise linear functions on a conforming
triangulation 7 of D (see (2.12)).

With both the finite element space X C H}(D) and the polynomial space Pp C L2(T) for a given

finite index set P C J (see (4.31)), we define the finite-dimensional subspace Vxy of V as
Vxp := X® Pp C V. (4.35)
Then, the associated discrete weak formulation of problem (4.17) reads: find uxyp € Vxp such that
B(uxp,v) = F(v) YV ve Vgp. (4.36)

As for (4.17), the uniqueness of solution uxp € Vxp to problem (4.36) follows from the Lax-
Milgram lemma. Moreover, the following best approximation property holds (see, e.g., [88, Theo-
rem 9.51]),

lu-uxpllg = inf lu-vig. (4.37)
VEVXT

In addition, due to the tensor product structure of Vygp, the Galerkin solution uxp € Vxp can be

written as

UXfP(X;Y) = Z¢V(X)Pv(y)i xeD,yeT, (4.38)

veP
with unique PC coefficients ¢, € X that are finite element functions for all v € P. The standard
SGFEM approximation (4.38) satisfying problem (4.36) on the tensor product space Vg in (4.35)
can be also referred to as single-level approximation. The name refers to the fact that each PC
coefficient ¢, (v € P) is defined on the same finite element space X (see Remark 5.2.3).

It is worth noticing that although (4.36) represents a discrete problem on the finite-dimensional
subspace Vxp C V, the bilinear form B(:,-) on the left-hand side of (4.36) is given by (4.18) which
contains a series representation. Therefore, for the approximation uxy to be computable it is ne-
cessary that only a finite number of terms are nonzero in B(uxsp, v) in (4.36). The following results

shows that this is indeed guaranteed by the fact that P is a finite set of indices.

Proposition 4.1. Under Assumption 4.1, let P be a finite subset of J with My = #supp(P) < co active

parameters. Then, the series in the bilinear form B(-,-) on the left-hand side of (4.36) only involves the
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My terms indexed by m € supp(?P), i.e.,

B(uxyp, v) = Bg(uxp,v) + Z B, (uxp, v) Vve Vgp, (4.39)
mesupp(P)

where By and B, are given by (4.19) and (4.20), respectively.

Proof. Let uxp be as in (4.38) and, analogously, let v(x,y) = ZFE? Pu(x)P.(y) € Vxp with finite ele-
ment coefficients 1, € X. Due to (4.18)-(4.20) and the orthonormality of polynomials P, € Pp, we
have that

Bluxg, V)= ) (Aoty(x),,(x)) + Z(Z<Am¢v<x>,¢y<x>><ymPV<y>,Py<y>)n).

veP m=1 \y,uc?P

Expanding the inner product (;,-), in the above equation, we obtain

(YmPy B ( ]_[ J Py, (¥s)Pj, (vs)dms (ys)] U ymPTm(ym)p,Tm(ym)dnm(ym)]- (4.40)

seN\{m

Since P has My = #supp(?P) active parameters, then v, = p, = 0 and py’ (y) = p,Tm(ym) =1 when
m & supp(P). Therefore, for all m ¢ supp(?P), the second term in brackets on the right-hand side

of (4.40) is zero,

\[I' Ymdnm(.)/m):()r (4'41)

m

since 7, are symmetric measures and I, = [-1,1] for all me N. O

Proposition 4.1 shows that (y,;,R, B,) = O for all m & supp(P), v, p € P, under the symmetry of
measures 7, and the symmetry of domains [,,,. Generally, this also holds if parameters y,, are the
images of mean zero random variables Y, for all m € N. In this case, for all m & supp(P), we have

that [ ymd7m(ym) =E[Y,] =0, i.e., (4.41) holds.

Corollary 4.1. Let P C J be a finite subset with My = #supp(P) < co active parameters y,, which are

the images of mean zero random variables for all m € N. Then (4.39) holds.

It is clear that whenever supp(?) = {1,2,..., M}, i.e., only the first M = Mp € N parameters are

active, then (4.39) reads as

B(uxp, v) = Bo(uxp, v ZB uxp,v) Y ve Vyp. (4.42)

Hereafter, if this property holds, we say that the index set P is ordered. Furthermore, notice that

when a parameter y,, is active, i.e., for m € supp(?P), we also implicitly have the associated coeffi-
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cient a,, ‘active’ in random field (4.8) as well as in the Galerkin discretisation, since a,, is incor-

porated in the nonzero term B,,,(uxyp, v) (see (4.20)).

4.2.3 Stochastic Galerkin linear system

Let {(Pj}jl\lle be the set of basis functions of X, with Ny := #\/°(7) denoting the number of interior
vertices of the underlying triangulation 7 of the domain D. Let P C J be a ordered finite index
set of cardinality Ny := #P with the first Mp = #supp(P) parameters active. In what follows, we
identify the indices v € P and the associated polynomials P, € Pp by using an integer s € N. In
particular, we denote by Ps(y) the polynomial P, (y) € Pp associated with the s-th index Vs e P,
for all s = 1,...,Np, and we further assume that the first index v € P is the zero index, i.e.,
v(1) =0, such that Pj(y)=1forallyeT.

Let us rewrite the polynomial chaos expansion (4.38) using this notation:

Nop Np Ny
Uxp(xy) = ) GoPY) = ) ) ugei(xIP(y),  xe€D,yeT, (4.43)
s=1 s=1j=1

where {ugj}, s = 1,...,Np and j = 1,..., Nx, are real coefficients which have to be computed as
explained below. Let Nxp := NxNp = dim(X ® Pp) denoting the dimension of the discrete space
Vxp. With uxyp given by (4.43), and choosing a test function vxp = @;(x)P;(y) € Vxp for i =1,..., Nx

and t=1,..., Ny, the discrete weak formulation (4.36) yields the following linear system

Bi1 Bz ... Bin, uy F
B B ... Bopn. u F

Bu=F with B=| - % Mu=| P P2 7 (444
Bnpr Bng2 oo Brgny Uny, Fn,

Here, u € RVx? is the solution vector whose solution blocks ug € RNx contain the Ny coefficients

associated with indices (5 € P, i.e.,

.
us = (Ust,--o, Usny) > s=1,...,Np.

Each block B;s € RNx*Nx of matrix B € RNx»*Nx» in (4.44) has the form

My
Bis = (PuP)nKo + ) YmPoPnKm,  s,t=1,..,Np, (4.45)

m=1
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where K., e RNx*Nx are finite element matrices with entries
[Kmlij ::Lam(x)V(pJ(x)-V(p,(x)dx, i,j=1,...,Nx, m=0,...,Myp, (4.46)
whereas each block F;, € RNx of source vector F € RNx? in (4.44) is given by
Fs = (P, P)rfo, s=1,...,Nyp,

where the vector fy € RVx is defined by

() := L f(x)p;(x)dx, i=1,...,Nx.

Notice that since (P, Ps), = 615, for all s = 1,...,Np, due to the orthogonality of polynomials
Ps € Py, all blocks F; in (4.44) are zero for all s = 2,..., Ngp; this is a simple consequence of the fact
that we are considering non-parametric source terms in problem (4.5).

The linear system (4.44) can be further neatly expressed using Kronecker products of matrices

and vectors. Let Gg, G, € RN**No be the stochastic matrices with entries
[GO]st = (P, P) = st and [Gm]st = YmPs P, m=1,...,Mp, (4.47)

for all s,t =1,...,Np. Notice that Gy is the Np x Np identity matrix. Then, we can rewrite the

matrix B and vector F in (4.44) as

My
B=Gy® Ky + ZGm@)Km and F=gy®f,

m=1

where gg is the first column of Gy and ® denotes the Kronecker product. We recall that, for a
given matrix A € R™" and a matrix B € RP*9, with m, n, p, g € N, the Kronecker product AQ B is

the matrix of dimension mp x nq defined as

A11B A5B ... A;,B
Ay1B  A»B ... As,B
A®B = 21 22 2n
A1B A.>B ... A..B

Unlike G, the matrices G, defined by (4.47) are not diagonal but they are still highly sparse
due to the orthogonality of polynomials of Pp. In particular, they can be computed from the three
term recurrence (4.25) satisfied by the univariate orthonormal polynomials p; € L,%m(rm) for each

m:].,...,Mg).

Theorem 4.1. Let Assumption 4.1 hold. Then, each matrix G,, defined in (4.47) has at most two
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nonzero entries per row:

(1)

B . ifv(,ﬁ) =vYm —1and vf-s) = vE-t)for eachie{l,...,Mp}\ m,
VYVm +
[Gmlst = B ifv(,f,) = v(,:,) +1 and vf. s) - v for eachie{l,...,Mp}\ m,
Vm
0 otherwise,

fors,t=1,...,Np and where B, denote the coefficients from the three-term recurrence (4.25) associated
Vm

with polynomials P; € Pp.

For a proof of Theorem 4.1, see, e.g., [88, Theorem 9.59]. From definition (4.47), the block matrix

(4.45) is given by

M
s = [GO]stKO + Z[Gm]sthr s,it=1,...,Np.
=1
Furthermore, Theorem 4.1 gives [G,,]ss =0, forall s=1,..., Np. Then

P
Bi: = Ko and Bis = Z [GnlisKm, fort=s.

Since both finite element matrices K, in (4.46) and stochastic matrices G, in (4.47) are sparse,
the left-hand side matrix B in (4.44) turns out to be highly block sparse; see, e.g., [106], [107,
Figure 3], and [88, Figure 9.10] for examples showing the block sparsity patterns of matrix B
in case of complete polynomials (see Example 4.2.5). See also [65] for further details about the
structure of linear systems arising from PDE problems with random data.

Once the Galerkin approximation (4.43) is obtained (by solving the associated linear sys-

tem (4.44)), we can compute its mean and variance as follows.

Proposition 4.2. Let uxp in (4.43) be the stochastic Galerkin approximation in Vxp satisfying weak

formulation (4.36). The mean value and the variance of uxyp are given by

Eluxp](x) = ¢1(x) and Var(uxp)( Zcps , x € D. (4.48)

Proof. The mean value simply follows by the orthogonality of polynomials P; € Pp with respect to

(-,+)r and since P (y) =1 for ally e I

Ny
Bluxal() = [ waey)dnt) = 100+ ) u00(Pu e = (o)
s—D H/—/
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Similarly, we have that

Ny 2 Nop
E[ugp](x) = f(qbl( [Z q>s<x>Ps<y>] + 2¢1<x>Z¢s<x>Ps<y>]dn<y>
s=2 s=2
Ny
= 100 + ) PIX)(P +ZZ¢S (Po B + 21 x qus (AP
s=2 S#I

:1 s,rzl :0 :O
Ny
DI A)
s=2
Since the variance is given by Var(uxy) = E[uiﬂ,] —E[uxyp]? (cf. (3.7)), this concludes the proof. [

The SGFEM became increasingly popular over the last decades although its computational
cost is high. Due to approximations of both physical and parametric space simultaneously, the
resulting discretisation requires the solution of linear system (4.44) (of Nxp equations) which is
usually many orders of magnitude larger than the subproblems that can be solved in parallel by
sampling-based methods such as Monte Carlo and stochastic collocation methods. This is indeed
the most significant challenge associated with the SGFEM approach, i.e., the so-called ‘curse of
dimensionality’: the linear system (4.44) may be huge, and its size grows fast with the size of the
stochastic discretisation. For example, in Figure 4.1 we plot the dimensions Nxp of Galerkin linear
systems (4.44) arising from discretisations of square domain D = (0, 1)? using a fine triangulation

of mesh-size h = 2723

and the set of complete polynomials associated with the index set P(M, n),
on the left, and the set of tensor product polynomials associated with the index set P(M, n), on the
right (see Example 4.2.5). Observe that linear system (4.44) becomes infeasible to be solved on
Desktop PCs that will go out of memory quickly for small values of the truncation parameter M.
Nevertheless, in dealing with the huge linear system (4.44), the resulting left-hand side matrix
B is never fully assembled, in particular, if the random field is given as a linear function of the
parameters (cf. (4.8)) and discretisations in the parameter space are done by means of orthogonal
polynomials. In this case, B is highly block sparse and the linear system can be solved with much
less effort than that suggested by its size. Due to the block structure and the sparsity pattern, it
suffices to store the Ny finite element matrices K,,, in (4.46) as well as the entries of each stochastic
matrix G, defined in (4.47), so that a careful use of matrix-vector multiplications of single blocks
permits to solve the linear system (4.44) efficiently; see, e.g., [106]. Moreover, since the block ma-

trix B in (4.44) is symmetric and positive definite (due to the positivity of the underlying random

field, see Section 4.1.3), linear system (4.44) is thus perfectly suitable to be solved by iterative
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mesh-size h = 2755 mesh-size h = 275-5
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Figure 4.1. Dimension Ny of Galerkin linear system (4.44) for discretisation on a conforming and shape-
regular triangulation with mesh-size h = 27> of the square domain D = (0, 1)? and using complete poly-
nomials associated with the index set P(M, n) (left) and tensor product polynomials associated with the
index set P(M, n) (right) defined in Example 4.2.5. Recall that the truncation parameter M also denotes the
number of active parameters.

solvers such as the Conjugate Gradient Method. However, B is ill-conditioned with respect to
both spatial and stochastic parameters. It is well known that single finite element matrices (4.46)
are ill conditioned with respect to the mesh-size of the triangulation and then solving linear sys-
tem (4.44) becomes more difficult as soon as the underlying triangulation is refined. Likewise,
B is also ill-conditioned with respect to the number of (active) parameters as well as the (total)
degree of polynomials in such parameters; see, e.g., [107, Lemma 3.7] and [88, pp. 410-412]. To
overcome this problem, the construction of efficient preconditioners for linear system (4.44) turns
out to be of fundamental importance.

For the implementation of efficient methods for solving linear systems arising from SGFEM
approximations of PDEs with random inputs, we refer to [71, 106, 107] for mean-based precon-
ditioned solvers and to [127] for solvers using Kronecker product preconditioners. In addition,
see [128, 129] and [64, 122] for optimal preconditioned generalised minimum-residual (GMRES)
and minimum-residual (MINRES) based solvers, respectively, and [108] for efficient reduced-basis

solvers.
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Chapter 5

Adaptive algorithms driven by hierarchical a poste-
riori error estimates

The theory of a posteriori error estimation for partial differential equations has become an essential
ingredient especially for all those applications in which discretisations are made by finite element
approximations. Since the pioneering use of a posteriori estimates by Babuska and Rheinboldt
in [6, 7], the literature about this topic has hugely increased and many effective techniques are
available today for the error estimation under the FEM context (see, e.g., [2, 131]). A posteriori
error estimates not only provide valuable information about the accuracy of the approximation.
Typically, such estimates are computed locally, hence they supply meaningful information about
the distribution of the error among the elements forming the spatial discretisation. In this sense,
a posteriori error estimates are effective usable indicators for local refinement schemes which are
at the basis of adaptive FEM algorithms.

In this chapter, we consider the use of hierarchical bases for the a posteriori estimation of the
energy norm of the error of the solution to problem (4.5). In the non-parametric setting, earlier
use of hierarchical estimates dates back to [138, 137]. Later, this approach has been extensively in-
vestigated in, e.g., [16, 50, 15, 12]. In the parametric setting, the derivation of such estimates relies
on the construction of enriched spaces via tensor products of Hilbert spaces. To our knowledge,
the first application of hierarchical estimates in the context of PDEs with parametric uncertainty
firstly appeared in [24]. Further developments in the same direction can be found in [29].

In what follows, we first recall the hierarchical error estimate introduced in [29]. Next, we
describe the adaptive algorithm presented in recent work [27] for the energy error estimation of
parametric problem (4.5). We do not analyse convergence properties of the proposed algorithm

but we rather focus on its design and its novel error-reduction based version. The performance of
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the algorithm is then showed by a set of numerical experiments where we consider representative

examples of problem (4.5) having both spatially regular as well as singular solutions.

5.1 Enrichments via hierarchical basis

Let u € V be the solution to weak problem (4.17) and let uxp € Vxp be the Galerkin approximation
satisfying discrete weak formulation (4.36). Let e := u— uxp € V be the true error satisfying the

following residual equation
B(e,v) = F(v) — B(uxp, V) VveV. (5.1)
Notice that since Vxp C V, the following Galerkin orthogonality holds:

B(e,v) = 0 YV ve Vxp. (5.2)

5.1.1 Enriched tensor product spaces

The approximation provided by uxp € Vxp can be further improved by computing a Galerkin
solution Uy belonging to an enhanced finite-dimensional subspace VX(P of V such that fop D Vxop.
This subspace can be constructed by enriching the finite element space X C H&(D) and/or the
polynomial space Pp C L2().

Let X C H3 (D) be an enriched finite element space such that X D X. The space X is usually
constructed by augmenting X with new functions which vanish at the element vertices of the
triangulation 7 associated with X. For example, suppose that X = S& (T') is a first-order finite
element space on 7. We can add to X higher-order basis functions, e.g., piecewise quadratic basis
on the same triangulation 7 (p-enrichment). Alternatively, X can be augmented with piecewise
linear basis functions corresponding to vertices introduced by a uniform refinement of 7 (h-

enrichment). In both cases, the enhanced space X can be defined as
X=X®Y with Y::lve)?: v(x)=0 VXEN(T)}. (5.3)

Here, the subspace Y C Hé(D) is a finite element space such that XN Y = {0} and it is called the

detail (finite element) space; see Figure 5.1.

Remark 5.1.1. Since XNY = {0} and (Ag-,-) defines an inner product in Hé(D) (here, Ag is the sym-

metric operator defined in (4.12)), it is well known that there exists a positive constant qeps € [0,1)
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Figure 5.1. Enhancement via h-enrichment. (a) Piecewise linear basis function of Y associated with so
called red (or reqular) refinement of 7; (b) Piecewise linear basis function of Y associated with the uniform
refinement made by three newest vertex bisections per element.

depending only on X and Y such that the strengthened Cauchy-Buniakowskii-Schwarz (CBS) inequa-
lity holds (see, e.g., [59] and [2, Theorem 5.4])

[{AgV, W)| < Gebs (Agv, VWY 2(Agw, w)Y?  YveX, VYweY. (5.4)

Inequality (5.4) is a key tool in some areas of numerical analysis as, in particular, it appears in the
analysis of some types of a posteriori error estimators for finite element approximations of PDEs; see,

e.q., [110, 46, 29].

The polynomial space P» C L2(T') can be enriched by augmenting the index set P with a new set
of indices. The enriched polynomial space may consist of polynomials in new active parameters
Ym and/or higher-order polynomials in the same active parameters in the Galerkin approximation.

We introduce a finite index set Q C J such that PN Q =0 and define
P:=PuUQ and Pp:=Pp @ Py, (5.5)

where P C J denotes the enriched index set and Py denotes the enriched polynomial space, with
Pq = span{P, : p € O} being the corresponding space generated by polynomials P, (see (4.29)),
associated with indices y € Q, such that Pp NPy = {0}. The subset Q is called the detail index set.

Since Q c J\ P, we have

(o] (o)

R AW = | [(P5m) P 0m) ) = | [ Svain = S = 0 (5.6)

m=1 m=1

forall ve P and u € Q,i.e, Pp and Py are orthogonal with respect to inner product (-, ).
With both finite element spaces X, Y C Hé(D) and polynomial spaces Pp, Po C L2(I'), we define

the finite-dimensional tensor product spaces

Vyp = Y @ Pp and Vxg = X ® Po, (5.7)
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and the following enriched finite-dimensional space Vyp C V,

Vxp := Vxp & (Vyzp ® VXQ)- (5.8)

Note that in (5.8), one of the spaces Vyp and Vxq may be empty. In particular, Vxsp is enriched
by adding a set of extra basis functions {¢,(x)P,(y)}, where either ¢, € Y and P, € Py (if only X is
enriched) or ¢, € X and P, € Py (if only Py is enriched).
Due to the tensor product structure of Vyp and Vxq defined in (5.7), and since PN Q =0, there
holds
Bo(v,w) = 0 Vve Vp, ¥Ywe Vg, (5.9)

i.e., Vyp and Vxq are orthogonal with respect to inner product By(-,-). To verify this, it suffices to
insert the polynomial chaos expansions of v € Vyp and w € Vxq (cf. (4.38)) in (5.9) and then use
(5.6). On the other hand, the spaces Vxp and Vyg are such that the following inequality holds (see
[24, Lemma 3.1])

|Bo(u, V)| < qepsllullgllvlle, Y ueVxp, Vve Vyp,

where g is the constant appearing in (5.4).

5.1.2 Enhanced Galerkin solutions

Let Typ € Vp be the Galerkin approximation satisfying the discrete weak formualation posed on
fo}), i.e.,

B(Txp,v) = F(v) Y ve Vyp. (5.10)

Since Vxp C Vxp C V, the enhanced solution uyp € Vxp provides an approximation not worse than

that provided by uxyp € Vxyp, i.e.,
lu=uxplls = inf [[u-vlg < |lu-uxslls (5.11)
VGVX(p

where the equality is the associated best approximation property for solution uxp (cf. (4.37)).

Also, there holds the following the Galerkin orthogonality

B(u—Txp,v)=0 Y ve Vyp, (5.12)
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with u—Uyp € V representing the error due to the approximation Uy € VX? (cf. (5.2)). Further-

more, the symmetry of the bilinear form B(:,-) and Galerkin orthogonality (5.12) imply that

2 — 2 2
lu—uxplly = llu-uxsllz + lluxe - uxsllz. (5.13)

5.1.3 Saturation assumption

Under the current setting, we assume that a property stronger than (5.11) holds. As commonly
done in the analysis of hierarchical a posteriori error estimation for non-parametric problems, it
is assumed that the enhanced solution Uyp € V)@ does indeed represent an approximation to u

better than uxp € Vxgp in the following sense

lu-Uxpllg < Gsatllu—uxplls with gsae €[0,1). (5.14)

Inequality (5.14) is called saturation assumption and it is equivalent to the standard saturation
assumption assumed in non-parametric finite element analysis; see, e.g., [16, 15,12, 2, 13].

Both (5.11) and (5.13) imply that (5.14) always holds for some saturation constant gg,; < 1.
The real contribution of the saturation assumption is then that g, is strictly less than one. Al-
though in the literature it has the status of unproven hypothesis, in the deterministic case, this
assumption may be quite realistic in many practical settings (see, e.g., 2, Section 5.2]). According
to the given problem, the saturation assumption is normally observed for solutions computed
on fine triangulations and may eventually fail to hold only for pairs of solutions associated with
triangulations in ‘preasymptotic ranges’ (see [39]). In [53], for example, the deterministic satura-
tion inequality has been proved to hold for two-dimensional Poisson problems using first-order
FEM whenever data oscillations are small. In [93], the proof of convergence of h-adaptive FEM
algorithms implicitly generalises the validation of saturation property to second-order linear el-
liptic PDEs. On the other hand, it is still an open problem in the parametric setting, to find the
right assumptions on the data in (4.17) and identifying the enriching subspaces Y C Hé(D) and
Py C L2(T) for which (5.14) can be guaranteed (see [24, Remark 3.1]).

5.2 Hierarchical error estimate

In order to estimate the energy norm of the error e = u— uxyp € V satisfying (5.1), let us consider

the solution Uyp — uxp € ny to the residual problem
B(Txp — uxp, V) = F(v) = B(uxp,v) YV ve Vyp. (5.15)
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The following estimates hold

1

— 2 2 — 2

luxp —uxellz < llellz < ——=—lluxp —uxsllz- (5.16)
sat

Here, the lower bound follows by (5.13) while the upper bound follows by saturation assumption

(5.14).

5.2.1 Error estimation using enriching subspaces

Error estimates (5.16) bear the computational cost associated with computing the enhanced Ga-
lerkin solution uyp € ng:. In addition, the evaluation of the norm ||-||g is expensive since it in-
corporates all coefficients a,, associated with all active parameters in supp(P). To overcome these
two problems, we recall the standard hierarchical approach firstly introduced in [24] and further
developed in [29].

Let €xp € Vo be the unique solution to the following residual problem
Bo(€xp,v) = F(v) = Bluyxp,v) ¥ veE Vygp. (5.17)
Note the use of bilinear form Bg(-,-) on the left-hand side of (5.17). The relation between exp and

Uxp — Uxyp is given by

~ 2 — 2 —~ 2
Allexpll, < lluxp —uxellz < Allexellz, (5.18)

where A and A are defined in (4.22) (see [24, Proposition 4.2]). Putting together the energy error
estimates (5.16) and (5.18), we obtain
/\2

&l - (5.19)

— 2 2
Allexpllz, < llellg < »
— Hsat

Now, exploiting the tensor product structure of the enriched space Vyp, consider the following
two independent problems posed on the lower-dimensional subspaces Vyp and Vyq defined in

(5.7),

find eype€ Vyp s.t. Bg(eyp,v) = F(v) — B(uxp, v) Vve Vyp, (5.20)

find exg€ Vxo s.t. Bg(exag, V) = F(v) — B(uxp, V) Vve Vxg. (5.21)

Combining the spatial estimator eyp € Vyyp and the parametric estimator exq € Vxq satisfying (5.20)

and (5.21), respectively, we introduce the following a posteriori error estimate (see [29]),

Txo = llevalig, + llexallf, - (5.22)
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Notice that nxp = [|eyp + exqallg, due to the orthogonality of polynomial spaces Pp and Py with
respect to inner product (-,-),. The estimate #xp satisfies

1
——— 1% (5.23)

2 o~ 2
Nxp = ”eXfP”BO <
1_qcbs

where qggps is the constant satisfying (5.4) (see [29, Lemma 4.1]). Therefore, putting together (5.19)
and (5.23), n1xp is proved to be an efficient and reliable a posteriori estimate for the energy norm

of the error.

Proposition 5.1 ([29, Theorem 4.1]). Under saturation assumption (5.14), the error estimate #x

defined in (5.22) satisfies

Angp < llellg < )nig» (5.24)

2 2
(1 - qsat)(l - quS
where A and N are the constants in (4.21), qeps iS the constant in (5.4), and qen: is the saturation

constant in (5.14).

In the remainder of the thesis, we will refer to the a posteriori error estimate #xp defined in

(5.22) as hierarchical estimate.

Remark 5.2.1. The parametric estimator exq satisfying problem (5.21), as well as its norm || exo||B,,

can be computed from single contributions associated with individual indices in Q as follows:

(1) (W)
exa = ) exy  llexald, = ) lledal. (5.25)
ueQ ueQ

Here, e%) represents the parametric estimator in X® P, with P, := span{F,(y)} for p € Q, satisfying
Boleld,v) = F(v) = Bluxp,v) Y veEX®P,, (5.26)

(see [29, Lemma 4.2]). In particular, due to the orthogonality of spaces Pp and Py (see (5.6)), we have
F(v) =0 forall ve X®P,. In fact, F(v) incorporates the term (Ry, P,),, = b0, which is then equal to zero

as 0 € P does not belong to Q. Thus, (5.26) reduces to
Bo(el, v) = —Bluxp,v) Y veX®P,. (5.27)
Remark 5.2.2. In [24], the authors considered the larger enriched space,
Vkp = Vxp & Vyg = Vip © (VYT ® Vxo ® VYQ)-

where Vyq := Y ® Pg. However, they have also empirically observed that the contributing enrichment

due to the space Viyq does not lead to any qualitative improvement of saturation assumption (5.14) as
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well as the associated hierarchical a posteriori error estimate.

Remark 5.2.3 (Multi-level SGFEM). The error estimation technique described above can be naturally
extended to more sophisticated so-called multi-level SGFEM approximations (see, e.g., [54, 47]). Multi-
level SGFEMs work with discretisation spaces Vxp in which the spatial component has a ‘multi-level’
structure. That is, for each v € P, suppose that a sequence of finite element spaces (X,),ep C Hé(D)
associated with potentially different triangulations (7,),cp is available. Then, the discretisation space is
defined as

Vo = P Vip  with V=X, ®P, Vve?.

veP

Here, X, := span{cpj.v) cj=1,..., Ng:)}, where N;v) € N for all v € P, and then the PC expansion of the

associated SGFEM solution becomes

uxp(xY)= Y ¢ IR(Y) with ¢,0=) u” e (x) € X,, u”eR, xeD, yerl
veP j=1

The associated enriched finite-dimensional space can be defined as

Vo = (P (Xer))e(xem)

veP —
[ =:Vxq
=:Vxp ® Vyp

where X, are the enriched finite element spaces X, =X, @Y, for appropriate detail spaces Y, C Hé(D),
for all v € P, and V'is one of the indices of P. The main advantage of using multi-level SGFEMs is that,
if implemented appropriately, they can be immune to the ‘curse of dimensionality’ since they generate
sequences of approximations for which the associated energy errors decay with the same rate as in case
of corresponding non-parametric problems (see, e.g., [44, 45, 77]). For instance, for first-order finite
elements, this rate is O(N~Y/2), where N is the number of total degrees of freedom of the discretisation
(cf. the numerical experiments in Section 5.4); see, e.g., [47] for details on stochastic Galerkin linear

systems arising from multi-level SGFEMSs as well as for the design of adaptive algorithms that are driven

by hierarchical a posteriori error estimates.

5.2.2 Estimates of the error reduction

Proposition 5.1 shows that 7xp defined in (5.22) can be used to control the error in the Galer-
kin approximation. However, it also turned out that the component estimators eyp € Vyp and

exq € Vxq contributing to 77xp play an important role in an adaptive process that aims at reducing
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the error until some tolerance is met. In particular, it has been shown in [29] that || eys||g, (resp.
lexallg,) provides an effective estimate of the error reduction that would be achieved if we were
to enrich only the finite element space X (resp. the polynomial space Pp) and to compute the
corresponding enhanced approximation. For example, suppose that the space Vyp in (5.8) is con-
structed by only enriching the polynomial space Py, i.e., let u,5 € V,5 be enhanced approximation
satisfying

Bluxg v) = F(v) VveVyg:= Vxp ® Vxo. (5.28)
Then, similarly to (5.13), there holds

2 2 2
lu—uxollz = llu—ugllz + [luyg — uxollz-

This shows that the error reduction achieved by enriching only Py is given by ||u,5 — uxp|lg. The
same argument applies if we were to enrich only the finite element space X by computing the

corresponding approximation ug;, € Vi, satisfying
B(ugy, v) = F(v) Vve Vg, i= Vxp & Vyp. (5.29)

In this case, the error reduction is given by the quantity || ug, — uxpllg. The following two-sides
bounds for both error reductions are proved in [24, Theorem 5.1]:

A

2 2 2
Alleypllg, < llugp — uxellz < ﬁ”eY?”BOr (5.30)
~ Hcbs
A 5, < llug - uxplly < A 2 5.31
lexallg, < lluxg — uxellz < Allexalls, - (5.31)

It is worth noticing that given the problem data and the computed Galerkin approximation
uxp € Vxp, the estimates || eyp||g, and || exq||p, are computable for any finite-dimensional space
Y C Hé(D) and finite index set Q C J. Therefore, this means that both error reductions || ug, —
uxp|lg and ||u,5 — uxpllg can be estimated before the corresponding enhanced approximations
are effectively computed (see (5.30) and (5.31)). In particular, we stress that the choice of the
detail subspace Y and the detail index set Q may depend on whether we want to estimate the
error in the Galerkin approximation uxp or estimate the error reduction achieved by enhancing
this approximation. For example, in order to obtain an accurate estimate of || e||g, we should use
a large detail space Y C H&(D), e.g., based on a uniform refinement of the current triangulation,
and a large detail index set Q C J\ P. How to choose a suitable index set Q is discussed in the next

section.
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Remark 5.2.4. Due to decomposition (5.25) of parametric estimator exq and error bounds (5.31), the

quantity || eﬁég g, for u € Q, provides an estimate of the energy error reduction achieved by computing

the Galerkin approximation uyg belonging to the space Vyg = Vxp @ (X®P,), i.e., if the polynomial
¥ [

space Py is enriched by adding only the polynomial P, € P,. Hence, there holds

Alefal3, < llugg, - uxold < Alefdl3, ¥ peQ. (5.32)

5.2.3 Suitable detail index sets

An important aspect of the design of an efficient adaptive algorithm driven by hierarchical es-
timate 7xp is the need to account for those indices y € Q, if any, for which the corresponding
estimator egég is zero. In such case, also the associated error reduction is zero (see Remark 5.2.4).
Then, computational efforts should be only directed to solve individual problems (5.27) yielding
nonzero contributions to the error estimator exq € Vxq (recall that exg can be decomposed into
single contributing estimators e% for all u € Q; see Remark 5.2.1).

Let us introduce some notation first. For m € N, let (™ := (e(lm), e(zm),...) € J be the Kronecker

delta sequence such that sﬁ(m) = Ok for all k € N. Hereafter, we make the following assumption
on the finite index set P used for parametric SGFEM discretisations. We assume that P C Jis a

monotone! finite index set, i.e., for all v € P, the indices u = v—&{™ belong to P for all m € supp(?P).

Now, consider the following (infinite) index set
9P = {yeﬁ\? cou=v+elm VVE‘P,VmEN}, (5.33)

called the boundary of P. Indices u € dP are called the neighbours of indices in P. Notice that
supp(PUJP) = N and that PUJIP is monotone. It can be shown that for any index set Q ¢ I\ (PUIP)
the error estimator exq is identically zero (see [29, Lemma 4.3]). That is, for all indices y belonging
to such Q, the estimator eﬁg is zero and no error reduction is expected from adding u into the
parametric discretisation (cf. (5.32)). Moreover, [29, Corollary 4.1] shows that this also holds even

in the case of parametric right-hand side sources f(y) in problem (4.5) with affine dependence on

parameters (cf. (4.8)).

Remark 5.2.5. Let us emphasise that the monotonicity of the index set P is not strictly required from the
discretisation point of view nor for the design of an adaptive algorithm. It is rather an algorithmically

desirable property which allows neighbour indices to be accessed easily and that ensures a kind of ‘tree-

I'Monotone sets are also often called downward closed sets or lower sets (see, e.g., [55]).
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structure’ for the polynomial degrees of active parameters in the index set.

Example 5.2.1. Consider the set of complete polynomials Pp(3 1) associated with the index set P(2,1),

both defined in Example 4.2.5. Let us consider the following enriched polynomial space

Ppa,2) = Ppi2,1) ® Po,

associated with the index set P(4,2), where the detail index set Q C J is given by Q = P(4,2) \ P(2,1).
That is,

(0,0) (0,0,0,1), (0,0,1,0), (1,0,0,1) (0,0,1,1)
P(2,1) = 1(1,0) and Q= {(1,0,1,0), (0,1,0,1), (1,1,0,0) (0,0,2,0);-
(0,1) (0,1,1,0), (2,0,0,0), (0,2,0,0) (0,0,0,2)
In particular, #Q = #P(4,2) - #P(2,1) = 15 -3 = 12. However, from [29, Lemma 4.3], the number of
indices y € Q associated with nonzero error estimators e% is only 9. In fact, notice that the boldface

indices of Q do not belong to the boundary dP(2,1) since they cannot be obtained by adding Kronecker

delta sequences to the indices in P(2,1) (see also [29, Example 4.1]).

The above discussion suggests to consider only the finite detail index sets Q extracted from the

boundary J? defined in (5.33).

Remark 5.2.6. Lemma 4.3 and Corollary 4.1 in [29] do hold for more general boundary index sets dP
defined as (see [29, Eq. (4.26)])

9P := {yeJ\TP cu=v+e™ or p=v—em VveiP,VmeN}.

Note that if P is monotone, then 9P = 3P since indices w expressed as v— ™ are already in P due to its

monotonicity.

5.3 Adaptive SGFEM algorithm

In this section, we describe the adaptive SGFEM algorithm presented in [27] for the energy er-
ror estimation of the parametric model problem (4.5). The algorithm is driven by hierarchical a
posteriori error estimates (5.22) and it follows the standard finite element loop (2.13). Further-
more, it can be extended, in an appropriate way, to other parametric PDE problems with affine
dependence on random parameters.

A novelty in this adaptive algorithm is how the balance between spatial and stochastic appro-
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ximations is ensured. We describe two versions of the algorithm based on two different marking
criteria adopted in the MARK module of the adaptive loop. It is common to perform either spa-
tial or stochastic refinements of the discretisation space at each iteration of the algorithm, that
is, either a local mesh-refinement of the underlying triangulation or a parametric enrichment of
the index set is only pursued for the computation of enhanced approximations. Traditionally, the
choice between these two refinements is based on the dominant error estimator contributing to
the total error estimate (cf. [54, 55, 29, 56]); this is one possible version of the algorithm. An
alternative strategy is implemented in the second version: here, the refinement type is chosen by
comparing the error reduction estimates associated with marked elements and marked indices for
spatial parametric approximations, respectively.

Before discussing these aspects of the algorithm, let us provide further details on the compo-
nents of the adaptive loop. Below, we consider the case of spatial discretisation made by first-order

finite element spaces, i.e., we let X := S& (7).

5.3.1 Computation of spatial and parametric estimates

The computation of hierarchical estimate 7xp defined in (5.22) requires solving the problems for
the estimators eyp € Vyp and exq € Vxq satisfying (5.20) and (5.21), respectively. Suppose that
the Galerkin solution uxp € Vxp to problem (4.36) is available. Let us describe how the algorithm

computes the estimators eyp and exq.

Computation of the spatial contribution

Let eyp € Vyp be the spatial estimator satisfying (5.20). We choose the detail space Y C H&(D) to
be associated with the uniform refinement of triangulation 7 obtained by three NVB refinements
per element of 7. That is, Y :=span{1; : j=1,...,#£°(T )}, where 1; denotes the piecewise linear
Lagrange basis function associated with the midpoint of the j-th interior edge E; € £°(T ) such that
P;(z;) = 6;; with z; being the midpoint of E; € £°(7), i,j = 1,...,#£°(T) (see Figure 5.1(b)). Note
that all 1); also vanish at vertices of 7 (cf. (5.3)).

Problem (5.20) is solved using a standard element residual technique (see [2, Section 3.3]

and Remark 5.3.1 below). Specifically, on each element T € 7, we compute a local spatial error
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estimator by solving the local residual problem associated with (5.20): find e(YQ € Vyp|7 such that

Bo, (el v) = Fr(v ff YV uxp(x,y) vix,y) dx dly)
(5.34)
- = Z fj a(s,y)[Vuxy g v(s,y)ds dr(y),
Ee£°

for all v € Vyp|r. Here, Vyp|t := Y|7 ® Pp, where Y|t is the restriction of Y to the element T € 7,
Bo,7 and Fr denote the bilinear form and the linear functional restricted on Y, respectively, and

[-1¢ denotes the flux jump across the edge E of T, i.e., for every v € X,
[Vv]g :== Vvlr-n = Vv|p-n Y E€&°(T),

with T’ € T being the neighbour of T such that E = TN T’ and where n denotes the outward
pointing unit normal vector to the edge E € £°(7). Note that local problems (5.34) are well-
defined; in fact, By 7(-,-) is coercive over T as By 1(v,v) >0 for all v e Vygp|7.

One important feature of this error estimation technique is that the linear algebra associated
with problem (5.34) is simple. In fact, due to the use of bilinear form Bgy(-,-) which does not
incorporate the parameters (see (4.19)), the resulting left-hand side matrix of the linear system
arising from (5.34) is the block diagonal matrix By € R3V»*3N» given by the Kronecker product

3x3

of the identity matrix Gg (see (4.47)) and the reduced finite element matrix Ky € R>*> associated

with Y|, ie., forall TeT,

BT = GO ® KT with [KT]ij = j ao(X)lej(X) 'lei(X)dX, i,j= 1,...,3.
T

Here, {1,[),},.3:1 denote the first-order Lagrange basis of Y|r (with dim(Y|r) = 3); notice that the
indices i and j refer to the local enumeration of the basis of Y restricted to T € 7. As a result, the

. . . T . .
numerical computation of local error estimators e(ml, for T € T, can be easily parallelised.

Remark 5.3.1 (Implicit estimators). The definition of problem (5.34) posed on single elements T € T
is a technique known as element residual method which dates back to [16]. This method is a specific error
estimation approach belonging to the family of methods referred to as implicit error estimators; see, e.g.,
[2, Chapter 3] and [131, Section 1.7]. Contrary to explicit estimators (i.e., residual-based estimators,
see, e.g., [2, Chapter 2] and [131, Section 1.4]) that are computable from data problem and the Galerkin
approximation, implicit estimators require the solution of auxiliary local boundary value problems that
approximate appropriately the single global residual equation (see (5.17)). The associated error estimate

is then obtained by summing the norms of all local contributing estimators over the domain (see (5.37)
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below).

Remark 5.3.2. In spite of global reliability and efficiency (5.24) of hierarchical error estimates, it is well
known that the associated local error estimators (see (5.34)) are, in general, not ‘reliable’ in the sense
that so-called effectivity indices (defined as the ratio of the total error estimate to the true error in the
energy norm, see (5.43)) may become less than unity (see, e.g., [16] and [61, Section 1.5.2], as well as

the results of numerical experiments in Section 5.4.1).

Computation of the parametric contribution

Consider now the parametric estimator exg € Vxq satisfying (5.21). In addition to monotonicity,
the finite detail index sets Q that we are going to define below, and that are used by the adaptive
algorithm, are based on the assumption that the finite index sets P are ordered (see Section 4.2.2
and (4.42)).

As explained in Section 5.2.3, it is worth considering only those detail index sets for which
exo is nonzero. Such detail index sets are all subsets of dP defined in (5.33). Therefore, for a fixed

Mg € N, we consider the finite detail index set Q C dP for the computation of exg as
Q .= {yef]\iP U= v+em vy veP, m= 1,...,M9>+MQ}. (5.35)

Here, the index set Q contains only those neighbours of the indices of P that have up to My + My
active parameters, i.e., My parameters more than those currently active in P. In particular, the
cardinality of Q in (5.35) is at most Np(Mp + Mg) and the monotonocity of the enriched index set
PUQ is preserved. Notice that values of Mg larger than 1 may lead to too large computational
efforts when running the adaptive algorithms (see the numerical experiment in Section 7.3.2).
With the finite detail index set (5.35), we compute the individual parametric estimators e% €
X ® P, by solving the linear systems arising from problems (5.27) for all y € Q. In particular,
the corresponding left-hand side matrices B¥ € RNx*Nx of such linear systems are given by the
finite element matrices Ky associated with the space X and corresponding to the parameter-free

term ap(x) (see (4.46)). That is, B¥ is the same matrix for all u € Q, hence it has to be assembled

only once.

Remark 5.3.3. By considering ordered index sets P, we are assuming that the initial parametric dis-
cretisations do not activate a parameter y,, without also activating all parameters y, forall 1 < n < m.

The reason for this is the assumption that a parameter y, is more ‘important’ than a parameter y.,
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(n < m), in the sense that y,, contributes less to expansion (4.8) of the random field (recall the as-
sumption on the magnitudes ||-|| ~(p) of spatial coefficients (am)men in Assumption 4.2). For example,

consider the following monotone but not ordered index set:
? = {0, (1,0,0) (0,0,1)}. (5.36)

Here, supp(P) = {1, 3}, i.e., there are My = #supp(P) = 2 active parameters which are not, however, y,
and y> (but yy and y3). In particular, coefficient a3 would be active in expansion (4.8) of the random
field although || a3 || ~(p) < |l a2 ||~ (p)-

We stress that the order constraint is only, effectively, applied to the very first initial index set P,
since its monotonicity automatically implies that the enriched index sets are also ordered. If the initial
index sets do not need to be ordered, we could modify (5.35) by substituting My with a more general
counter parameter My defined as follows (see [29, Eq. (5.2)]):

_ 0 if P =10},
Mga =

max{ max(supp(v)), ve P\ {0} } otherwise.

For index set (5.36), we have Mp = 3 = 2 = Myp; however, notice that Mp = My for ordered index sets.

Local error contributions

Once all local spatial estimators e(YTg,) satisfying (5.34) are computed for all T € 7 and all paramet-

ric estimators e% satisfying (5.27) are computed for all y € Q (with Q given by (5.35)), we define

the spatial estimate

MM =) nys(TP with  fyp(T)=llebpls,, Y TeT, (5.37)

and the parametric estimate

xa(@7:=) nxa(w?  with  nxa(p)=llefall, VY peQ. (5.38)
ueQ

Notice that while || exqllg, = 71xa(Q) due to (5.25), we only have || eyp|lg, ~ 77yp(7) due to the use
of the implicit element residual problem technique (see [16, 2]). Therefore, we approximate the

total hierarchical error estimate #7xp in (5.22) via

nxp ~ 1= (1ye(TF + WXQ(Q)Z)UZ- (5.39)
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5.3.2 Marking strategy and refinements

In order to compute more accurate Galerkin solutions, enriched approximation spaces need to be
constructed at each iteration of the adaptive loop. To this end, a marking strategy is needed to
select a subset M C T of elements to be refined or a subset M C Q of indices to be included in
the parametric approximation. In both cases, the algorithm employs the Dorfler marking strategy
(see Strategy 2.2) to build the two subsets M C 7 and M C Q with minimal cardinality satisfying

MalMP =Y nyo(TR26xva(TV  and  nxoM0%:= Y nxa(w)? = 6omxa(Q,  (5.40)
TeM ueM

respectively. Here, 7yp(7") and 7xq(Q) are the total estimates defined by (5.37) and (5.38) and
Ox,605 € (0,1] are the corresponding marking parameters.

Once the sets M C T and M C Q are available, the algorithm can construct an enhanced dis-
cretisation space. While parametric enrichments are simply made by adding the set M to the
index set P, a refinement rule has to be set up for spatial mesh-refinements. To this end, the
algorithm returns a new conforming triangulation by implementing the NVB refinements where
reference edges are the longest edges of each element of 7 (see Section 2.3.2). Recall that the use
of this mesh-refinement technique ensures that the finite element spaces associated with refined

triangulations are nested (see Remark 2.3.1).

5.3.3 Adaptive loop

We now describe the loop of the proposed adaptive SGFEM algorithm. Throughout, we use the
subscript (or superscript) € € Ny for triangulations, index sets, Galerkin solutions, etc., associated
with the ¢-th iteration of the loop.

Starting with a conforming coarse triangulation 7y and an initial index set Pg, at each iteration
¢ € Ny, the finite element space Xy := 8&(7}) associated with 7, is tensorised with the polynomial
space Pp,. The unique Galerkin solution up € V, := V)(é), = Xy ® Py, satisfying (4.36) is computed by

solving the associated linear system (4.44) by the SOLVE subroutine,
Up = SOLVE (7-5, in, a, f) y

where a and f are the problem data (see (4.5) and (4.8)). In order to control the error in the
Galerkin solution wp, local spatial estimates {nyp(T)}7e7, and individual parametric estimates

{nxa(#)}ueq, defined in (5.37) and (5.38), respectively, are computed as described in Section 5.3.1
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by the subroutine ESTIMATE:

[17v2 (M rez,s 11x0(W)peq, | = ESTIMATEup, T, g, Q. 2, F).

Here, the detail index set Q, € J\ P, is built via (5.35). The total energy norm error estimate
Ne = 1782D is then computed via (5.39). If a prescribed tolerance tol is met, i.e., if 7, < tol, then the
adaptive process stops. Otherwise, a more accurate Galerkin solution belonging to an enriched
finite-dimensional subspace V;,1 2 V, needs to be computed. At this stage of the adaptive loop, a
marking criterion (see below) returns two subsets, M, C 7, and M, C Q, where, indeed, only one

of them is non-empty according to the type of enrichment that has to be pursued. The selection

of such subsets is performed by the same MARK subroutine

Mg =MARK({ryp(T)}7ez,, 6x)  and M= MARK({nxa ()} uea, O7), (5.41)

which implements the Dorfler strategy (see Strategy 2.2). Finally, the enriched space Vp,; is con-
structed by setting
Pri1 =P UM, and 7Tp.1 = REFINE(7,, My),

where the REFINE subroutine implements NVB refinements (see Section 2.3.2). Note that since
either M, or My is empty, only either a parametric enrichment or a mesh-refinement of current
triangulation 7; is performed. The algorithm returns a sequence (7p)scn, of adaptively conforming
refined triangulations associated with nested finite elements spaces (X¢)een,, i-€., Xp C Xp1 C
Hé(D) and a sequence (Py)eeny, of adaptively enriched nested index sets, i.e., Pp C Ppyq CJ.

Let us now describe how the algorithm chooses between mesh-refinements and parametric
enrichments of the approximation space. In this respect, we distinguish two possible marking

criteria that can be used by the adaptive algorithm.

Marking criterion based on total estimates

This is the criterion listed in Criterion 5.1. Here, we consider the total spatial #yp(7;) and total
parametric 71xq(Qy) error estimates given by (5.37) and (5.38), respectively, as follows. If #xp(7y)
is bigger than 71xq(Qy), the criterion selects a subset M, C 7, of marked elements using the MARK
subroutine and set My := 0. Otherwise (i.e., if yxp(7y) < 17xa(Q¢)), a subset M, C Q, of marking
indices is selected using the MARK subroutine and the criterion sets M, := (. Note that, in the

former case, only a new finite element space is going to be constructed on the next iteration,
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Marking criterion for adaptive SGFEM

Input: error estimates {nyp(T)} ez, {Nxa(W)}ueq, and marking parameters Ox, 09 € (0,1].
IF 71y2(Z¢) > 11xa(Qe)

set Mg = MARK({nyy(T)}TeTe, QX) and My = 0;
ELSE
set My := MARK({”]XQ(,J)}MEQZ, 93:) and Mg :=0.

END
Output: M, C 7, and M, C Qg, where one of the two subsets is empty.

Criterion 5.1. Marking criterion for an adaptive SGFEM algorithm driven by hierarchical error estimates.

whereas, in the latter case, the enhanced space is constructed only by parametric enrichment.
The idea to compare two contributions to the total error estimate in order to decide on the
enrichment type is not new. On the one hand, this idea was used in the adaptive algorithms de-
scribed in [54, 55] and [56], where residual-based and local equilibration error estimators were
employed, respectively. On the other hand, it was used in the adaptive algorithm with uniform
mesh-refinements presented in [29]. Note that, however, the estimate #y3(7,) combining all ele-
mentwise contributions {yp(T)} ez, does not necessarily provide an effective estimate of the error
reduction that would be achieved if only the marked elements M, C 7, were refined. Likewise,
1xa(Q¢) does not necessarily estimate the error reduction that would be achieved by adding only
the subset of marked indices M, C Q, to P,. These observations motivate the second marking

criterion.

Marking criterion based on error reduction estimates

This is the criterion listed in Criterion 5.2. Before deciding on the type of enrichment, the criterion
uses the subroutine MARK to select a subset Mg C 7, of marked elements as well as a subset
M, C Q; of marked indices. A post-processing step also returns the set Ry =T;\ Tp.q C Ty of the
refined elements, i.e., the set consisting of Mp and all those extra elements that are also marked for
refinement by completion steps of the NVB rule (see Figure 2.2). Note that in finding R, no mesh-
refinement is actually performed: the REFINE subroutine comes with an edge-based procedure
which identifies, for a given input set of marked elements, all edges of 7, that should be bisected
to keep the conformity of the newly refined triangulation before effectively performing the mesh-

refinement.
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Marking criterion for adaptive SGFEM

Input: error estimates {nyp(T)} ez, {Nxa(W)}ueq, and marking parameters Ox, 09 € (0,1].
DO

set My := MARK({yp(T)}rez,, Ox);
set Ry := Ty \ Tyy1, where Tp,q is defined by Tp,q = REFINE(Ty, My);
set Mg := MARK ({710 ()} ea, Op);
END
IF 7y3(Re) > xa(Mp)
set My := My and My := 0;
ELSE
set My := My and M, := 0;

END
Output: M, C 7, and M, C Qp, where one of the two subsets is empty.

Criterion 5.2. Marking criterion for an adaptive SGFEM algorithm driven by hierarchical error estimates.

Next, the criterion considers the two error estimates r]yg:(ﬁg) and qXQ(JV[g) (here, ﬂyfp(ﬁg) is
defined in obvious way as in (5.40)). Since the sum in qyga(ﬁg) is only over the elements to be
refined (resp. the sum in T’IXQ(j\\/te) is over the marked indices to be added to the current index set),
the quantity ﬂy(p(ﬁg) (resp. qXQ(JV[g)) does provide an effective estimate of the error reduction
that would be achieved as result of the mesh-refinement (resp. parametric enrichment); cf. (5.30)
and (5.31). Therefore, in the spirit of algorithms driven by dominant error reduction estimates,
the enrichment type in Criterion 5.2 is chosen by comparing the quantities ﬂy@(ﬁg) and xo(Mp).
More precisely, if qyfp(ﬁg) > ﬂxg(ﬁg), then My is set equal to Mg and My := 0. Otherwise, My is
set equal M, and M, := 0.

The complete adaptive SGFEM algorithm incorporating both Criteria 5.1 and 5.2 is listed in
Algorithm 5.1.

5.4 Numerical experiments

We report the results of running adaptive Algorithm 5.1 for parametric model problem (4.5).
These results illustrate some aspects of the design of the algorithm and demonstrate the perfor-
mance of the two versions using marking Criteria 5.1 and 5.2 described in Section 5.3.3. The nu-

merical experiments are performed using the open source Matlab toolbox Stochastic T-IFISS [28],
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Adaptive SGFEM algorithm

Input: data a, f; triangulation Ty, index set Po; marking parameters O, Oy € (0, 1]; tolerance tol.
FOR¢=0,1,2,... DO

up = SOLVE (%; :PZJ a, f),

[t1vo(Threr, 11xa(Wuen, | = ESTIMATE(up, 0, Pr, Q0 2, f);

1/2
Ne = (UYT(TZ)Z + UXQ(QZ)Z) ;

IF 77, < tol THEN BREAK; END
select the subsets My, C T, and M, C Q by using either Criterion 5.1 or Criterion 5.2;
set Pp1 =P UM, and Ty = REFINE(Z,, Mp).

END
Output: sequence of Galerkin solutions up and energy error estimates 1.

Algorithm 5.1. Adaptive SGFEM algorithm driven by hierarchical error estimates for parametric problem
(4.5).

on a desktop computer equipped with an Intel Core CPU i5-4590@3.30GHz and 8.00GB of RAM.

A brief description of the toolbox can be found in Appendix B.

5.4.1 Setup of the experiments
In all experiments, we run Algorithm 5.1 using the following initial index set
Po = {¥, 42} = {0,(1,0,0,...)}. (5.42)

In Pg, only parameter y; is active and the initial polynomial space is given by Pp, = span{1,P 2},
where P, is a polynomial of degree 1 in y;. For the computation of detail index sets Q, defined
in (5.35), we fix Mg = 1 and, throughout, we do not investigate the action of larger values.

Let L = L(tol) € N be the smallest integer such that 77, < tol. We will collect the following
output data:

* the number of total iterations L of the adaptive algorithm;

* the overall computational time t (in seconds);

* the final energy error estimate 7;;

¢ the final number of degrees of freedom N := dim(V;) = dim(X,)dim(Pp ) = Nx,p,;

* the number of elements #7; of last triangulation 7;;
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* the number of indices #P, of last index set P, as well as the final number of active parame-

ters My, ;
* the parametric enrichments of the index set.

In order to test the effectiveness of the error estimation strategy, the hierarchical estimates 7,
should be compared with the energy norm of the error e, = u — u,. Since the true solution is
unknown, we replace || e¢||g by the energy norm of u.er — up, where Uier € Vier := Xier ® Py is an
accurate, reference solution. To compute u,.r, we employ second-order finite element approxima-
tions over a fine triangulation 7. (i.e., Xief := Sg(Tref)) and use a large index set P which are

both specified in the experiments. Then, we define the following effectivity indices

e Ne
&p = = , ¢=0,...,L. (5.43)
lurer—uells (Il rer I3 — Il uel5) /2

Note that the equality in (5.43) holds due to Galerkin orthogonality and the symmetry of the
bilinear form B(-,-).
In what follows, we will write Algorithm 5.1v1 (resp. Algorithm 5.1v2) to refer to the version

of adaptive Algorithm 5.1 which uses marking Criterion 5.1 (resp. Criterion 5.2).

5.4.2 Experiment 1 - Spatially regular solution on square domain

In the first experiment, we consider the parametric model problem (4.5) posed on the square
domain D = (0,1)?, and we set the right-hand side source f(x) := 1 for all x € D. Following [54, 55],
we fix ag(x) = 1 for all x € D and choose the expansion coefficients (a,,) ey in (4.8) to represent

planar Fourier modes of increasing total order, i.e.,

(o]

a(x,y) =1+ Z [am cos(ZT(ﬁl(m)xl)cos(ZTL/SZ(m)xz)]ym, xeD,yel. (5.44)

m=1

Here, a,,, := Am™ represents the amplitude of the coefficients, where 0 > 1 and 0 < A < 1/C(0),

with C being the Riemann zeta function, whereas 81, 5, : N — N are defined by
B1(m):=m—k(m)(k(m)+1)/2 and py(m):=k(m)-pB1(m), meN

with k(m) := {—1/2 + mJ Note that with this choice of expansion coefficients, the weak
formulation (4.17) is well-posed since ag‘i” = ag® = 1in (4.9) and y = AC(0) < 1 as required
by (4.10). In particular, by setting o = 2, we select A such that 7 = AC(o) = 0.9. This choice
corresponds to a slow decay of the amplitudes a,, and gives A = 0.547 (cf. [54, Section 11.1.1}).

Furthermore, we assume that parameters y,,, € I, = [-1,1] in (5.44) are the images of uniformly
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Figure 5.2. Numerical experiment of Section 5.4.2. Decay of energy norm estimates #, computed at each
step of Algorithm 5.1v2 for different sets of marking parameters as well as for the case of Criterion 5.2 mo-
dified so that mesh-refinements and parametric enrichments are enforced simultaneously at each iteration.
Filled markers indicate iterations at which parametric enrichments occur.

distributed independent mean-zero random variables. In this case, dn,,, = dy,,/2 for all me N
and the orthonormal polynomials basis of L721m(|'m) consists of Legende polynomials (see Exam-
ple 4.2.1). The same model problem as described above has been used in numerical experiments
in [54, 55, 29, 56].

The first aim in this experiment is to show the advantages of using adaptivity in both compo-
nents of Galerkin approximations. To this end, starting from the initial coarse triangulation 7
depicted in Figure 5.3(a), we run Algorithm 5.1v2 with four different sets of marking parameters.
In addition, we consider a modification of Algorithm 5.1v2, in which Criterion 5.2 is amended so
that both mesh-refinement and parametric enrichment are enforced at each iteration. We plot the
computed error estimates 7, in Figure 5.2.

In the cases where only one component of the Galerkin approximation is enriched (i.e., if ei-
ther Bx or B9 is equal to 0) the error estimates 7, quickly stagnate as iterations progress. If both
components are enriched but no adaptivity is used (i.e., for 8x = 85 = 1), then #, decay throu-
ghout all iterations. However, in this case, the overall decay rate deteriorates due to the number
of degrees of freedom growing fast, in particular, during the iterations where parametric enrich-
ments occur (see the filled pentagon markers in Figure 5.2). An even greater deterioration of the
decay rate is also observed for the case in which both components are fully enriched (6x = 69 =1)
simultaneously at each iteration. On the other hand, a similar decay is also obtained if we enforce

both enhancements at each iteration but marking parameters less than one are used (6 = 0.3 and
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Figure 5.3. Numerical experiment of Section 5.4.2. (a) Initial coarse triangulation 7; (b) Adaptively refined
triangulation produced by Algorithm 5.1v1; (c)—(d) The mean field E[uxp] and the variance Var(uxsp) of the
computed SGFEM solution, respectively.

65 = 0.8). Finally, we observe that the best decay rate is obtained when adaptivity is used for both
components of Galerkin approximations in Criterion 5.2 with parameters 6 = 0.3 and 65 = 0.8
(see triangle markers in Figure 5.2). Clearly, adaptive enrichment in both components provides
more balanced approximations with less degrees of freedom and leads to faster convergence rates.

Let us now run both Algorithms 5.1v1 and 5.1v2 with the following sets of input parameters.
For marking purposes, we use two sets of threshold parameters, (i) 6x = 0.5, 6 = 0.9 and (ii)
Ox = 0.2, 8p = 0.9. The stopping tolerance tol = 1.5e-3 is set in all cases. The results of these
computations are presented in Table 5.1 and in Figures 5.3, 5.4, and 5.5.

Figure 5.3(b) shows the locally refined triangulation produced by Algorithm 5.1v1 in case
(i) when an intermediate tolerance was met (similar triangulations were produced in all other
cases). Figures 5.3(c) and 5.3(d) show the mean and the variance of the computed SGFEM solution,
respectively (see (4.48)). Note that due to the regularity of the solution and since the magnitude

of the variance is much smaller than the magnitude of the mean field, the triangulation is mainly
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6x =0.5, 65 =09 6x=0.2, 65 =09
Algorithm 5.1v1 Algorithm 5.1v2 Algorithm 5.1v1 Algorithm 5.1v2
L 27 26 64 61
t(sec) 254 179 474 391
un 1.2652¢-03 1.4438e-03 1.2509e-03 1.4369¢-03
N, 997,763 748,558 986,769 730,319
#7, 87,520 65,750 86,552 64,156
#PL 23 23 23 23
My, 6 6 6 6
Pe £=9 (01) £=8 (01) ¢=21 (01) ¢=10 (01)
(20) (20) (20) (20)
¢=15 (001) ¢=13 (001) ¢=35 (001) ¢=23 (001)
(110) (110) (110) (110)
(300) (300) (300) (300)
¢=20 (0001) ¢=19 (0001) ¢=48 (0001) ¢=36 (0001)
(1010) (1010) (1010) (1010)
(2100) (2100) (2100) (2100)
¢=24 (00001) ¢=22 (00001) ¢=56 (00001) ¢=44 (00001)
(02000) (02000 (02000 (02000
(10010) (10010) (10010) (10010)
(20100) (20100) (20100 (20100
(31000) (31000) (31000) (31000)
(40000) (40000) (40000 (40000
¢=27 (000001) ¢=26 (000001) ¢=64 (000001) ¢=51 (000001)
(011000) (011000) (011000) (011000)
(100001) (100001) (100001) (100001)
(100010 (100010 (100010 (100010
(120000) (120000) (120000) (120000)
(200100) (200100) (200100) (200100)
(301000 (301000) (301000) (301000)

Table 5.1. The results of running Algorithms 5.1v1 and 5.1v2 with two sets of marking parameters for the
model problem in Section 5.4.2.

refined towards the corners of the domain.

The results in Table 5.1 evidence some differences in the performance of the algorithm using
Criteria 5.1 and 5.2 in terms of computational times, final number of elements, and total number
of degrees of freedom (cf. the values of t, #7;, and N in Table 5.1). In particular, Algorithm 5.1v2
took less iterations and reached the tolerance faster than Algorithm 5.1v1 (e.g., about 33% of
time saved in case (ii)). However, in cases (i) and (ii), both Algorithms 5.1v1 and 5.1v2 produced
the same final index set | with 23 indices corresponding to polynomials of total degree 4 in 6
active parameters. We also note that by design, the use of Criterion 5.2 triggers polynomial en-
richments at earlier iterations than the case when Criterion 5.1 is used. This results in a balanced
refinement of spatial and parametric components of Galerkin approximations generated by run-

ning Algorithm 5.1v2 and this is one of the reasons why it is faster and overall more efficient than
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Algorithm 5.1v2 (6x = 0.5, 69 = 0.9)
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Ox = 0.5, 8p = 0.9 (case (i)) for the model problem in Section 5.4.2.

Algorithm 5.1v1 (6x = 0.2, 69 = 0.9)
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Figure 5.5. Total and local error estimates at each step of Algorithms 5.1v1 (left) and 5.1v2 (right) with
Ox =0.2, 6p = 0.9 (case (ii)) for the model problem in Section 5.4.2.

Algorithm 5.1v1 in this experiment.

By looking now at Figures 5.4 and 5.5, we observe that the total error estimates 7, decay with
an overall rate of about O(N=0-3%) for both Algorithms 5.1v1 and 5.1v2 and both sets of marking
parameters. However, due to spatial regularity of the solution, one may expect the error estimates

to decay with the optimal rate O(N~Y/2)

during mesh-refinement steps, cf. [55] (mesh-refinements
can be identified on the graphs as the steps where the estimates #(7,) and ﬂ(ﬁg) decay). It turns
out that Algorithm 5.1 does not achieve this optimal decay rate during mesh-refinement stages

in case (i) (Bx = 0.5); see Figure 5.4 (also cf. [55, Figure 1] in the case of 8x = 0.4). However, in

case (ii) (Bx = 0.2), Figure 5.5 shows that the decay rate during spatial refinement steps is very
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Figure 5.6. The effectivity indices for the SGFEM solutions of the model problem in Section 5.4.2 computed
by Algorithms 5.1v1 and 5.1v2 with 8x = 0.5, 8 = 0.9 (case (i), left) and 8x = 0.2, 85 = 0.9 (case (ii), right).

close to the optimal one when Criterion 5.2 is used, whereas it is still far from being optimal
if Criterion 5.1 is used by the algorithm. We also note that, since polynomial enrichments are
triggered earlier by Criterion 5.2, the associated reductions in the total error estimates during
these steps, are smaller than the error reductions that occur during polynomial enrichment steps
when running Algorithm 5.1v1.

Finally, in both cases (i) and (ii), we compute the effectivity indices (5.43). In this case, we
employ the reference Galerkin solution u,.r from [29, Section 6] with corresponding energy norm
|| urerllg = 1.90117e-01. The effectivity indices for both cases (i) and (ii) and both Algorithms 5.1v1
and 5.1v2 are plotted in Figure 5.6. We can see that the they are less than unity throughout all
iterations and tend to be close to 0.8 as iterations progress.

Based on the obtained results, we conclude that Algorithm 5.1v2 is more efficient than Al-
gorithm 5.1v1 for the considered parametric problem on the square domain. Indeed, Algo-
rithm 5.1v2 reaches the desired tolerance faster and with a fewer number of total degrees of
freedom. Furthermore, the corresponding total error estimates decay with an optimal rate during
mesh-refinement steps, provided that the spatial parameter Oy is sufficiently small (e.g., 6x = 0.2).
On the other hand, the overall convergence rate is essentially the same for both versions of the al-

gorithm and for both sets of marking parameters considered in this experiment.

5.4.3 Experiment 2 - Spatially singular solution on L-shaped domain

In the second experiment, we compare the performance of the two versions of Algorithm 5.1 for

the same parametric model problem described in Section 5.4.2 but now posed on the L-shaped
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Figure 5.7. Numerical experiment of Section 5.4.3. (a) Initial coarse triangulation 7g; (b) Adaptively refined
triangulation produced by Algorithm 5.1v1; (c)—(d) The mean field E[uxp] and the variance Var(uxsp) of the
computed SGFEM solution.

domain D = (-1,1)?\ (=1,0]°. Exactly the same parametric problem has been solved numerically
in [54, 55, 56].

We use the initial coarse triangulation 7y depicted in Figure 5.7(a). Similarly to the experiment
in Section 5.4.2, for marking purposes we use two sets of parameters, (i) Ox = 0.5, 6 = 0.8 and (ii)
Ox = 0.2, 69 = 0.8, and the same stopping tolerance tol = 5.0e-3 is set for both cases. The results
of these computations are presented in Table 5.2 and in Figures 5.7, 5.8, and 5.9.

Figure 5.7(b) shows the locally refined triangulation produced by Algorithm 5.1v1 in case (ii)
when an intermediate tolerance was met (triangulations with a similar patterns were produced in
all other cases). Figures 5.7(c) and 5.7(d) show the mean and the variance of the computed SGFEM
solution, respectively. Observe that the adaptively refined triangulation effectively identifies the
area of singular behaviour of the mean field (in the vicinity of the reentrant corner), where we can
see much stronger mesh-refinement than in other areas of the domain. Note that, since the mag-

nitude of the mean is much higher than the one for the variance, the ‘roughness’ of the variance in
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6x =0.5, 05 =0.8

6x=0.2, 65 =08

Algorithm 5.1v1

Algorithm 5.1v2

Algorithm 5.1v1

Algorithm 5.1v2

L 27 27 65 63
t(sec) 193 194 360 333
n 4.7170e-03 4.7160e-03 4.8340e-03 4.9659-03
N, 664,729 665,366 576,121 603,594
#7, 103,206 103,304 89,480 67,770
#P, 13 13 13 18
My, 5 5 5 6
P, =12 (01 ¢=11 (01) =29 (01) =20 (01)
(20) (20) (20) (20)
=19 (001) ¢=17 (001) =45  (001) ¢=35 (001)
(110) (110) (110) (110)
¢=22 (0001) ¢=21 (0001) ¢=53  (0001) ¢=43  (0001)
(1010) (1010) (1010) (1010)
(3000) (3000) (3000) (3000)
¢=26 (00001) ¢=25 (00001) ¢=62 (00001) £=52 (00001)
(10010) (10010) (10010) (10010)
(20100) (20100) (20100) (20100)
(21000) (21000) (21000) (21000)
¢=60 (000001)
(020000)
(100010)
(310000)
(400000)

Table 5.2. The results of running Algorithms 5.1v1 and 5.1v2 with two sets of marking parameters for the
model problem in Section 5.4.3.

some parts of the domain does not have a significant impact on mesh-refinements in those areas.

Table 5.2 shows the final outputs of all computations in this experiment. By looking at the
results for case (i), we do not observe significant differences between the approximations produced
by the algorithm using Criteria 5.1 and 5.2. Indeed, the tolerance was reached after the same
number of iterations (L = 27) and the same final index set (with #P; = 13 indices), and the number
of elements in final triangulations was comparable. Also, both Algorithms 5.1v1 and 5.1v2 took
nearly the same time to reach the tolerance.

In case (ii), the differences are more evident. To start with, Algorithm 5.1v1 needed two itera-
tions more than Algorithm 5.1v2 to reach the tolerance. Furthermore, it produced a more refined
triangulation than Algorithm 5.1v2 did (cf. the values of #7 in Table 5.2 in case (ii)). On the other
hand, Algorithm 5.1v2 generated a more developed index set (with #P, = 18 indices) with more
active parameters and higher degree of polynomial approximation in these parameters. This ex-

plains why Algorithm 5.1v2 terminated with a slightly bigger number of total degrees of freedom
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Figure 5.8. Total and local error estimates at each step of Algorithms 5.1v1 (left) and 5.1v2 (right) with
Ox = 0.5, 6 = 0.8 (case (i)) for the model problem in Section 5.4.3.
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Figure 5.9. Total and local error estimates at each step of Algorithms 5.1v1 (left) and 5.1v2 (right) with
Ox =0.2, 6p = 0.8 (case (ii)) for the model problem in Section 5.4.3.

N, in this case; nevertheless, Algorithm 5.1v2 was 7.5% faster than Algorithm 5.1v1. As already
observed in the experiment of Section 5.4.2, this was due to polynomial enrichments triggered at
earlier iterations.

By looking now at Figures 5.8 and 5.9, we see that the overall convergence rate for total error
estimates 77, is about O(N~%-3%) for both Algorithms 5.1v1 and 5.1v2 and for both sets of marking
parameters. Notice that the optimal rate O(N~1/?) is not achieved in case (i) due to the fact that
the marking parameter 6y = 0.5 is not sufficiently small (see, e.g., [31, 52]). In case (ii), i.e., for
Ox = 0.2, the decay rate during mesh-refinement steps is close to the optimal one only for Algo-

rithm 5.1v2. This observation is consistent with the one made in the experiment of Section 5.4.2
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Figure 5.10. The effectivity indices for the SGFEM solutions of the model problem in Section 5.4.3 com-
puted by Algorithms 5.1v1 and 5.1v2 with 6x = 0.5, 85 = 0.8 (case (i), left) and 8x = 0.2, 65 = 0.8 (case (ii),
right). The energy norm of the associated reference solution is || u.e||lg = 4.701397e-01.

on the square domain.

In this experiment, we computed the effectivity indices &, defined in (5.43), by employing a
reference Galerkin solution u.of computed over the triangulation 7., with 7, being the uniform
refinement of 7; produced by Algorithm 5.1v2 in case (i) and using the reference index set P, ¢
to be equal to the large index set P, generated by Algorithm 5.1v2 in case (ii). The computed
effectivity indices are plotted in Figure 5.10. In both cases (i) and (ii), they lie within the interval
(0.8, 0.93) throughout all iterations.

In agreement with the results of the experiment in Section 5.4.2, we conclude that for the
parametric problem on the L-shaped domain with spatially singular solution, for a sufficiently
small marking parameter Ox (e.g., Ox = 0.2), Algorithm 5.1 is overall more efficient when using
Criterion 5.2. In this case, the algorithm produces more accurate parametric approximations by
generating richer index sets, and the associated total error estimates decay with an optimal rate

during mesh-refinement steps.

5.4.4 Experiment 3 - Spatially singular solution on slit domain

In this third experiment, we consider the parametric model problem (4.5) posed on the slit do-
main D = (-1,1)? \ ([-1,0] x {0}). Note that the boundary of this domain is non-Lipschitz (see
Figure 5.11(a)); however, the problem on D can be seen as a limit case of the problem on the

Lipschitz domain Dg = (=1,1)%\ Ts as 6 — 0, where Ty = conv({(0,0),(—l,é),(—l,—é)}) (cf. [125,
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Figure 5.11. Numerical experiment of Section 5.4.4. (a) Initial coarse triangulation 7y; (b) Adaptively re-
fined triangulation produced by Algorithm 5.1v1; (c)-(d) The mean field E[ux] and the variance Var(uxp)
of the computed SGFEM solution.

p- 259])%. Therefore, all computations in this experiment were performed for the domain D = D;
with 6 = 0.005.

We set the source f(x) = exp(—(x1 + 0.5)% — (x> — 0.5)?) for all x = (x1, x) € D, and consider the
following parametric diffusion coefficient

aby) =3+ V3) ) VWi, (5.45)

i=0 j=0
where ¢og := 1, voo := 1/4, ¢;; and v;; are defined in (3.18) for all i,j € N (with £ = 0.9), and
vij € [-1,1] are the images of uniformly distributed independent mean-zero random variables for
all i,j € Ng. Notice that V3 in (5.45) is the normalisation constant such that Var(\/gy,j) =1; see

Example 3.3.2. We rewrite the sum in (5.45) in terms of a single index m in such a way that

2We also refer to [78, Section 2.7, p. 83] for a discussion about the well-posedness of the standard weak formulation
for the deterministic Poisson problem on the slit domain, in particular, in the case of homogeneous Dirichlet boundary
conditions.
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Algorithm 5.1v1

6x=0.2, 65=09 Ox=0.5, 65 =0.9 6x =0.35, 65 =0.65
L 71 31 43
t (sec) 578 290 399
n 1.4808e-03 1.4912¢-03 1.4558e-03
N, 810,441 852,480 895,617
#7, 181,379 190,720 200,345
#P, 9 9 9
Mg, 4 4 4
P, =36 (01) =16 (01) =21 (01)
(20) (20) (20)
=139 (001) =18 (001) ¢=23 (001)
(110) (110
£=55 (0001) =25 (0001) =31 (101)
(1010) (1010) (110)
(3000) (3000)
¢=37 (0001)
(3000)

Table 5.3. The results of running Algorithm 5.1v1 with three sets of marking parameters for the model
problem in Section 5.4.4.

corresponding values v, appear in descending order of magnitudes, i.e.,

a(x,y) = 3 + V3 Z VY ®m(X)Ym xeD,yel.
m=1

For the model problem described above, we run the two versions of Algorithm 5.1 using either
Criterion 5.1 or Criterion 5.2 with the initial coarse triangulation 7y depicted in Figure 5.11(a).
Aiming to understand the influence of both marking parameters 8x and 65, we perform computa-
tions with three sets of Dorfler marking parameters: (i) 6x = 0.2, 65 = 0.9, (ii) 6x = 0.5, 65 = 0.9,
and (iii) Ox = 0.35, 69 = 0.65. The same stopping tolerance tol = 1.5e-3 was set in all computa-
tions. The results of these computations are presented in Tables 5.3 and 5.4, and in Figures 5.11
and 5.12.

Figure 5.11(b) shows the locally refined triangulation produced by Algorithm 5.1v1 with 6 =
0.5, 69 = 0.9 (case (ii)) when an intermediate tolerance was met. In Figure 5.11(c) and 5.11(d),
the mean and the variance of the computed SGFEM solution are plotted. As in previous experi-
ments (cf. Sections 5.4.2 and 5.4.3), we see that the algorithm performs effective adaptive mesh-
refinements in the areas where the mean of the solution is not sufficiently smooth. For the model
problem in this experiment, the strongest mesh-refinement occurs in the vicinity of the crack tip.

By looking at the results in Tables 5.3 and 5.4, we can see that among six computations car-
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Algorithm 5.1v2

6x=0.2, 65=09 Ox=0.5, 65 =0.9 6x =0.35, 65 =0.65
L 66 30 41
t (sec) 323 289 223
n 1.4997¢-03 1.2802¢-03 1.4254e-03
N, 638,370 1,042,365 671,307
#7, 85,961 140,124 104,258
#P, 15 15 13
Mg, 4 4 4
P, =25 (01) =14 (01) =17 (01)
(20) (20) (20)
=28 (001) =16 (001) €=20 (001)
(110) (110
=144 (0001) =23 (0001) £=28 (101)
(1010) (1010) (110)
(3000) (3000)
=60 (0020) £=30 (0020) =34 (0001)
(0110) (0110 (3000)
(0200) (0200)
(1001) (1001) =41 (0111)
(2010) (2010) (1001)
(2100) (2100) (2010)
(2100)

Table 5.4. The results of running Algorithm 5.1v2 with three sets of marking parameters for the model
problem in Section 5.4.4.

ried out in this experiment, the best performance in terms of computational time was achieved
by Algorithm 5.1v2 with 6x = 0.35, 85 = 0.65 (case (iii)). In particular, it was about 44% faster
than Algorithm 5.1v1 with the same marking parameters. In agreement with the results of ex-
periments of Sections 5.4.2 and 5.4.3, Algorithm 5.1v2 produced less refined triangulations and
triggered polynomial enrichments earlier than Algorithm 5.1v1 in all three cases. Notice that
the advantages of using a smaller marking threshold 6x are again more evident when running
Algorithm 5.1v2: final triangulations in cases (i) and (iii) (i.e., for 6x = 0.2 and 6x = 0.35) have
about twice less elements than the corresponding cases for Algorithm 5.1v1. In addition, in both
cases (i) and (ii), Algorithm 5.1v2 needed less iterations than Algorithm 5.1v1 to reach the set to-
lerance. Also, along with less computational time, Algorithm 5.1v2 produced final index sets P
more developed than index sets generated by Algorithm 5.1v1 in all cases (15 versus 9 indices in
cases (i) and (ii) and 13 versus 9 in case (iii)). These conclusions are in agreement with numerical
results for the parametric problem with spatially singular solution of Section 5.4.3, and they con-
firm that in terms of efficiency, Algorithm 5.1v2 is more sensitive to over-refined triangulations

than Algorithm 5.1v1.
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Figure 5.12. Total and local error estimates at each step of Algorithms 5.1v1l and 5.1v2 for the model

problem in Section 5.4.3.

Figure 5.12 show the decay of the computed energy error estimates for all computations. For

both versions and all sets of parameters, initially, the algorithm performs mesh-refinements to
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Figure 5.13. The effectivity indices for the SGFEM solutions of the model problem in Section 5.4.4 com-
puted by Algorithms 5.1v1 and 5.1v2 with 6x = 0.5, 85 = 0.9 (case (ii), left) and 6x = 0.35, 85 = 0.65
(case (iii), right). The energy norm of the associated reference solution is || uyef||g = 1.639745e-01.

take account the source of error due to the spatial singularity near the crack tip. Then, a first
parametric enrichment, which yields a very small error reduction, in turn enforces a second en-
richment after few iterations. Note that the value of 8 = 0.9, as in cases (i) and (ii), was not
eventually large enough to mark more indices, hence yielding larger error reductions. We see
that Algorithms 5.1v2 converges faster than Algorithms 5.1v1 during mesh-refinement steps in
all three cases; this has been already observed in numerical experiments of previous sections and
it is due to the use of Criterion 5.2. On the other hand, the overall decay rate obtained for total
error estimates 7, in all cases, is about O(N‘0'4). Notice that this rate is closer to the optimal
rate (of O(N~Y2)) than the rates achieved by both Algorithms 5.1v1 and 5.1v2 in the numerical
experiments of Sections 5.4.2 and 5.4.3.

Finally, focusing on cases (ii) and (iii), we compute the effectivity indices &, defined in (5.43).
In this experiment, we employ a reference Galerkin solution u,es computed over the triangulation
7.cr being the uniform refinement of 7; produced by Algorithm 5.1v1 in case (iii) and using the
reference index set P,r to be equal to the index set P, generated by Algorithm 5.1v2 in case (ii).
The resulting effectivity indices are plotted in Figure 5.13. As in experiments of previous Sec-
tions 5.4.2 and 5.4.3, the effectivity indices are less than unity for all iterations; for this model
problem, however, they increase as iterations progress and tend to be close to 0.9.

The results of this experiment lead us to the same conclusions about the efficiency of Algo-
rithm 5.1v2 as previous experiments in Sections 5.4.2 and 5.4.3 did: provided that a sufficiently

small spatial marking parameter O is selected (e.g., Ox = 0.2 or 6 = 0.35), Criterion 5.2 enables
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the algorithm to reach the tolerance faster and the total error estimates decay with almost op-
timal rates during mesh-refinement steps. Interestingly, in this experiment, Algorithm 5.1v2 in
case (iii), i.e., with 85 = 0.65, performed as well as the algorithm in case (i) where 65 = 0.9. This
shows that, effectively, comparison of the versions of the algorithm is problem-dependent and
there is no a priori knowledge on the values of input marking parameters that yield ‘optimal’

results with respect to, for example, computational times and final number of elements.
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Chapter 6

Adaptive algorithms driven by two-level a posteri-
ori error estimates

The theoretical analysis of adaptive finite element algorithms has received a remarkable attention
for deterministic problems and, recently, also for model problems with parametric or uncertain
inputs. Unlike the design of efficient adaptive strategies, however, the convergence analysis of
adaptive algorithms for problems with random inputs is less developed. In this chapter, our goal
is twofold: introduce a novel a posteriori estimate for the energy error of solutions to parametric
PDEs and provide a rigorous convergence analysis of the associated adaptive SGFEM algorithms.

In the first part of this chapter, we introduce an energy error estimate composed of two-level
a posteriori error estimates for spatial approximations and hierarchical a posteriori error esti-
mates for parametric approximations. The resulting total estimate, that combines these two con-
tributions (see (6.5) below), has been recently introduced and analysed in [26]; the definition and
analysis of this new estimate are reported in Section 6.1. Building on the hierarchical framework
developed in [24, 29] and recalled in Section 5.1, the construction of this estimate for the energy
error estimation of model problem (4.5) is based on ideas from [100, 99, 62, 66] (see also [50, 32]
for earlier works in this direction). In particular, our first result is the proof of the efficiency and
reliability of the estimate (see Theorem 6.1). One of the key advantages of this a posteriori error
estimate is that it avoids computing the solution of linear systems when estimating the errors
coming from spatial approximations (while keeping the hierarchical structure of the estimate)
and thus speeds up the computation. That is, with reference to hierarchical estimate #xp defined
in (5.22), this new estimate does not require the solution of the linear system arising from problem
(5.20) which is instead needed for computing the contributing spatial estimator eyp € Vyp.

In the second part of the chapter, we focus on the convergence analysis of adaptive SGFEM
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algorithms driven by the proposed new error estimate (see Algorithm 6.1). This is taken from the
recent work [25]. The algorithm has four versions which employ four different marking criteria
that are combinations of the Dorfler and the maximum marking strategies (see Section 2.3.1). At
each step, all versions of the algorithm perform either solely mesh-refinement or solely polyno-
mial enrichment (cf. Algorithm 5.1). The central result in Theorem 6.2 shows that each proposed
version of the adaptive algorithm generates a sequence of Galerkin approximations such that the
associated sequence of energy error estimates converges to zero. Therefore, this result provides a
theoretical guarantee that, for any given positive tolerance, all versions of the algorithm stop after
a finite number of iterations. As an immediate consequence of Theorem 6.2, we show that, under
saturation assumption (5.14), the Galerkin approximations generated by the algorithms converge
to the true parametric solution (see Corollary 6.2). Further to that, in the case of Dorfler marking,
we prove linear convergence of the computed energy error estimates in Theorem 6.3.

The results of two numerical experiments are reported in Section 6.4. In the first experiment,
we compare the performance of the proposed algorithm with Algorithm 5.1 driven by hierarchical
error estimates whereas, in the second experiment, we compare the performance of the proposed

algorithm with respect to the computational cost associated with using different marking criteria.

6.1 Two-level error estimate

Let X := S}(T) be the first-order finite element space associated with a conforming triangulation
7 of DcR? and let X := S&(?) be the enriched space associated with the uniformly refined trian-
gulation 7 obtained by NVB refinements (see Section 2.3.2). Let Y C H3 (D) be the corresponding
first-order detail finite element space satisfying (5.3).

We introduce the following notation. Let Ny := dim(Y) denote the dimension of Y. Let
N* = NYT\N(T) ={zy,...,z5,} € N°(T), (6.1)

be the set of Ny interior vertices introduced by the uniform refinement of 7, i.e., the set of mid-
points of the interior edges of 7. We denote by By := {1)y,..., 9y, } the basis of Y, i.e., for each
midpoint z; € N'*, 1p; € By is the corresponding piecewise linear function such that 9;(z;) = 1
and 1;(x) = 0 for all x € N(T)\ {zj}, i =1,...,Ny (see Figure 5.1(b)). We also define the following
one-dimensional subspaces

Y; := span{y;} Vji=1,...,Ny, (6.2)
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which yield the following decomposition, Y = @ . For later use, we note that there exists a

finite constant K > 1 depending on 7 such that (see Remark 6.1.2)
#{ybj € By : interior(supp(%) N T) * (Z)} <K VYTeT. (6.3)

Furthermore, due to the tensor product structure of Vy4 (see (5.7)), each function v € Vyy can be

written as

Ny
= Z Z vi(X)P,(y),  xeD,yeT, (6.4)

veP j=1
where v;,, € Y¥; and P, € Pp, for all ve P.
Hereafter, we will write < to denote < up to some positive constant C and, given two quantities

a and b, we will write a ~ b to abbreviate b < a < b.

6.1.1 Main result

Let uxp € Vxp be the Galerkin approximation satisfying (4.36) for a given finite index set P C J.
Let Q c J\ P be the associated finite detail index set; this can be constructed, e.g., as in (5.35).
Consider the following quantity

|F lp; uX?’lpJ
s ZZ ||a0/2v¢,|| r L IlE, (6

veP j= puel

where 1; € By and e% are the individual estimators satisfying (5.27) for all u € Q. Note that
Y;P, € Vyp for all p; € By and all v € P.

Theorem 6.1. Let u € V be the solution to problem (4.17), and let uxp € Vxp and Uxp € fop be two
Galerkin approximations satisfying (4.36) and (5.10), respectively. There exists a constant Cy,y, > 1,
which depends only on the shape regularity of T and T, the mesh-refinement rule, and the mean field
ag in (4.8), such that txp defined in (6.5) satisfies

A —
Ewa < ||Uxp — uxpllg < ACihm Txp (6.6)

where A and N are the constants in (4.22) and K is the constant in (6.3). Furthermore, under saturation

assumption (5.14) with constant gs,, € [0, 1), there holds

A ACy,
ETij, < lu-uxplly £ —5 15y (6.7)
— Qsat

On the one hand, Theorem 6.1 shows that txy is an efficient and reliable a posteriori estimate

for the energy norm of the error e = u—uxy (see (6.7)). On the other hand, recall that || Uyxp—uxs||g
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is the error reduction (in the energy norm) that would be achieved if the enhanced solution Uxyp €
nga were to be computed (see (5.13)). Hence, inequalities in (6.6) show that Txp also provides
an estimate for this error reduction. Moreover, we stress that Theorem 6.1 holds, indeed, for
any finite detail index set Q C J\ P and any conforming refinement T of T (and corresponding
detail space Y); see, e.g., Figure 5.1(a) for the case of regular refinements. In addition, we also
emphasise that the proof applies for any spatial dimension, while we restrict ourselves to the
two-dimensional case D C R? for ease of presentation. The proof of Theorem 6.1 is postponed to
Section 6.1.3.

The structure of the a posteriori error estimate Txp defined in (6.5) is similar to that of the
hierarchical estimate 7xp. In fact, while the the parametric part of both estimates is the same (cf.
(5.22) and (6.5)), they only differ in the spatial contribution. Such contribution is adapted from
what in the literature is typically referred to as two-level error estimate; see, e.g., [100, 99, 62]. In
order to give a proper name to estimate Txp defined in (6.5) and distinguish it from hierarchical
estimate 7xp defined in (5.22), in the reminder of the thesis, we keep the terminology for the

spatial contribution and refer to Txp as the two-level a posteriori error estimate.
Remark 6.1.1. The spatial contributing part of Txp defined in (6.5) includes:
* in the numerator, the entries of the residual of uxyp, where the Galerkin data are computed with
respect to the enriching space Viyp (cf. the right-hand side of (5.20));

* in the denominator, the diagonal entries of the spatial finite element matrix associated with the

detail space Y, since

lag “Vep; 12 ) =f ao()Vp;(x)- Vip;(x)dx ¥ j=1,...,Ny.
D

Moreover, the denominator can be easily simplified. For every T € T with diameter hy (see (2.8)),

let 1; € By such that supp(;) C w(T) (see (2.7)). Then, there holds

lag 2V 11220y = b 120y = 1,

where hidden constants depend only on the shape regularity of T, the (local) mesh-refinement
rule, and the mean field ag in (4.8). For instance, if ag := 1, elementary calculations show that

| ay/2 Vi ”‘EZ(D) = 4 in case T is obtained by uniform NVB refinements.

Thus, the implementation of the spatial estimate contributing to Txp only requires the assembly of the

residual of the Galerkin solution uxp on Vyp and no linear system needs to be solved.
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Remark 6.1.2. Note that in the two-dimensional case, the number Ny = #N'* of interior midpoints
introduced by the uniform refinement of T is equal to the number #£°(T') of interior edges of T, i.e.,
trivially, there exists a one-to-one map between N'* and £°(T ). In particular, it is easy to see that K =3

in (6.3).

6.1.2 Auxiliary lemmas

In this section, we collect four auxiliary results which are required to prove Theorem 6.1. Let us

start with the following observation.

Lemma 6.1. For all v,w €V, the following equality holds

Bo(v, w) = ZJ ap(x) Vv, (x) - Vw, (x)dx Vv,w, € H&(D). (6.8)
ves VD
In particular, it follows that
IvIB, =) llag*VulIZ ). (6.9)
vel

Proof. Using the polynomial chaos expansion (4.30) for both v and w in V, we have

Botuw =) ) | | 300V Vi) AR () axatrty)

vel uel

=3 )| a0Vuio- Vatax [ ARG dniy).

vel uel

:(PV’P]A)TI
Since polynomials {P,},cs are orthonormal in L2(I) with respect to inner product (-, -),;, this proves

(6.8). Moreover, (6.9) follows by choosing w = v in (6.8). O

Lemma 6.2. Consider a function v € Viyp and its representation (6.4). There holds:

Ny
- 1/2
KM IVIB, < ) ) 11ag®VvuliZa ) < Cucllvilg,, (6.10)
ve?P j=1

where the constant Cj,. > 0 depends only on the shape regularity off, the (local) mesh-refinement rule,

and the mean field ag in (4.8).

Proof. We divide the proof into three steps.

Step 1. Let T € 7 and consider a function w; € Y}, where Y; is defined in (6.2) for all j =
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1,...,Ny. Observe that

Ny
aé/ZV[ Z Wj]

j=1

Ny Ny 1/2
< ) llag?Ywllizm < «/E[Zuag/zwjufzm] .
j=1 j=1

Hence, summing over all elements T € 7, we obtain

L2(T)

Ny 2
a(l)/ZV[ij] < KZZ||a(1)/2VW Klea(l)/ZVw o) (6.11)
j=1 L2(D TeT j=

Step 2. We now prove the converse estimate of (6.11). For a function wy € Y, which can be
represented as wy = Z 1 wj with unique coefficients w; € Y}, for all j = 1,..., Ny, notice that the

following two quantities

’

L2(T)

Ny

Ny 1/2

1/2 2
lwylrlly,q :=(Z||ao/ vW,-an(T)] and [lwylrlly, :=
j=1

j=1

where T € T, define two norms on the subspace Y| :={wy|r : wy € Y}. For example, one trivially

has that [[Awy|r[ly,1 = Allwy|7]ly,1 for all A € R. For some zy = € Y, there holds

le

1/2
1/2 2
lwylz+2ylrlly,y < (Zna 29 w-+zj>||L2(T))

Ny 1/2
2 1/2 2
< (Znao/ VwiliZo i+ ) llag vZ,-anm) < lwylrllya+lizvlrliva.
=1 =1
Furthermore, note that || aO/ZVwJ ll.2(1) = O for all w; € Y; implies wy|r = 0 and so [|wy|7|ly,1. Ana-

logous arguments hold for norm ||-||y >. Due to equivalence of norms on finite-dimensional spaces

(see, e.g., [92, p. 32]), we then conclude that

N 2
Z||a1/2v J||L2 ~ aé/ZV(ZYWj] VwieY,j=1,..,Ny, (6.12)
j=1 L2(T)

where the equivalence constants depend on the mean field ag in (4.8), the shape regularity of 7,
as well as on the type of the mesh-refinement rule (that affects the configuration of the local space

Y|r). Summing over all elements T € 7 in (6.12), we obtain, in particular, the following upper

bound

Ny 2
ZHaO/ZVW L2(p) S Cioc 1/2V[ Z j] Y w; ,i=1,...,Ny. (6.13)
j=1 L2(D)

Step 3. Let v € Vyp represented as in (6.4). From Lemma 6.1, it holds that

N 2
2 (69) 1/2 :
Iviig, =" > |lag®v| ) vl
veP j=1 L2(D)
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with v;, € Y; for all v€ P and j = 1,..., Ny. Then, the two-sides bound (6.10) follows using the

foregoing estimates (6.11) and (6.13) from Step 1 and Step 2, respectively. O

To state the next lemma, we recall the nodal interpolation operator Z7 : C(D) — X defined by

Nx

Zrv(x):= Z v(x;)@i(x), x €D, (6.14)
i=1

where x; € N°(7) and @; € X is the hat function associated with x;, i = 1,..., Nx. Note that Z; v is
the unique function in Sg(T) that has the same nodal values as v (see, e.g., [35, Section 3.3]). Now,
if Vg 1= X ® Pp denotes the enriched space spanned by functions of the form

V(% Y) = Z Vv, (x)P,(y) with unique coefficients v, € X, (6.15)

veP

then we have that Zr Vv, € X and we can represent a function v € Vxyp as

vxp(6y)= ) (Ir%(x)PAy),  xeD,yerl. (6.16)

veP

Lemma 6.3. Let Z7 be the nodal interpolation operator (6.14). Let v, € Vi and vxp € Vxp be given

by (6.15) and (6.16), respectively. Then, we have the representation

Ny
Vip = Vxp = ZZ viuP, € Vyp  with v, €Y, forallve D, (6.17)
veP j=1
and there holds
vgp = vxolla, < Cswll viplla,s (6.18)

where the constant Cgy, > O depends only on the shape regularity of?, the (local) mesh-refinement rule,

and the mean field ag in (4.8).

Proof. The proof consists of two steps.

Step 1. Consider a function vy := 7 v € X where v € X. Since X = X@ Y, there exist unique
wx € Xand wy € Y such that the function vg—vy € X can be represented as v—vx = wx +wy. Since
v and v coincide on every vertex x; € N(7) of triangulation 7, and functions of Y vanish on
x7, i.e., we have that 0 = (v — vx)(x7) = wx(x7) for all x; € N(T). Thus, wx = 0, and this implies

that vi— vy € Y. Moreover, using standard scaling arguments (see, e.g., [35]), we have that
lay*V(Zr vllizry S llag/*Vvgllizy YV TeT, VY vgeX,

where hidden constant depend only on the mean field ag in (4.8) and the shape regularity of 7,

as well as on the type of the mesh-refinement strategy (that affects the configuration of the local
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space Y|7r). Summing this estimate over all T € 7, we obtain
lay2V(Zr vi)llizioy S llay?Vgllizpy ¥ vge X. (6.19)

Step 2. Recall that vg,—vxp = ¥ ,ep(,—I7V, )P, with'v, € Xand Z7 v, € X forall v € P (cf. (6.15)
and (6.16)). According to Step 1, we have that v, —-Z7v,, € Y and hence v, -Z7 Vv, = ZJ.N:Yl Viy €Y,

with some v;, € Y}, for all v € P. This proves (6.17). Moreover, representations (6.15) and (6.16)

yield
lvxp I3, ‘S 112 2V(Er %) 12 Znaé/zwn 2 NvgylI3,.
veP veP
The triangle inequality then proves (6.18). O

For the last lemma, we introduce some further notation. Let Gxp : V — Vxg be the orthogonal

projection onto Vxp with respect to By(:,), i.e., for all w € V, Gx satisfies

Bo(w, vxp) = Bo(Gxpw, vxp) Y vxp € Vxp. (6.20)

Furthermore, for all v€ P and all j = 1,..., Ny, let G;,, : V — V;, be the orthogonal projection onto
the subspace V;, := span{i;P,} for ; € By and P, € P,, with respect to By(,-), i.e., forall we V, G;,
satisfies

Bo(w, vR,) = By(Gjyw, vP,) Y vP,eV,,. (6.21)

Lemma 6.4. For any vy, € Vi, the following estimates hold

Ny
-1 2 2 2 2
v, < 1Gxovipl+ Y Y IGvis 2, < 2Kllvgy I, (6.22)

vel j=1
where the constant Cy > 1 depends only on the shape regularity of?'\, the (local) mesh-refinement rule,
and the mean field ag in (4.8). Moreover, if Gxp vy = O, the upper bound in (6.22) holds with constant
K (instead of 2K).

Proof. We divide the proof into two steps.

Step 1. Let us first prove the lower bound in (6.22). To this end, let v, € Vi, and vxp € Viop.
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From Lemma 6.3, we have that

(6.17) All
2 .
lvgplg, = Bolvgp:vxp)+ ) ) Bolvgp vivPy)
veP j=1
Ny
= Bo(GxpVip i)+ ) ) Bo(Gjy g viuR)
veP j=1
, Ny L \2 X Ny L \2
<(IGxrvis I, + )Y NGviol,) (Ivxol,+ Y ) IviRil)
veP j=1 veP j=1

where the second equality follows by (6.20) and (6.21). We now find an upper bound for the

second term in brackets in the right-hand side of the inequality above. First, note that

(6.18)
||V><3>||B0 < ||Vyg>||30 + ||Vyga—Vx:P||Bo < (1+Cstb)||V§<\(p||Bo-

Second, the upper bound in (6.10) from Lemma 6.2 leads us to

Ny Ny
(6.9)
Y D MvRlg, =) ) ad Vv lizp,

veP j=1 veP j=1
(6.10) Ny 2
< G Z Z Vjv'Dv
. Bo
veP j=1
(6.17)

, (6.18) 5 5
= Cloc || Vip — VXP ||BO < Cloc Cstb || Vi ”Bo .

Combining the foregoing three estimates, we conclude that

Ny
2 2 2
IvgelZ, < Cr (I1Gxovgolig, + )Y 1Gvsyl3, )

veP j=1

where

Cy:=(1+ Cyp)? + CiocCp, = 1. (6.23)

Step 2. Let us now prove the upper bound in (6.22). One has

Ny Ny
2 2
1Gxrviplg, + Y ) Gvipllg, = BolGxovip vigp) + )Y BolGruviyr Vi)

veP j=1 veP j=1

Ny
BO(gXTVYT + ZZQJVVYT' V)??) (6.24)

veP j=1

Ny
|9xoves + 3_)_Gnvso |, Mol

veP j=1

IA
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where the first equality holds due to (6.20) and (6.21). Now, firstly observe that

| Gxrvip + ZZQWVXT“ < V2(lIGxovislig, + ||ZZQIVVX3>“2 )1/2_ (6.25)

veP j= veP j=

The above inequality easily follows by considering the square of its left-hand side, and then using
the Cauchy-Schwarz inequality and the fact that 2ab < a® + b? for all a,b € R. Next, notice that

GjyVgp = Vjy B, € V},, for some v, € Y; and v € P (cf. (6.21)). Then,

1| ZZ s, = | ZZ %

ve?P j=1 veP j= N (6.26)
(6.10) Y
2 (6.9)
< KZZ lag*Vvinlife) = K)_) IGwvsyls,-
veP j=1 veP j=1

Combining the previous three inequalities we have that

Ny Ny 1/2
2 2 2 2
1Gxrviol, + ) ) IGmvolid, < V2(IGxrvgols, + KY_ ) IGmvgols,) llvgyle,

veP J:l veP ]:1
X Ny 5 \1/2
< VoK (I Gxrviols, + ) ) 19mvslig, ) v s,
ve? j=1

which yields the upper bound in (6.22):

Ny
(19w B, + Y ) 1Gveyl,) < VEKllvgy s, m

veP j=1
This concludes the proof.
6.1.3 Proof of the efficiency and reliability of the two-level estimate
Let ey, € Vi, be the unique solution to the residual problem
Bo(exyp, v) = F(v) — B(uxp, v) Vve Vg (6.27)
It is easy to see that ey, defined by (6.27), satisfies
Bo(exp, v) = Bugp — uxp, v) Vve Vg,

where ug,, € Vi, is the unique Galerkin solution to the corresponding discrete formulation posed
on Vi, (see (5.29)). Note that since PNQ = (), the spaces V5, and Vxq are orthogonal with respect to
Bo(-,) (recall that Vyp C Vi, and Vg are orthogonal with respect to By(-,-), see (5.9)). Therefore,

from the observation above and (5.25), we can decompose the estimator exy € nga defined by
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(5.17) as

— () . — 2 2 (2
exp = exp + ) epo  with  [[@alg = legplg + ) llefoll3,, (6.28)
puel puel

where e% are the individual estimators satisfying (5.27) for all y € Q.

We are now ready to prove Theorem 6.1.

Proof of Theorem 6.1. We divide the proof into two steps.
Step 1. Let ey, € Vi, be the unique solution to residual problem (6.27). Since Vxp C Vi, W

deduce from (4.36) and (6.27) that
Bo(exp,v) =0 Y ve Vgp.

Hence, Gxpexyp = 0 (cf. (6.20)) and therefore, Lemma 6.4, proves that

Ny
1 2
Cilllegslg, < Y Gmexsl, < Klleg .

veP j=1

Since Cy, K > 1, we use decomposition (6.28) to obtain the following estimates

Ny
1112 112 2 (2 = 2
Clllexelig, < ) ) NGuegslia, + ) llefdll, < Klixsll3, - (6.29)
ve?P j=1 pueQ

Step 2. The orthogonal projection G;, onto the one-dimensional space V}, (see (6.21)), satisfies

Bo(v, ;P
gjvv:O(V—lpJZV)gbij YveV,Vved.
”lePv”BO
Hence, we have that
_ |Bolegyp ;P)I? (6.27) |F(1h;P) — B(uxe, ;P )12
IS ez, = /
||77bij”Bo ||¢1P||
(6.9) [F(h;R)— Bluxe ;P )12
lag 2V 1122

Using the definition of txp given in (6.5), estimates (6.29) thus implies that

(6.30)

A, (629 (518) ,618) (62 X
o < Allexplls, < llaxp—uxpll < Allexplls, < ACythp.

This proves the two-sides bound (6.6) for the error reduction with Cy,,, = Cy, where Cy is defined
n (6.23). Furthermore, we also have that

1, _ , (513) 5
g < luxp —uxelly < llu—uxellz,

which is the lower bound in (6.7). On the other hand, the upper bound in (6.7) immediately
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follows by saturation assumption (5.14). O]

6.2 Adaptive SGFEM algorithms

In this section, we describe an adaptive algorithm driven by the two-level error estimate Ty
defined in (6.5) for the energy error estimation of parametric model problem (4.5). Similarly to
Algorithm 5.1, the algorithm presented here is based on iterations of standard finite element loop
(2.13). Before describing the algorithm, we introduce the general notation that is used in the rest

of the chapter.

6.2.1 Local error contributions

For any edge E € £°(T), there is a unique j € {1,..., Ny} such that z; € N is the midpoint of E.
In turn, for each midpoint z; € N'*, there is an associated unique basis function 1; € By (see
Remark 6.1.2). In what follows, we change the notation so that the spatial contribution of the
two-level estimate is indexed by midpoints z € N'* rather than by indices j € {1,..., Ny}. That is,
we define the spatial error estimate contributing to two-level estimate (6.5) as

2
Typ (NP = ) Typ(z) with  Typ(z)? o= Z'F(‘DZP”)_B(“X“”""ZP”” , (631

1/2 2
zeN+ velP IIaO V1"DZ”L2(D)

i.e., Typ(z) denotes the local spatial error estimate associated with the midpoint z € N'*. Likewise,
we define the parametric error estimate contributing to two-level estimate (6.5) as

wxa(QF = ) Txa(@?  with  Txa(p) = llefols,- (6.32)
ueQ

where Txq(p) denotes the individual parametric error estimate associated with the index y € Q.

The total two-level error estimate will be denoted by

%5 1= Txp(NT,Q)% == Typ(N1)? + Tx(Q)%. (6.33)
Furthermore, for any subset of midpoints M C N'* and indices M C Q, the following notation
naturally follows:

Typ(M)? = ) Typ(2)’, TxaM?i= ) xalp), and Txp(M M) = Typ(M)” + Txo (M), (6.34)
zeM puem

Remark 6.2.1. Notation (6.31) for local spatial error estimates is not customary since the indexing is

done using midpoints instead of edges. We stress, however, that it is perfectly equivalent to consider
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midpoints instead of their associated edges as well as considering sets of marked midpoints M C N'* (see

(6.34)) rather than sets of marked edges M C E(T).

Remark 6.2.2. The local error estimate Txq(p) in (6.32) coincides with nxq(u) defined in (5.38), since,
as already noticed, the parametric parts of hierarchical estimate nxp and two-level estimate Txp are the
same. However, for consistency of notation, we change the definition of the single estimate || e% Il

u € Q, using either the symbol n or T according to the error estimate we refer to.

6.2.2 Schematic adaptive loop

In the same spirit of adaptive Algorithm 5.1, we now introduce an adaptive algorithm driven
by two-level estimates for parametric problem (4.5). We present the algorithm in a schematic
way (or abstract form) by minimising dependence on data and with no specification of working
subroutines. Hereafter, we use the iteration counter ¢ € Ny of the loop of the adaptive algorithm
to denote triangulations, index sets, Galerkin solutions, etc., associated with the ¢-th iteration of
the loop.

Let 7y be the underlying initial conforming coarse triangulation of the domain D and let Py
be the initial index set. For each ¢ € Ny, iterations of the algorithm read as follows. The discrete
Galerkin approximation up, € Vp satisfying (4.17) is computed. The total two-level error estimate

Ty = ’l'()fj)) is assembled as in (6.33) by computing local spatial 7,(z) := T(Qp(z) and parametric

To(p) == T()f)Q(y) estimates for all z € V" and p € Qp. Here, Q is the detail index set defined in
(5.35). A marking criterion returns two subsets M, C N, and M, C Q; and finally the algorithm
sets Py 1 = P, UM, and 7, = REFINE(Z,, M), where 7, is obtained by local NVB refinements
with reference edges to be the longest edges of each element of 7.

The adaptive algorithm generates a sequence (7¢)scn, of adaptively refined triangulations and

a sequence (Py)¢eny, of adaptively enriched index sets such that, for all £ € Ny, there holds

—

X¢ € Xpy1 € Xp € H3(D) and Py, C Py, C Py, € Py, C L2(I),

where recall that 53>€ = Pp,®Py,. Furthermore, the algorithm performs either a mesh-refinement
or a parametric enrichment at each iteration, and thus, for € € Ny, one of the inclusions X, C Xp,1
or Pp, C Pp, . is strict (in other words, at each iteration, either M, or M, is empty). Therefore, we
have V, C Vp,; as well as /\74 C ’\75+1. In particular, the enrichment type depends on the marking

criterion used (this is specified subsequently). The adaptive algorithm is listed in Algorithm 6.1.
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Schematic adaptive SGFEM algorithm

Input: triangulation Ty, index set Py;
Set £ =0;

(i) Compute the discrete approximation up € Vy;

(ii) Assemble the total error estimate Ty by computing to(z) and T,(p) for all z € N and all p € Qp;
(iii) Use a marking criterion to select a subset My, C N, and a subset My C Qy;
(iv) Set Ppoq:= Pp UM, and T,.1 = REFINE(Z,, Mp);

(v) Increase the counter € +— €+ 1 and go back to (i).

Output: sequence of triangulations T, index sets Py, Galerkin solutions up, and error estimates Ty.

Algorithm 6.1. Schematic adaptive SGFEM algorithm driven by two-level error estimates for parametric
problem (4.5).

Note that after step (ii), a stopping criterion is used, in practice, to terminate the algorithm (cf.

Algorithm 5.1).

6.2.3 Estimates of the error reduction

Let us emphasise that the analysis of the two-level error estimate made in Section 6.1 proves
a more general result than error reduction (6.6) for the pair of Galerkin solutions u, € V, and
Tp € V,. The proof of Theorem 6.1 essentially relies on the stable subspace decompositions

@ span{gszg} );

zE/\/Zr

)?g:Xgea Yo=X¢ ®

Py =P, ® Po,=Pp, ® (@span{P}M}J.
#eQe

In particular, let 7,1 be the refined triangulation returned by the REFINE subroutine for a given
set of marked midpoints M, C N,". Consider a midpoint z € R, C N/, where R, 2 M, is the set
of refined midpoints given by Ry = N7, NN, = N7, \ Ny, i.e., the set consisting of M, and all
extra midpoints that are marked by completion steps of the NVB refinements to keep the confor-
mity of 7,,1 (see Figure 6.1). Let ¢, »,1 € Xp,1 be the corresponding piecewise linear hat function
associated with z on the (locally) refined triangulation 7,;. Also, let @, , € 5(} be the correspon-
ding piecewise linear hat function associated with z on the (uniformly) refined triangulation @.

The refinement made by NVB ensures that ¢, p = ¢, ¢.1 = @, ¢, and this, in turn, yields the stable
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7:? 7:€+1

Np ={o}, N ={e} Mg = {e} 1 = o} Re= Ny N Ngy
= Nga \Ng ={e}
(a) (b) (c) (d)
Figure 6.1. (a) Triangulation 7, with interior vertices Ny (white dots) and midpoints N," of all interior
edges (green dots); (b) Set M, of marked midpoints (red dots); (¢c) Conforming triangulation 7,,; with

interior vertices N/, ; (white dots); (d) Set of refined midpoints R, (blue dots) that are introduced by the
refinement.

decomposition

Xev1 =X @

@span{az,e}].

z ERg

@ Span{¢z,€+1}] =Xe ®

zeRy,
We emphasise that this property does not hold for other mesh-refinement techniques which do
not lead, in general, to nested finite element spaces (see Remark 2.3.1). Therefore, the following
result shows how the spatial and parametric contributing part to the total two-level estimate 7,
can be used to control the error reduction due to adaptive enrichments of the components of the

approximation space V; = X, ® Pp,.

Corollary 6.1. Let Cyy,,,, > 1 be the constant from Theorem 6.1. Let 7/? = REFINE(Z,, N,f) be the uniform
triangulation obtained by NVB refinements. Analogously, suppose that Tp,1 = REFINE(Z,, M) is the
locally refined triangulation obtained by NVB refinements for a subset of midpoints My C N. Also,
let Ppyq = Pp UM, for a subset of indices My C Qp. If up € Vp and up,q € Vp,q the are corresponding
Galerkin approximations, then there holds

A 2 2
X e(Re, Me)™ < lluger = telly < ACum te(Re M) (6.35)
6.2.4 Marking criteria

We now describe four different marking criteria, to be used in Step (iii) of Algorithm 6.1, that
specify the selection of the subsets M, C N,” and M, C Q; and, at the same time, determine the

type of enrichment of the ¢-th iteration of the adaptive loop. In particular, each criterion comes
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Marking criterion for adaptive SGFEM

Input: error estimates {Tg(Z)}zeN€+, {Te(W}uea,, O > 0, and marking parameters 6, 0 € (0,1].
Case (a): To(N,") = 974(Qp)

set Mg :=0;

find My C N with minimal cardinality such that T,(Mg) > OxTe(N,).
Case (b): To(N,") < 974(Qp)

set My :=0;

find M, C Qp with minimal cardinality such that To(My) > OTe(Qp).
Output: M, C N, and My C Qg, where one of the two subsets is empty.

Criterion 6.1. A marking criterion based on total error estimates for an adaptive SGFEM algorithm driven
by two-level estimates.

Marking criterion for adaptive SGFEM

Input: error estimates {Tg(Z)}Z€N€+, {Te(W)}ueq, 9> 0, and marking parameters Ox, 6 € (0,1].

find M, C Qp with minimal cardinality such that To(Mp) = 65 74(Qp);
find M, C N, with minimal cardinality such that To(My) > Ox (N, );
set ﬁg =Njq N N;, where N, is associated with Ty,q = REFINE(Z,, Mg).

Case (a): Tg(gg) > STg(j\:/[g). Set My =0 and M, = Mg.
Case (b): To(Ry) < 9te(My). Set My =My and My = 0.

Output: M, C N, and My C Qp, where one of the two subsets is empty.

Criterion 6.2. A marking criterion based on error reduction estimates for an adaptive SGFEM algorithm
driven by two-level estimates.

with three parameters: 9 > 0 is a weight modulating the choice between mesh refinement and
parametric enrichment (with parametric enrichment being favoured for 9 > 1) and 6y, 65 € (0,1]
are the spatial and parametric threshold parameters controlling the marking of midpoints in N,"
and the marking of indices in Q,, respectively.

The first criterion is similar to Criterion 5.1 used by adaptive Algorithm 5.1. That is, it en-
forces spatial refinement if the spatial error estimate is comparably large; otherwise, parametric
enrichment is chosen for the next iteration. Marked nodes (resp., marked indices) are obtained
via Dorfler marking (see Remark 6.2.3). This criterion is listed in Criterion 6.1.

Similarly to the first one, the second criterion is inspired by Criterion 5.2 used by adaptive

Algorithm 5.1. That is, it is based on the idea that the error estimate 7, based on the refined
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Marking criterion for adaptive SGFEM

Input: error estimates {Tg(Z)}zeN€+, {Te(W}uea,, O > 0, and marking parameters 6, 0 € (0,1].
Case (a): To(N,") = 974(Qp)

set Mg :=0;

find My C N with minimal cardinality such that T,(Mg) > OxTe(N,).
Case (b): To(N,") < 974(Qp)

set My :=0;

define Mg :={p € Qg : to(p) = (1 - Op) max,eq, Te(W)}-
Output: My C N, and My C Qg, where one of the two subsets is empty.

Criterion 6.3. A marking criterion based on total error estimates for an adaptive SGFEM algorithm driven
by two-level estimates.

Marking criterion for adaptive SGFEM

Input: error estimates {Tg(Z)}Z€N€+, {Te(W)}ueq, 9> 0, and marking parameters Ox, 6 € (0,1].
define Mg :={u € Qq : To(4) > (1-6p) max,co, Te(W)};
find M, C N, with minimal cardinality such that To(My) > O (N, );
set Ry := o1 NN, where N, is associated with Ty,q = REFINE(Z,, Mo,).

Case (a): Tg(gg) > «914(5\:/[4). Set My =0 and M, = Mg.
Case (b): To(Ry) < 97o(My). Set My =My and My = 0.

Output: M, C N, and M, C Qy, where one of the two subsets is empty.

Criterion 6.4. A marking criterion based on error reduction estimates for an adaptive SGFEM algorithm
driven by two-level estimates.

midpoints (resp., added indices) provides information about the associated error reduction (see
Corollary 6.1). This criterion, which is listed in Criterion 6.2, enforces either spatial refinements
(if the error reduction for spatial mesh-refinement is comparably large) or parametric enrichments
(otherwise).

Criterion 6.3 is a modification of Criterion 6.1. It employs a maximum strategy (see Re-
mark 6.2.3) in the parameter domain, while using the Dorfler strategy in the physical domain.
As in Criterion 6.1, the enrichment type is determined by the dominant contributing error esti-
mate.

Finally, Criterion 6.4 is a modification of Criterion 6.2 in the same way as Criterion 6.3 is a

modification of Criterion 6.1. Namely, we employ the Dorfler strategy in the physical domain
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and use a maximum strategy in the parameter domain, while the refinement type for successive

iterations is determined by the dominant error reduction.

Remark 6.2.3 (Dorfler and maximum strategies). In all proposed Criteria 6.1-6.4, the selection of
marked midpoints My C N, for spatial refinements occur via the Dorfler strategy. However, the criteria
use a modified version of the Dorfler strategy described in Strategy 2.2 (cf. (2.15) with the condition
satisfied by marked midpoints in, e.g., Criterion 6.1). From the algorithmic point of view, numerical
experiments show that the Dorfler strategies as used in Criteria 6.1—6.4 effectively mark less ‘elements’
per iteration than those marked by Strategy 2.2.

For what concerns Criteria 6.3 and 6.4, the maximum strategy employed here is also a modification
of Strategy 2.1 (cf. (2.14) with the condition satisfied by marked indices in, e.g., Criterion 6.3). The
modification is only the input threshold (1 — O) for the marking strategy. In particular, notice that this
way, large values of marking parameter O lead to large subsets of marked indices and vice versa.

Finally, notice that for Ox = 8p = 1, Criteria 6.1-6.4 return the same full subsets of marked mid-

points My = N, and marked indices M, = Q.

In the reminder of the chapter we will write Algorithm 6.1v1 to refer to the version of adap-
tive Algorithm 6.1 which employs Criterion 6.1 in its Step (iii); similarly, for other choices of
criteria. When we refer to Algorithm 6.1 without specifying the version type, this will mean that

the statement holds for any of the four proposed marking criteria.

6.3 Analysis of convergence of the adaptive algorithm

In this section, we report the main results about the convergence analysis of Algorithm 6.1 for
parametric model problem (4.5). In particular, we start by stating the plain convergence of the
generated sequence of two-level error estimates, which holds for the proposed four versions of
Algorithm 6.1. This result follows from the convergence analysis in [25]. Then, we prove that un-
der saturation assumption (5.14), the versions of the algorithm using the Dorfler strategy to mark
both spatial and parametric components of discretisation error in the corresponding marking cri-
terion (i.e., Algorithms 6.1v1 and 6.1v2) yield a sequence of global energy errors which converge

linearly.
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6.3.1 Convergence results

The first convergence result shows that Algorithm 6.1 ensures convergence of the computed se-

quence of two-level error estimates to zero.

Theorem 6.2 (Plain convergence). For any choice of marking parameters 6x, 6p, and 9, Algorithm 6.1

yields a convergent sequence of error estimates, i.e., Ty — 0 as £ — oo.

We emphasise that this result is valid independently of saturation assumption (5.14) and no ad-
ditional assumptions on the refinement level of the underlying sequence of triangulations is re-

quired (cf. [55]). For the proof of Theorem 6.2, see Sections 6 and 7 in [25].

Remark 6.3.1. Note that although proposed Criteria 6.1-6.4 seem to be the natural candidates in our
present setting, the proof of Theorem 6.2 allows for more general marking criteria than those proposed

in Section 6.2.1 (see Propositions 10 and 11 in [25]).

The following result is an immediate consequence of Theorem 6.2 and upper bound (6.7) from
Theorem 6.1. That is, trivially, the convergence of two-level estimates and their global reliability

(under saturation assumption (5.14)) ensure the converge of the sequence of energy errors to zero.

Corollary 6.2. Let u € V be the solution to problem (4.17). Let (ug)¢en, be the sequence of Galerkin
solutions generated by Algorithm 6.1. Denote by (Up)een, the associated sequence of Galerkin solutions
satisfying (5.13) and suppose that saturation assumption (5.14) holds for each pair up and Uy (€ € Ng).
Then, for any choice of marking parameters Ox, Oy, and 9, Algorithm 6.1 yields convergence of the

energy norm of the error, i.e., ||[u—ugllg — 0 as € — .

Under saturation assumption (5.14), Algorithms 6.1v1 and 6.1v2 allow for a stronger con-
vergence result than Corollary 6.2. The following theorem states the linear convergence of the

computed sequence of energy errors. The proof of this result is given in the next section.

Theorem 6.3 (Linear convergence). Let u € V be the solution to problem (4.17). Let (up)en, be
the sequence of Galerkin solutions generated by either Algorithm 6.1v1 or Algorithm 6.1v2 with ar-
bitrary €x,0p € (0,1] and 9 > 0. Denote by (Up)sen, the associated sequence of Galerkin solutions
satisfying (5.13) and suppose that saturation assumption (5.14) holds for each pair up and Uy (€ € No).

Then, there exists a positive constant qy;, < 1 such that
lu—ue1lls < qunllu—wells V{eNo.
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The constant qy;, depends on the mean field ag in (4.8), the constant y in (4.10), the saturation constant

Gsat 11 (5.14), the coarse triangulation To, and marking parameters Ox, B¢, and 9.

6.3.2 Linear convergence of the energy errors

In this section, we prove that saturation assumption (5.14) yields contraction of the energy errors
at each iteration of Algorithms 6.1v1 and 6.1v2. In the proof, we adapt the arguments of [96].
Firstly, let us prove, in the following lemma, the contraction of the energy errors for all those

iterations of the algorithms where spatial refinements are performed.

Lemma 6.5. Let u € V be the solution to problem (4.17). Let € € Ny and suppose that saturation
assumption (5.14) holds for two Galerkin solutions u, and Uy satisfying (4.36) and (5.10), respectively.
Suppose that

74(Qp) < Cyte(N,7) with Cg>0, (6.36)

and let My C Ny i NN, =Ry satisfy
To(Mp) > O7e(N,) with 6 €(0,1]. (6.37)
Then, for the enhanced Galerkin solution ug,1 € Xg,1 ® Pp,, there holds

2 2
lu=upillz < (1-9g)llu-wellz,

where q € (0,1) depends on the mean field aqy in (4.8), the initial triangulation 1y, the constant y in

(4.10), the saturation constant qsy; in (5.14), Cy, and 6.

Proof. Using the upper bound in (6.7), inequality (6.36), and marking strategy (6.37), we obtain

1-q2 (67)  (6.33) (6.36)
Fe -l < e =T TN+ T S (14 CF) TN )
thm (6.38)

(6.37)
< (1+C5O™2 (M)

Hence, using Corollary 6.1 and the fact that M, C R, we derive that

5 (5.13) 5 5
||U_U€+1”B = ||U_U€||B _||U€+1_U€”B

(6.35) 1
< Jlu-ullg - ETZ(R@@)Z

(6.38) 2(1 - 42
< llu-ugly - ZepMp0p < |1 - 2T G
K /\Cthm(l"'Cs)K

2
lu—uellg-

=:q

This concludes the proof. O
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Similarly to Lemma 6.5, the next result concerns the contraction of the energy errors for those
iterations of Algorithms 6.1v1 and 6.1v2 where parametric enrichments are performed. The proof

follows from the same arguments used in Lemma 6.5, so it is omitted.

Lemma 6.6. Let u € V be the solution to problem (4.17). Let € € Ng and suppose that the saturation
assumption (5.14) holds for two Galerkin solutions u, and U, satisfying (4.36) and (5.10), respectively.
Suppose that

T¢(N,)

IA

Cgte(Qp) with Cg >0,
and let My C Qp N Pp,q be such that

6 71o(Qr) < Tp(Mp) with6€(0,1].
Then, for the enhanced Galerkin solution up.q € Xp® Py, ,, there holds

2 2
lu—upilly < (1=-q)llu—uellz,

where q € (0,1) depends on the mean field aqg in (4.8), the initial triangulation 1y, the constant y in

(4.10), the saturation constant qsy; in (5.14), Cy, and 6.
With the previous two lemmas, we are now ready to prove Theorem 6.3.

Proof of Theorem 6.3. Firstly, consider Algorithm 6.1v1. If Case (a) of marking Criterion 6.1 oc-
curs, we can apply Lemma 6.5 with Cg = 971 and 6 = Ox. Likewise, when Case (b) (of the same
marking criterion) occurs, we can use Lemma 6.6 with Cg = § and 6 = 65. In both cases, this
proves the contraction of the energy error for a constant gy, € (0, 1), i.e., there holds || u—up,1 ||g <
qiin || u — ug||g for all € € Ng.

Let us now consider Algorithm 6.1v2. In Case (a) of marking Criterion 6.2 one has
05 7e(Qp) < Te(My) < 97 (Ry) < 97 o(N).

Hence, Lemma 6.5 applies to this case with Cg = 95}18_1 and 6 = Ox. Similarly, in Case (b) of

marking Criterion 6.2, one has
OxTe(N;) < To(Mp) < To(Ry) < 97(My) < 970(Qp),

and thus, in this case, Lemma 6.6 applies with Cg = 9;18 and 6 = 6. In both cases, we therefore
obtain the contraction of the energy error, ||u—up,1|lg < qun |l u— || for all £ € Ny, for a constant

Qiin € (01 1)- 0
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6.4 Numerical experiments

In this section, we report the results of two numerical experiments performed for the parametric
model problem (4.5). In the first experiment, we compare the performance of adaptive Algo-
rithm 6.1 driven by two-level error estimates (see (6.5)) with Algorithm 5.1 driven by hierarchical
error estimates (see (5.22)). The second experiment is focused on comparing the performance
of Algorithms 6.1v1-6.1v4 for a certain range of marking parameters. The experiments were
performed using the toolbox Stochastic T-IFISS [28] (see Appendix B) on a desktop computer
equipped with an Intel Core CPU i5-4590@3.30GHz and 8.00GB of RAM.

6.4.1 Experiment 1 - Comparison with hierarchical estimates

Consider the parametric model problem, posed on the square domain D = (0, 1)?, described in the
numerical experiment of Section 5.4.2. Our aim is to show the advantages in running adaptive
algorithms driven by two-level error estimates rather than hierarchical error estimates. To this
end, we focus the attention only on the versions of the algorithms which use similar marking
criteria, i.e., Algorithms 5.1v1 and 6.1v1 and Algorithms 5.1v2 and 6.1v2.

Recall from Remark 6.2.3 that Algorithm 6.1 (with its four possible marking Criteria 6.1-6.4)
employs a modified version of the Dorfler strategy that is used by Algorithm 5.1. Thus, in order
to make a meaningful comparison, we need to adapt Algorithms 6.1v1 and 6.1v2 appropriately.
That is, for this experiment, we consider the modification of Criterion 6.1 such that the subset of
marked midpoints M, C N, satisfies To(My)? > Bx ’cg(./\f;)2 for iterations ¢ € Ng (cf. (2.15)); the
same amendment is done for the subset Mg C N, in Criterion 6.2.

We use the initial coarse triangulation 7; depicted in Figure 5.3(a) and the initial index set
Po defined in (5.42). Detail index sets Q; are constructed via (5.35) with Mg = 1. In addition, we
set 9 = 1 in Criteria 6.1 and 6.2. We first run adaptive Algorithms 5.1v1 and 6.1v1 with marking
parameters Ox = 0.5, 65 = 0.8, and then adaptive Algorithms 5.1v2 and 6.1v2 with marking para-
meters Ox = 0.25, 85 = 0.8, for the prescribed tolerance tol = 1.0e-3; see Figures 5.3(c) and 5.3(d)
for a plot of the computed SGFEM mean and variance for this model problem.

Table 6.1 reports the results of the computations, including the same set of data as described
in Section 5.4.1. Notice that the last computed hierarchical estimate 7, refers to Algorithms 5.1v1

and 5.1v2 while the last computed two-level estimate 7, refers to Algorithms 6.1v1 and 6.1v2. For
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6x =0.5, 65 =0.8 Oy =0.25, 5 =0.8
Algorithm 5.1v1 Algorithm 6.1v1 Algorithm 5.1v2 Algorithm 6.1v2
L 31 23 56 44
t (sec) 940 218 1066 362
1 (Ty) 9.2984e-04 9.9701e-04 9.9668e-04 9.8483e-04
N_ 2,649,625 1,310,575 2,103,342 1,555,772
#7, 213,208 105,688 124,648 92,294
#PL 25 25 34 34
My, 7 7 8 8

Table 6.1. The results of running Algorithms 5.1v1 and 6.1v1l with 8x = 0.5 and 85 = 0.8 and Algo-
rithms 5.1v2 and 6.1v2 with 6x = 0.25 and 65 = 0.8 for the model problem in Section 6.4.1. The values
of the last hierarchical estimate 7, refers to Algorithms 5.1v1 and 5.1v2 whereas the values of the last
two-level estimate 7 refers to Algorithms 6.1v1 and 6.1v2.

both sets of marking parameters and versions of the algorithms, on the one hand, the final index
sets generated are the same, with #P; = 25 indices when running Algorithms 5.1v1 and 6.1v1
(Bx = 0.5) and #P, = 34 indices when running Algorithms 5.1v2 and 6.1v2 (6x = 0.25). On the
other hand, the advantages of using two-level estimates for the estimation of the energy error is
evident. In fact, observe that Algorithm 6.1v1 produced a less refined final triangulation (with
nearly twice less number of elements #7,), it takes less iterations, and thus overall takes less
computational time (about 77% of time saved) than Algorithm 5.1vl when 6x = 0.5; similar
observations holds for the second versions of the algorithms in case of 6x = 0.25 and 65 = 0.8. One
of the reason for which Algorithms 6.1v1 and 6.1v2 are faster is certainly due to the computation
of the spatial two-level contribution to the total estimate 7, which speeds up the error estimation
steps at each iteration of the loop (see Remark 6.1.1).

Figure 6.2 shows the decay of hierarchical estimates 7, (computed by Algorithms 5.1v1 and
5.1v2) and the decay of two-level estimates 7, (computed by Algorithms 6.1v1 and 6.1v2) for
the corresponding case of marking parameters. In addition, we also plot the associated reference
energy errors || Uper — ui,ﬂ) llg and || Uper — u{(,T) llg, where u;’) and uéT) denote the SGFEM solutions
computed by Algorithms 5.1v1 and 5.1v2 and Algorithms 6.1v1 and 6.1v2, respectively, whereas
Uref is the same reference solution used in the numerical experiment of Section 5.4.2. We notice
that while both #, and 7, decay with the same overall rate in all computations, two-level esti-
mates 7, underestimate the energy error more than hierarchical estimates #, do. This can be also
observed by looking at Figure 6.3 which shows the computed effectivity indices &, (see (5.43)) for

the sequence of SGFEM solutions ué(,q) and uéT) ; overall, we see that two-level estimates 7, tend to
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Ox =0.5,0p=0.8 Ox =0.25, 6 = 0.8
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Figure 6.2. Energy error estimates 7, and 7, and reference errors || uer — uér’) llg and || Uer — uéT) ||g at each
step of Algorithms 5.1v1 and 6.1v1 with 8x = 0.5, 85 = 0.8 (left) and Algorithms 5.1v2 and 6.1v2 with
Ox = 0.25, 69 = 0.8 (right), for the model problem in Section 6.4.1. The energy norm of the associated
reference solution is || u.er|lg = 1.90117e-01.
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Figure 6.3. The effectivity indices for the SGFEM solutions of the model problem in Section 6.4.1 computed
by Algorithms 5.1v1 and 6.1v1 with 6x = 0.5, 65 = 0.8 (left) and Algorithms 5.1v2 and 6.1v2 with Oy =
0.25, 85 = 0.8 (right).
be close to 0.7 while hierarchical estimates #, tend to be close to 0.8 as iterations progress (see also
Figure 5.6). This is effectively the second reason for which Algorithms 6.1v1 and 6.1v2 achieve
the tolerance faster than Algorithms 5.1v1 and 5.1v2 (cf. the final number of degrees of freedom
N in Table 6.1).

In conclusion, we see that for model problem (4.5), two-level a posteriori error estimates un-
derestimate the true energy error more than hierarchical estimates. On the one hand, running
Algorithm 5.1 provides a sequence of overall more accurate error estimates. The cost of this accu-

racy, however, is borne by the effort of solving extra linear systems for spatial contributions to the
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Algorithm 6.1 6

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

vl (Bx =0.8) 2,454,929 2,454,929 2,454,929 2,454,929 2,454,929 2,403,912 1,628,563 1,560,286 1,731,044

v2(6x=0.7) 3,157,697 3,157,697 3,157,697 3,157,697 3,157,697 2,146,095 1,973,460 1,966,801 1,488,993

v3(6x=0.7) 2,094,382 1,891,752 1,970,087 2,014,430 1,496,851 1,710,029 1,793,937 2,185,402 1,837,025

v4 (6x =0.7) 2,146,095 1,952,007 2,000,424 1,966,801 1,460,210 1,604,638 1,740,662 2,050,900 1,855,200

Table 6.2. Computational cost (6.39) of Algorithms 6.1v1-6.1v4 for the model problem in Section 6.4.2. For
each algorithm, we choose the spatial marking parameter 6x € © for which the smallest cost is incurred
(see Tables A.1-A.4 in Appendix A) and show the computational cost for all 65 € ©. The smallest cost
for each algorithm is highlighted in boldface in the corresponding row. The boldface starred value is the
overall smallest cost, i.e., the smallest cost among all computations with 81 pairs (6x,605) € © x © for all
four algorithms.

total estimate at each iteration (see Section 5.3.1). On the other hand, Algorithm 6.1 (in particular,
in its versions using Criteria 6.1 and 6.2) is overall more efficient from the computational point of
view, as the use of two-level estimates enables the adaptive loop to run faster. At the same time,
this still ensures balanced Galerkin approximations and provide competitive results as much as

those from Algorithm 5.1.

6.4.2 Experiment 2 - Comparison of computational costs

In this second experiment, we consider the same parametric model problem, posed on the L-
shaped domain D = (-1,1)?\(~1,0]?, described in Section 5.4.3. We now focus the attention on the
performance of adaptive Algorithm 6.1 using the four marking criteria proposed in Section 6.2.4.

We compare Algorithms 6.1v1-6.1v4 with respect to a measure of the total amount of work
needed to reach a prescribed tolerance tol. Let L = L(tol) € N denote the last iteration of the
algorithm (i.e., such that 7, <tol) and let N, be the total number of degrees of freedom at the ¢-th
iteration. We define the computational cost of Algorithm 6.1 as the cumulative number of degrees

of freedom for all iterations of the adaptive loop, i.e.,
L
cost = cost(L) := Z Np. (6.39)
¢=0

In all computations, we use the initial index set Py := {0}, whereas detail index sets are con-

structed via (5.35) with Mg = 1. In each marking Criteria 6.1-6.4, we set 9 = 1. Then, we set
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Figure 6.4. Energy error estimates 7, computed at each iteration of Algorithm 6.1v1 with 6x = 0.8 and
Algorithms 6.1v2-6.1.v4 with 8x = 0.7, for 6 € {0.1,0.3,0.5,0.7,0.9,1}, for the model problem in Sec-
tion 6.4.2.

tol = 5e-03 and starting from the coarse triangulation 7y depicted in Figure 5.7(a), we run Al-
gorithms 6.1v1-6.1v4 with marking parameters Ox,0p € © := {0.1,0.2,...,0.9}; see Figures 5.7(c)
and 5.7(d) for a plot of the computed SGFEM mean and variance for this model problem.

The computational costs as well as the empirical convergence rates for each algorithm with 81
pairs (Ox, 68p) € © xO of marking parameters are shown in Tables A.1-A.4 reported in Appendix A.
A snapshot of these results is presented in Table 6.2. The results show that the overall smallest
cost is achieved by Algorithm 6.1v4 for the values 6x = 0.7 and 65 = 0.5. These values of marking
parameters are the ones for which also Algorithm 6.1v3 yields the smallest cost among all pairs
(Ox,09) € ©x0O. This similarity does not hold for Algorithms 6.1v1 and 6.1v2, for which the smal-
lest cost is achieved with 8x = 65 = 0.8 for Algorithm 6.1v1 and with 6x = 0.7 and 64 = 0.9 for
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Figure 6.5. Total and local error estimates computed at each iteration of Algorithms 6.1v1-6.1v4 with
the marking parameters Ox,6p € © that yield smallest cost (see Table 6.2) for the model problem in Sec-
tion 6.4.2.

Algorithm 6.1v2. Thus, we conclude that, for the above values of marking parameters, the adap-
tive algorithms with refinements driven by dominant error reduction estimates (Algorithms 6.1v2
and 6.1v4) incur less computational costs than their counterparts driven by dominant contribu-
ting error estimates (Algorithms 6.1v1 and 6.1v3). On the other hand, the algorithms that employ
the maximum strategy for parametric refinement (Algorithms 6.1v3 and 6.1v4) incur less com-
putational costs than their counterparts that use Dorfler marking (Algorithms 6.1v1 and 6.1v2).
Overall, the smallest computational cost is incurred by the algorithm that combines these two
winning strategies, i.e., Algorithm 6.1v4.

Figure 6.4 shows the decay of the overall error estimate 7, versus the number of degrees of

freedom N, for different values of 85 € ©, with 6x = 0.8 in Algorithm 6.1v1l and 6x = 0.7 in
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Figure 6.6. The effectivity indices &, for the SGFEM solutions at each iteration of Algorithms 6.1v1
and 6.1v2 (left) and Algorithms 6.1v3 and 6.1v4 (right) with the marking parameters O, 85 € O that yield
smallest cost (see Table 6.2).

Algorithms 6.1v2-6.1v4. The aim of these plots is to show that the sequence of two-level energy
error estimates computed by the adaptive algorithm converges regardless of the marking criterion
and the value of 85 used (see Theorem 6.2); similar decay rates are obtained for other values of
Ox, Bp € O (see Appendix A). Observe that 7, decays also in the case 85 = 1 ¢ © for all algorithms.
However, in this case, significantly more degrees of freedom are needed to reach the prescribed to-
lerance, compared to the cases of 65 € ©. This is because, for 65 = 1, each parametric enrichment
is performed by augmenting the index set P, with the whole detail index set Q,.

In Figure 6.5, we plot the decay of all error estimates computed by the four algorithms with
the pairs of marking parameters yielding the corresponding smallest cost. As expected, we see
that the decay rates of 7, are similar in all four cases.

To conclude, we test the effectiveness of the error estimation strategy by computing the effec-
tivity indices &, defined in (5.43) (see Section 5.4.1). In particular, we choose 7 ¢ to be the uniform
refinement of the mesh 7, generated by Algorithm 6.1v2 with 65 = 0.5 (i.e., one of the final trian-
gulations with the largest number of elements) and P, to be the final index set P, produced by
Algorithm 6.1v4 with 65 = 0.8 (i.e., one of the largest index sets generated). Figure 6.6 shows the
effectivity indices &, for Algorithms 6.1v1 and 6.1v2 (left) and Algorithms 6.1v3 and 6.1v4 (right)
with the pairs of parameters (O, 8p) for which the smallest cost is attained. As for hierarchical
estimates, and as observed in previous experiment in Section 6.4.1, we see that, in all cases, the
error is slightly underestimated as the effectivity indices vary in a range between 0.7 and 0.82

throughout all iterations.
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Chapter 7

Adaptive algorithms for goal-oriented error estima-
tion

When adaptive finite element algorithms are used in practical applications, the design of a pos-
teriori error estimation strategies should aim at estimating the error committed in approximating
the physical quantity considered useful in the given model. For example, in both Chapters 5
and 6, we focused on the a posteriori estimation of the energy norm of the global error under the
SGFEM setting for parametric elliptic problems. Here, associated local error estimates were used
to enhance the computed solution and adaptively drive the sequence of energy error estimates
to zero. However, in other practical applications, simulations may be oriented to the numerical
approximation of a specific (e.g., localised) feature of the solution, which is then often referred
to as quantity of interest, represented using a linear functional of the solution. In these cases, the
energy norm may give very little useful information about the simulation error, thus the error
estimation strategy should be designed appropriately.

Error estimation techniques, such as goal-oriented error estimations, have been therefore de-
veloped for the purpose of controlling the errors in the quantity of interest. For deterministic
PDEs, these techniques and the associated adaptive algorithms are very well studied (see, e.g.,
(21,109, 22,74, 11] for the a posteriori error estimation and [95, 20, 81, 67] for a rigorous conver-
gence analysis of adaptive algorithms), whereas less work has been done for PDEs with parametric
or uncertain inputs (see, e.g., [90, 37, 3, 57, 36]). In this chapter, our main aim is then to design an
adaptive SGFEM algorithm for accurate approximation of moments of a quantity of interest Q(u).
Here, u is the solution to parametric model problem (4.5) and Q is a linear functional of u. In
particular, we are interested in estimating and controlling the expected error in the quantity of

interest, i.e., E[Q(u—uxyp)], where uxyp is the SGFEM approximation satisfying the associated weak
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problem (4.36). This enables us to use the ideas of goal-oriented adaptivity, where the aim is to
control the error in the goal functional G(u) := E[Q(u(-,y))] rather than in the energy norm.

In what follows, we introduce the goal-oriented error estimation strategy in Section 7.1 and
present the goal-oriented adaptive algorithm in Section 7.2. The effectiveness of the error estima-
tion strategy and the performance of the proposed algorithm are tested numerically in Section 7.3
for three representative model problems with parametric coefficients and for three quantities of

interest including estimation of directional derivatives and approximation of pointwise values.

7.1 Goal-oriented a posteriori error estimation

We recall the setting of goal-oriented a posteriori error estimation via duality approach (see, e.g.,
[22, 74]). Firstly, we describe the idea in a pure abstract functional analytic setting of a well-
posed problem on a Hilbert space and, secondly, we show how this setting fits the framework of
SGFEM approximations for parametric model problem (4.5). The method that we describe will

also motivate the design of the goal-oriented adaptive algorithm that is introduced in Section 7.2.

7.1.1 Abstract setting

Let V be a Hilbert space and denote by V’ its dual space. Let B: Vx V — R be a continuous,
symmetric, and coercive bilinear form with associated (energy) norm ||-||5 := B(-,-)/2. Given two
continuous linear functionals F, G € V’, our aim is to approximate G(u), where u € V is the unique

solution to the primal problem:
B(u,v) = F(v) YvelV. (7.1)

To this end, the standard duality approach (see, e.g., [22, 74, 11]) considers z € V as the unique
solution to the dual problem:

B(v,z) = G(v) VveV. (7.2)

Let V, be a finite dimensional subspace of V. Let u, € V, and z, € V, be the unique Galerkin

approximations of the solutions to the discrete primal and dual problem, respectively, i.e.,

B(u,,v) = F(v) and B(v,z,) = G(v) YvelV,.
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Then, it follows that
|G(u) = G(ue)| = |B(u—ts,2)| = [Blu—up,z=2z)| < |lu-usllgllz—zllB, (7.3)

where the second equality holds due to Galerkin orthogonality (cf. (5.2)). Assume that y, and C,

are reliable estimates for the energy errors ||u— u, ||z and || z— z, ||, respectively, i.e.,
lu-uells S pe and [lz=2zllg < C- (7.4)

Hence, inequality (7.3) implies that the product p,C, is a reliable error estimate for the ap-

proximation error in the goal functional:

|G(u) = G(up)l S pa Ca (7.5)

7.1.2 Extension to the parametric setting

Let us show how the abstract result on goal-oriented error estimation of Section 7.1.1 can be
formulated in the context of SGFEM discretisations for parametric model problem (4.5).
Let ue L2(T; H(%(D)) be the unique primal solution to primal problem (4.17). Given g € H"(D),

consider the quantity of interest

Quly)) = Lg(x)u(x,w dx  Vyer. (7.6)

We are interested in approximating the goal functional G € L2(I'; H™1(D)) defined as the mean of

the quantity of interest, i.e.,

6(v) = BlQUy) = [ [ etovteyiaxdnty) v ve BHO). 7.7)
D
Now, let z € L2(T; H&(D)) be the unique dual solution to the dual problem
B(v,z) = G(v) YV velZ(T;H3(D)). (7.8)
Consider the finite-dimensional subspace Vyp C V ~ L2(T; Hé(D)) defined in (4.35) (with V de-
fined in (4.23)) and let uxp € Vxp be the primal Galerkin approximation satisfying discrete prob-
lem (4.36). Then, let zxp € Vxp be the dual Galerkin approximation satisfying

B(v, zxp) = G(v) Y ve Vgp. (7.9)

Recall that the two-level error estimate txp defined in (6.5) provides an efficient and relia-
ble estimate for the energy error in the Galerkin approximation of primal solution u (see Theo-

rem 6.1). Analogously, let Cxp be the corresponding two-level estimate defined as in (6.5) for the
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energy error in the Galerkin approximation of dual solution z € V (see Remark 7.1.1 below). It

follows from (6.7) that

lu—-uxplls S Txp and lz=zxplls S Cxp- (7.10)

From the abstract result in Section 7.1.1 (see (7.3)—(7.5)), we therefore conclude that the error
in approximating G(u) can be controlled by the product of the two energy error estimates Txp
and Cxop, i.e.,

|G(u)— G(uxp)| < lu=uxpllgllz—zxplls S Txp Cxo- (7.11)

Remark 7.1.1. Note that we define the two-level error estimate Cxp satisfying (7.10) exactly as in (6.5)
since, in our parametric setting, the bilinear form B(-,-) is symmetric (see (4.18)—(4.20)). In particular,
it follows that the differential operators of the PDEs associated with primal problem (4.17) and dual
problem (7.8), respectively, are both equal to =V - (aVv) for all v € V. This means that the left-hand side

matrices of linear systems arising from discrete problems (4.36) and (7.9) are the same (see (4.44)).

Remark 7.1.2. Recall that the hierarchical a posteriori error estimate 1y defined in (5.22) is an ef-
ficient and reliable estimate for the energy error in the Galerkin approximation of primal solution u
(see Proposition 5.1). Analogously, nxyp is also an efficient and reliable estimator for the energy error
|z — zxpllg of the associated dual problem (due to the symmetry of the bilinear form B(-,-), see Re-
mark 7.1.1). However, in the reminder of the chapter, we only focus on goal-oriented estimation by

means of two-level error estimates.

7.2 A goal-oriented adaptive algorithm

In this section, we present an adaptive goal-oriented algorithm for the error estimation of goal
functional (7.7) for a quantity of interest of the solution to parametric model problem (4.5). In
the same spirit of Algorithms 5.1 and 6.1, the goal-oriented algorithm is built under the same
framework of adaptive FEM loop (2.13). In particular, at each iteration, the loop consists of (i)
two discrete problems (primal and dual) that have to be solved, (ii) two energy error estimations
for the computed primal and dual solutions (see (7.10)), and (iii) a marking and a refinement
strategy for the control of the error in the approximation of goal functional G defined in (7.7). In

what follows, we consider first-order spatial Galerkin approximations.
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7.2.1 Local error estimates in the energy norm

Let us introduce the notation for local error estimates in the energy norm for discrete dual prob-
lem (7.9).

Similarly to decomposition (6.33) for the energy error estimate 7xp, we write the two-level
error estimate Cxp associated with dual Galerkin solution zxp € Vxo satisfying (7.9) as follows.
Recall that N'* denotes the set of midpoints of the interior edges of the underlying triangulation

T of D (see (6.1)) and let Q be the finite detail index set (5.35). Then,
Chp = Cop(NT,Q) = Cyp(WH)? + Txa(Q)?, (7.12)
with the spatial contribution defined by

Gy P,
Cyp(NT)? := Z Cyp(z)® with Cyp(z Zl /2 Blzxr ¥zR)I , (7.13)
2N+ VP ||a0 Vi, 17,

and the parametric contribution defined by

x(QP = ) Txa(?  with  Cxa(w) = llefhlls,, (7.14)
puel

(cf. (6.31) and (6.32)). Two remarks are needed here. Firstly, notice that in the spatial contribution
Cyp(z) defined in (7.13) we write B(zxyp, 1, P,) instead of B(i,P,, zxp) due to the symmetry of the

bilinear form B(:,-) (see (4.18)—(4.20)). Secondly, we see that the individual parametric estimator

(1)
€xq

€ X®P, defined in (7.14), p € Q, satisfies the following problem
Bo(el,v) = —Blzxp,v) Y veX®P,. (7.15)

Equation (7.15) is the discrete problem, analogous to (5.27) (see Remark 5.2.1), arising from the

residual error equation associated to the dual problem, i.e.,

B(z - zxp,v) = G(v) = B(zxp, V) VveV, (7.16)
(cf. (5.1)). Notice that in writing (7.15) and (7.16), we are exploiting again the symmetry of the
bilinear form B(.,-).
7.2.2 Marking strategy

In order to compute a more accurate Galerkin solution (and, hence, to reduce the error in the
quantity of interest), an enriched approximation space has to be constructed. As for Algorithms 5.1

and 6.1, in the algorithm presented below, the approximation space is enriched at each iteration
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T T
Z1 Z3
Z2
Z7
Zs
Zy Zg
MY ={zy,25, 23} M, = MY, M* = M?
M? = {241 Z5,Z6, 27} M:i= MU {241 25126} = { }
(a) (b) (c)

Figure 7.1. Goal-oriented marking strategy on a given triangulation 7. (a) Let MY = {z1,2z5,z3} C N'*
(blue midpoints) and M? = {zy4, z5, zg, z7} C N'* (red midpoints). Suppose that midpoints in M" are sorted
according to associated estimates Typ(z;), i = 1,2,3, with descendent magnitude, i.e., Typ(z1) > Typ(2z2) >
Typ(z3); similarly for midpoints in M?; (b) Then, M, := M"Y (hence M* := M?) and M is given by the
union of M, and the #M, = 3 midpoints of M* associated with largest estimates (i.e., z4, zs5, and zg); (c)
The refined triangulation T obtained by the introduction of marked midpoints (orange dots in (b)).

of the adaptive loop either by performing a local refinement of 7 or by adding new indices to the
index set P. In the former case, the refinement is guided by a set M C N'* of marked midpoints,
whereas in the latter case, a set M C Q of marked indices is added to P.

Let us focus on the case of spatial marking of midpoints of N'*. We use the Dorfler marking
strategy (see Strategy 2.2) for the two sets {Typ(2)},en+ and {Cyp(2)},en+ Of spatial error estimates
(see (6.31) and (7.13)) in order to identify two independent sets of marked midpoints associa-
ted with primal and dual problem (4.36) and (7.9), respectively. Specifically, given the marking
parameter 8 € (0,1], we build two subsets M"Y, M* C N'* with minimal cardinality satisfying,
respectively,

Typ(MY)? = Z Typ(2)? > OxTyp(NF)?  and  Cyp(M3)? = Z Cyp(2)? > Ox Cyp(NT)?,
zeMH zeM?

where typ(N7) is defined in (6.31) and Cyp(N™) is defined in (7.13). The set M" (resp. M?)
satisfying the condition above is returned by a MARK subroutine with 8 and {Typ(z)},cp+ (resp.
{Cyp(2)}zen+) as inputs (cf. (5.41)). Then, in order to combine the two sets M" and M?, the
goal-oriented adaptive algorithm employs the marking strategy adopted in [67]. Comparing the

cardinality of M" and the cardinality of M?, we define

M, :=M" and M*:=M? if #MY < #M?Z,

M, :=M?* and M*:=M" otherwise.
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Marking criterion for goal-oriented adaptive SGFEM

Input: error estimates {Typ(2)}zen+, {Txa(W)}ueq for the primal problem; error estimates {Cyp(z)}zen+
{Cxa(W)}ueq for the dual problem; marking parameters 6,60 € (0,1].

DO
set MY := MARK({Typ(2)} zenr+ ex) and M? := MARK({Cyp(2)}zen O );
set MY := MARK({Txa ()} uea, ) and M? := MARK({Cxa ()} uea, 63 );
IF # MY <#M*
set M, := MY and M* := M?;
ELSE
set My := M# and M* := MY;
END
IF #MY < #M*
set M, 1= MY and M* := M?;
ELSE
set M, := M? and M* := MY;
END
set M:= My UM, where M is the set of # M, midpoints of M* with largest error estimates;
set M := M, UM, where M is the set of #M, indices of M* with largest error estimates;
define R := N'° N\ N+, where N° is associated with T := REFINE(T, M).
END

Output: subset M C N of midpoints and subset M C Q of indices.

Criterion 7.1. A marking criterion for a goal-oriented adaptive SGFEM algorithm driven by two-level error
estimates.

Then we define a set M as the union of M, and those #M, midpoints z € M* associated with
the largest error estimates. The set M C M, UM* C N'* is the set of marked midpoints used
to guide local mesh-refinements in the goal-oriented adaptive algorithm. Notice that with this
construction there holds M, € M and #M < C,#M,, with C, = 2; see Figure 7.1 for an
example of this strategy for spatial marking.

Analogously, in order to identify the set M C Q of marked indices to be added to the index
set P, we follow the same marking procedure as described above by replacing M, N'¥, z, typ(z),

Cyp(z), and Bx with M, Q, u, Txa(p), Cxa(y), and Oy, respectively, (65 € (0,1]).

Remark 7.2.1. There exist several possibilities for ‘combining’ the sets M" and M? into a single set

118



7. ADAPTIVE ALGORITHMS FOR GOAL-ORIENTED ERROR ESTIMATION

that is used for refinement in a goal-oriented adaptive algorithm; see [95, 20, 81, 67]. For example,
for goal-oriented adaptivity in the non-parametric setting with marking of finite elements, [67 ] proves
that the strategies of [95, 20, 67] lead to convergence of adaptive goal-oriented algorithms with optimal
algebraic rates, while the strategy from [81] might not. In particular, the marking strategy proposed
in [67], which is the one described above for marking of midpoints, is a modification of the strategy
in [95], and it has been empirically shown that it is is more effective than the original strategy in [95]

with respect to the overall computational cost (see (6.39)).

The marking strategy described above for the marking of both midpoints and indices is listed

in marking Criterion 7.1.

7.2.3 Error reduction in the product of energy norms

Before describing the adaptive loop, let us now describe the idea behind the REFINE module of the
goal-oriented adaptive algorithm. The motivation relies on the fact that the algorithm employs
the product of energy errors ||u— uxpl|lg|lz— zxpl|g to control the error in approximating G(u)
(see (7.11)).

Let VX? D Vxp be an enrichment of Vxp. The enrichment is based on either a triangulation T
obtained by mesh-refinement of 7, i.e., VX? = X(?) ® Pp, or on a larger index set P, ie., ngp =
X(T)® Pp. In particular, triangulation T is obtained by local NVB refinements whereas P is
obtained by adding extra indices to P. Let txp, Zxp € VXT denote the enhanced primal and dual

Galerkin solutions, respectively. According to (7.11), one has

| G(u) = G(uxgp)| < [lu-uxsllsllz—2xslls-
We want to find the error reduction in the product of the energy norms obtained due to the
enrichment.
Similarly to (5.13), for enhanced solutions uxp and Zxsp, there holds
~ 12 2 S NIT = 12 2 = 12
lu—txollz = lu—uxpllz —lluxp—uxplly ~ and  llz=2Zxsllz = [lz=2xpllg — llzxr - Zx2 I3,

where the quantities appearing with minus on the right-hand sides of above equalities denote the

error reductions (in the energy norm) achieved if solutions uxp and Zxy are going to be computed
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for the primal and the dual problem, respectively. Hence,

— 2 = 12 2 2
lu—txpllg llz=2xpllg = llu—uxellg |z 2x»ll5

2 = 12 — 2 2

- (|| u—uxpllg llzxp = Zxpllg +luxe — Uxpllg [z = zxp I

~ 2 = 2
~lluxr = Tl 250 - ol )

The equality above shows that the quantity in brackets, i.e.,

2 > 2 ~ 2 2
lu—uxplig lzxp = Zxpllz + lluxy — txelig |z - 2x2 |5
(7.17)
~ 2 = 2
— lluxy —txp lIg | 2xp — Zxo I3 »
provides the reduction in the product of energy errors that would be achieved due to enrichment
Vxo of the approximation space Vxp. Numerical experiments empirically show that the third term

contributing to (7.17), i.e., —||uxp — nyllé || zxp —EX(}DHZB, is normally much smaller (in absolute

value) compared to the sum of the first two terms in (7.17) and may thus be neglected. Therefore,

2 = 2 — 2 2
lu—uxpll llzxp —Zxpllz + lluxe - Uxpllz | z—zx2ll5 (7.18)

provides a good approximation to the true error reduction (7.17).

Now, recall that Theorem 6.1 provides computable estimates of the energy errors (see (6.7))
and of the energy error reductions (see (6.6)). We can use these results to bound each term
in (7.18), thus obtaining a computable numerical estimate of the reduction in the product of

energy errors. In particular, we define the following two quantities

Pk = Tf@( Z CuszP(Z)] + C>2<rp[ Z T%?(Z)]' (7.19)
zeN+ zeN+

p5 = Txp ( Zcm)] v ciy(Zrigw]. (7.20)
peM HeM

For example, suppose that Vg is obtained by a mesh-refinement of Vg (i.e., by the introduction

in 7 of all refined midpoints R C N'* by local NVB refinements), then

2 2 = 12 — 2 2
px = llu—uxpllzllzxy —2Zxpllz + lluxp —txellzllz— 22 ll5-

Likewise, the reduction (7.18) due to polynomial enrichment (i.e., by adding the set M of marked
indices to P) is estimated by p% defined in (7.20). Thus, by comparing these two estimates (px and
pp), the adaptive algorithm chooses the enrichment of Vyq (either mesh-refinement or polynomial

enrichment) that corresponds to the larger estimate of the associated error reduction.
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7.2.4 Goal-oriented adaptive loop

Let us now briefly describe the goal-oriented adaptive algorithm for numerical approximation of
the goal functional G(u) defined in (7.7).

Let ¢ € Ny denote the iteration counter of the loop. We use ¢ to denote triangulations, index
sets, Galerkin solutions, etc., associated with the ¢-th iteration of the adaptive loop. In particular,
Vp := X, ® Py, denotes the finite-dimensional subspace of V, u; € Vp and , € V; are the primal
and dual Galerkin solutions to (4.36) and (7.9), respectively, and 7, := T()gg and Cp := Cgff)P are the
associated total two-level error estimates (see (6.33) and (7.12)).

For each iteration of the loop, discrete primal problem (4.36) and dual problem (7.9) are solved

by the SOLVE subroutine,
up = SOLVE (74, Py, a,f) and zp = SOLVE(7p, Py, a, g),

where f and g are the right-hand side data of the primal and the dual problem, respectively. Local
two-level spatial and parametric estimates of the error for the two problems are computed by the

ESTIMATE subroutine

[(ryp(2)zenys (Txa(Wlpea, | = ESTIMATE(up, 70, Pr, 2, &, ),

[1Cyp(2)) ey (CxalWluea, | = ESTIMATE(2, T, Pe, O, 2, 8),

where the detail index set Qp, C J\ Py is constructed via (5.35). Total two-level estimates 7, and
C¢ for the primal and the dual problem are assembled using (6.33) and (7.12), respectively, and
the product 7,C, for the goal-oriented estimation of the error |G(u) — G(uy)| is thus obtained
(see (7.11)). If a prescribed tolerance tol is met, i.e., if 7, < tol, then the adaptive process
stops. Otherwise, the algorithm employs marking Criterion 7.1 to select a subset M, C N," of
marked midpoints and a subset M, C Q of marked indices. The type of enrichment to pursue is
decided by comparing the error reduction estimates px , and pp, defined in (7.19) and (7.20) for
mesh-refinements and parametric enrichments, respectively. If px , is dominant (i.e., px ¢ > pp¢)
a larger error reduction (in the product of the energy norms, see Section 7.2.3) is expected, and a
new triangulation is obtained via 7,,, := REFINE(Z,, M), with the REFINE subroutine implemen-
ting local NVB refinements where reference edges are the longest edges of each element; also, the
same index set is used on the next iteration, i.e., Py 1 = Py. If pp, is dominant, then the algorithm

uses the same triangulation, i.e., 7y,1 = 7, and the index set P, is enriched by adding the set of
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Goal-oriented adaptive SGFEM algorithm

Input: data a, f, g; triangulation Ty, index set Po; marking parameters O, O; tolerance tol.
FOR¢=0,1,2,... DO

up = SOLVE (74, Py, a, f);
zp = SOLVE (77, Py, a, g);
[{Tvo(2)zen, (rxa(Wlueq, | = ESTIMATE(up, T, Pr, Q. 2, f);

[{Cyo(2)zen;s {CxalWluen, | = ESTIMATE (25, T2, P, O, 2, 8 );

1/2
te = (Tyo(Te) + txa(2)?)

/
8o = (Cya(To? + Cxa(20)?)

IF 7, Cy < tol THEN BREAK; END
obtain My C N and My C Qg by using Criterion 7.1;
compute the error reduction estimates px ¢ and pp o (see (7.19) and (7.20));
IF px.e>ppe
set Ty,.1 := REFINE(Zy, My) and Py, 1 := Py;
ELSE

set Tpo1:=Tpand Pppq := PpUM,.
END

END
Output: sequence (ug,Cp) of primal and dual Galerkin solutions and estimates T,y of the error in
approximating G(u).

Algorithm 7.1. Goal-oriented adaptive SGFEM algorithm driven by the products of two-level error esti-
mates in the energy norm.

marked indices My, i.e., Pp.1 = Pp U M,.

The goal-oriented adaptive algorithm described above is listed in Algorithm 7.1. Note that
similarly to Algorithms 5.1 and 6.1, Algorithm 7.1 returns a sequence of adaptively refined trian-
gulations (7¢)sen, associated with nested finite element spaces (X¢)eery, as well as a sequence of

adaptively enriched nested index sets (P¢)sen,-

7.3 Numerical experiments

In this section, we report the results of some numerical experiments that demonstrate the perfor-

mance of the goal-oriented adaptive Algorithm 7.1 for parametric model problem (4.5). All expe-
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riments were performed using the toolbox Stochastic T-IFISS [28] (see Appendix B) on a desktop
computer equipped with an Intel Core CPU i5-4590@3.30GHz and 8.00GB of RAM.
7.3.1 Setup of the experiments

We use the representations of f and g as introduced in [95] to define the corresponding functionals
F(v)and G(v)in discrete primal and dual problems, respectively (see (4.36) and (7.9)); see also [67,
Section 4]. Specifically, let f;, g; € L(D), i =0,1,2, and set f := (f;,f>) and g := (g1, g»). Define

JJ fo(x)v(x,y) dx dm(y f‘[ )- Vv(x,y) dx dm(y) YveV, (7.21)
Jjgo v(x,y) dx dm(y JJ )- Vv(x,y)dx dm(y) YveV. (7.22)

That is, for primal problem (4.36), representation (7.21) arise from considering right-hand side

and

sources of the form f := fy + V- f, where fy € H™}(D) and V- : L?(D) x L?(D) — H™}(D) is the
divergence operator with weak derivatives. Similarly, for dual problem (7.9), we write g := gg + V-
g; see [95]. The motivation behind these representations is to introduce different non-geometric
singularities in the primal and dual solutions. In the context of goal-oriented adaptivity, this
emphasises the need for separate marking to resolve singularities in both solutions in different
regions of the computational domain.

We run Algorithm 7.1 with initial index set (5.42) with only one active parameter. Detail in-
dex sets Q; are computed via (5.35). Let L = L(tol) € N be the smallest integer such that 7, ; <tol,
with tol denoting a stopping tolerance. We will collect the same output data as listed in Sec-
tion 5.4.1 as well as the computational cost defined in (6.39). In order to test the effectiveness
of the goal-oriented error estimation, we compare the products 7,Cs, € =0,..., L, with a reference
error |G(uper) — G(up)l, where Urer € Vier := Xief ® Pp_ is an accurate primal solution. As in Sec-
tion 5.4.1, we compute s by employing quadratic (second-order) finite element approximations
over a fine triangulation 7 (i.e., Xof := Sg(Tref)) and using a large index set P, (both 7 r and
Pref are to be specified in each experiment). Then, the effectivity indices for the goal-oriented

estimation are defined by:

T¢Cp
| G(urer) — G(up)|’

o = ¢=0,...,L (7.23)
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Figure 7.2. The mean fields of primal (left) and dual (right) Galerkin solutions for the model problem in
Section 7.3.2.

#Tp=128 #7717 = 2538 (primal) #7717 = 2538 (dual) #71 = 2020 (goal-oriented)

-1 0 1
(a) (b) (c) (d)

Figure 7.3. Numerical experiment for the model problem in Section 7.3.2. (a) Initial triangulation 7 with
shaded triangles Tr and Ty; (b)-(c) Triangulations generated by a standard adaptive SGFEM algorithm with
spatial refinements driven by either error estimates 7, or by error estimates Cy; (d) Triangulation generated
by the goal-oriented adaptive Algorithm 7.1.

7.3.2 Experiment 1 - Estimation of directional derivatives on square domain

In the first experiment, we consider the parametric model problem (4.5) posed on the square do-
main D = (~1,1)?. Suppose that coefficient a(x,y) in (4.8) is a second-order stationary random field
with prescribed (constant) mean E[a] and covariance Cov[a] (see Example 3.2.1). In particular, we
assume that Cov|[a] is the separable exponential covariance function given by

b =xil e -x3l
4] & '

Cov|a](x,x) = 0° exp( -

where x = (x1,x2),x" = (x1,x5) € D, o denotes the standard deviation of the random field, and
¢1,¢> > 0 are the correlation lengths (cf. (3.9)). Then we consider a Karhunen-Loeve expansion of

the random field (see Section 3.3.1),

a(x,y) = E[a](x) + co Z m(pm(x)ym, xeD,yeT, (7.24)
m=1
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6x =0.5, 05 =0.9 Oy =0.25, 65 =0.9

Mg =1 Mg =2 Mg =1 Mg =2
L 20 19 36 34
t (sec) 190 250 309 343
cost 1,584,981 2,398,452 3,073,941 3,798,893
7.0 6.9126e-06 5.3746¢-06 6.0296e-06 6.3484e-06
N, 368,270 920,873 587,554 797,490
#T, 53,184 97,752 54,000 53,748
#P, 14 19 22 30
M, 8 11 10 15

Table 7.1. The outputs obtained by running Algorithm 7.1 with 6x = 0.5, 64 = 0.9 (case (i)) and 6x = 0.25,
65 = 0.9 (case (ii)) for the model problem in Section 7.3.2.

where {(A, @m)}h_; are the eigenpairs of the associated covariance operator C, (see (3.11)), yn,
are the images of pairwise uncorrelated mean-zero random variables, and the constant ¢ > 0 is
chosen such that Var(cy,,) = 1 for all m € N. Recall that analytical expressions for A,, and ¢,
exist in the one-dimensional case and, as a consequence, the formulas for rectangular domains
follow by tensorisation (see Example 3.3.1). In this experiment, we assume that y,, are the images

of independent mean-zero random variables on [, = [-1, 1] with the following density

_ af 1 v2
olym) = (20(1)-1) 1(m)exp(—7) VmeN,

i.e., the ‘truncated’ Gaussian density (4.27) (with constants b = s = 1) such that the corresponding
polynomials which are orthonormal with respect to inner product (-,-), (m € N) are the Rys
polynomials (see Example 4.2.3). In this case, we have c = 1.8534 in (7.24).

We test the performance of Algorithm 7.1 by considering a parametric version of Example 7.3
in [95]. Specifically, let fy = gg =0, f = (X7,0), and g = (X7,,0), where X7, and X7, denote the

characteristic functions of the following triangles
Tr == conv({(-1,-1),(0,-1),(-1,0)})  and T, := conv({(1,1),(0,1),(1,0)}),
respectively (see Figure 7.3(a)). Then, the functionals F and G in (7.21) and (7.22) read as

F(v)= _J-r Tf;—):/l(x,y) dx dm(y) and G(v) = —J-rog ;—);(x,y) dx dr(y) YveV.

Setting o = 0.15, ¢; = ¢, = 2.0, and E[a](x) = 2 for all x € D, we compare the performance
of Algorithm 7.1 for different input values of marking parameter 6x as well as parameter Mg in
detail index set (5.35). More precisely, we consider two sets of marking parameters: (i) Ox = 0.5,

B9 = 0.9; (ii) Bx = 0.25, B = 0.9; in each case, we run Algorithm 7.1 with Mg =1 and Mg = 2
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Ox =0.5,05 =09

Mo =1 Mg =2
P, ¢=10 (01) ¢=8 (001)
(010)
¢=11 (001) £=12 (00001)
(0001 0)
¢=14 (0001) ¢=14 (0000001)
(1100) (0000010)
(2000) (1100000)
(2000000)
¢=16 (00001) ¢=16 (000000001)
(000000010)
(101000000)
¢=18 (000001) ¢=18 (00000000001)
(101000) (0000000001 0)
(01100000000)
£=19 (0000001) (10000100000)
(1001000) (10001000000)
(10010000000)
¢=20 (00000001)
(10001000)

Table 7.2. The parametric enrichments of the index set P obtained by running Algorithm 7.1 with 6x = 0.5,
05 = 0.9 (case (i)) for the model problem in Section 7.3.2.

6x =0.5, 6 = 0.9 6x =0.25, 6 = 0.9
\H‘ T \\\\\H‘ T \\\\\H‘ T \\\\\H' \\\\\H‘ \H‘ T \\\\\H‘ T \\\\\H‘ T \\\\\H‘ \\\\\H‘
OF o #p,(Mo=1) il OF o #p,(Mo=1) 1
207$M97€(MQ:1) o0 .
~O-#Pp(Mg = 2) o e:a
N — CRSEN |
10 | =&~ Mg, (Mg =2) 4

1l Lol Lol Lol Lol Ll Lol \“\\Hm\ Lol Lol
102 103 104 10° 108 102 103 104 10° 106
degrees of freedom Np degrees of freedom Np

Figure 7.4. Characteristics of the index sets P at each iteration of Algorithm 7.1 for the model problem in
Section 7.3.2.

in (5.35). The same stopping tolerance is set to tol = 7e-6 in all four computations.

Figure 7.2 (left) shows the mean field of the primal Galerkin solution exhibiting a singularity
along the line connecting the points (-1,0) and (0,—1). Similarly, the mean field of the dual
Galerkin solution in Figure 7.2 (right) exhibits a singularity along the line connecting the points
(1,0) and (0O, 1).

Figure 7.3(a) shows the initial triangulation 7y used in this experiment. Figure 7.3(b) and 7.3(c)

126



7. ADAPTIVE ALGORITHMS FOR GOAL-ORIENTED ERROR ESTIMATION
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Figure 7.5. Error estimates 7, Cy, T¢Cy and the reference error |G(uer) — G(up)| at each iteration of Al-
gorithm 7.1 with 8x = 0.5, 85 = 0.9 (case (i)) for the model problem in Section 7.3.2. Here, G(uef) =
—3.180377e-03.

Mo =1 (8x = 0.25, 8 = 0.9) Mo =2 (0x = 0.25, 6x = 0.9)
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Figure 7.6. Error estimates t,, Cy, T¢Cp and the reference error |G(uer) — G(up)| at each iteration of Al-
gorithm 7.1 with 6y = 0.25, 65 = 0.9 (case (ii)) for the model problem in Section 7.3.2. Here, G(uef) =
—3.180377e-03.

depict the refined triangulations generated by an adaptive SGFEM algorithm with spatial refine-
ments driven either solely by the estimates 7, for the error in the primal Galerkin solution or solely
by the estimates ; for the error in the dual Galerkin solution. Figure 7.3(d) shows the triangula-
tion produced by Algorithm 7.1. As expected, this triangulation simultaneously captures spatial
features of both primal and dual solutions.

In Table 7.1, we collect the final outputs of computations in cases (i) and (ii) for Mg = 1 and

Mg = 2, whereas Table 7.2 shows the index set enrichments in case (i). Recall that choosing larger
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Figure 7.7. The effectivity indices for the goal-oriented error estimates 7,(, at each iteration of Algo-
rithm 7.1 for the model problem in Section 7.3.2.

values of Mg in (5.35) leads to larger detail index sets, and thus, larger sets of marked indices,
at each iteration. As a result, for Mg = 2, more random variables are active in the final index set
and the total number of iterations is reduced (compare the values of L, #P, and My, in Table 7.1).
This can be also observed by looking at Figure 7.4 that visualises the evolution of the index set in
cases (i) and (ii). Notice that, however, larger detail index sets yield larger computational times
due to more expensive computations of the parametric estimates (cf. the times in Table 7.1).

Figure 7.5 shows the convergence history of three error estimates (ty, C¢, and 7,C;) and the
reference error |G(u,er)— G(up)| in case (i) for both Mg = 1 and Mg = 2 (see the end of this subsection
for details on how the reference solution u,.s is computed). We observe that the estimates of the
error in approximating G(u) (i.e., the products 7, ;) decay with an overall rate of about O(N~9->°)
for both My = 1 and Mg = 2. We notice that choosing Mg = 2 has a ‘smoothing’ effect on the decay
of 7,C; (see Figure 7.5 (right)); this is due to larger index set enrichments in this case compared to
those in the case of Mg =1 (see the evolution of P, in Table 7.2).

Analogously to Figure 7.5, in Figure 7.6, we plot three error estimates as well as the reference
error in the goal functional in case (ii). We observe that 7,(, decay with about the same overall
rate as in case (i), i.e., O(N"9°). On the other hand, the ‘smoothing’ effect due to a larger My is
less evident in case (ii), compared to case (i). This is likely due to a smaller value of the (spatial)
marking parameter Ox in case (ii), which provides a more balanced refinement of spatial and
parametric components of the generated Galerkin approximations (the marking parameter 6y is

the same in both cases). Notice that in both Figures 7.5 and 7.6 the error estimates 7, and C,
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1 1
0 0
-1 -1
-1 0 1 -1 0 1

Figure 7.8. Initial triangulation 7y with shaded triangle T, (left) and the triangulation generated by Algo-
rithm 7.1 for an intermediate tolerance (right) for the model problem in Section 7.3.3.

coincides due to the symmetry of the problem (cf. the primal and dual solutions in Figure 7.2).
Finally, for all cases considered in this experiment, we compute the effectivity indices (7.23)
as explained in Section 7.3.1. Here, the solution u is computed using the triangulation 7, ¢
obtained by a uniform refinement of 7; from case (i) with Mg = 2 and a large index set P which
includes all indices generated in this experiment. The effectivity indices are plotted in Figure 7.7.

Overall, they oscillate within the interval (6,13) in all cases.

7.3.3 Experiment 2 - Estimation of directional derivatives on L-shaped domain

In this experiment, we consider the parametric model problem (4.5) posed on the L-shaped do-
main D = (-1,1)? \ (=1,0]? and we choose the random field (5.44) used in the experiment of
Section 5.4.2. In particular, we also assume here that the parameters y,, in (5.44) are the images
of uniformly distributed independent mean-zero random variables on I, =[-1,1] for all me N.
Similarly to previous experiment in Section 7.3.2, we choose a quantity of interest that involves
the average value of a directional derivative of the primal solution over a small region away from
the reentrant corner of the domain. More precisely, weset fy =1, f =(0,0), g =0, and g = (XTg,O),

where X T, denotes the characteristic function of the triangle
Ty i= conv({(1/2,-1),(1,-1),(1,-1/2)}),
(see Figure 7.8 (left)), so that the functionals in (7.21) and (7.22) read as

fj v(x,y) dx dm(y) and JJ Bxl y)dx dm(y) VYveV.

Note that in this example, both the primal and dual solutions exhibit a geometric singularity

at the reentrant corner of the domain; see Figures 5.7(c) for a plot of the primal solution and
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—-1-1

Figure 7.9. The mean field (left) and the variance (right) of the dual Galerkin solution for the model
problem in Section 7.3.3.

Figure 7.9 (left) for a plot of the dual solution. In addition, notice that the dual solution exhibits
also a singularity along the line connecting the points (1/2,-1) and (1,-1/2). Such singularity is
due to a low regularity of the goal functional G.

Similarly to the experiment of Section 5.4.2, our first aim in this experiment is to show the
advantages of using adaptivity in both components of Galerkin approximations for adaptive Al-
gorithm 7.1 (cf. Figure 5.2). To this end, we consider the expansion coefficients in (5.44) with
o = 2 (corresponding to a slow decay of the amplitudes «,,), A ~ 0.547, and we choose Mg =1
in (5.35). Starting with the coarse triangulation 7y depicted in Figure 7.8 (left) and setting the
tolerance to tol = 1e-05, we run Algorithm 7.1 for six different sets of marking parameters and
plot the error estimates 7,C, computed at each iteration; see Figure 7.10.

In the cases where only one component of the Galerkin approximation is enriched (i.e., either
Ox = 0 or Op = 0 as in the first two sets of parameters in Figure 7.10), the error estimates 7,C,
quickly stagnate as iterations progress, and the set tolerance cannot be reached. If both compo-
nents are enriched but no adaptivity is used (i.e., Ox = 8p = 1, see the third set of parameters in
Figure 7.10), then the error estimates decay throughout all iterations. However, in this case, the
overall decay rate is slow and eventually deteriorates due to the number of degrees of freedom
growing very fast, in particular, during the iterations with parametric enrichments (see the filled
pentagon markers in Figure 7.10). The deterioration of the decay rate is also observed for both the
fourth and fifth sets of marking parameters in Figure 7.10, where adaptivity is only used for en-
hancing the spatial or the parametric component of approximations, respectively. The best rate is
achieved for the sixth set of marking parameters, Ox = 0.2, 85 = 0.8, where adaptivity is used for

both components of Galerkin approximations. Thus, in agreement with results of experiment in
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Figure 7.10. Error estimates 7, (, at each iteration of Algorithm 7.1 for different sets of marking parame-
ters in the numerical experiment of Section 7.3.3. Filled markers indicate iterations at which parametric
enrichments occur.

Section 5.4.2, we conclude that for the same level of accuracy, adaptive enrichments in both com-
ponents provide more balanced approximations with overall less degrees of freedom and lead to
faster convergence rates.

Let us now run Algorithm 7.1 with the following two sets of marking parameters: (i) 6x = 0.3,
O = 0.8; (ii) Bx = 0.15, B = 0.95. In each case, we consider the expansion coefficients in (5.44)
with slow (o0 = 2) and fast (o = 4) decay of the amplitudes a,, (in the latter case, fixing ¥ = AC(0) =
0.9 results in A= 0.832). In all computations, we choose Mg = 1 in (5.35) and set the tolerance to
tol = 1e-05.

Figure 7.8 (right) depicts an adaptively refined triangulation produced by Algorithm 7.1 in
case (i) for the problem with slow decay of the amplitude coefficients (similar triangulations were
obtained in other cases). Observe that the triangulation effectively captures spatial features of
primal and dual solutions. Indeed, it is refined in the vicinity of the reentrant corner and, similarly
to the experiment in Section 7.3.2, in the vicinity of points (1/2,-1) and (1,-1/2).

Table 7.3 collects the outputs of all computations. On the one hand, we observe that in case (i),
for both slow and fast decay of the amplitude coefficients, the algorithm took fewer iterations
compared to case (ii) (32 versus 57 for o = 2 and 33 versus 57 for o = 4) and reached the tolerance
faster (see the final times t in Table 7.3). On the other hand, due to a larger Ox in case (i), the
algorithm produced more refined triangulations (see the values of #7; in Table 7.3). Also, we
observe that final index sets generated for the problem with slow decay (o0 = 2) are larger than

those for the problem with fast decay (o = 4) (20 indices versus 12 in case (i) and 29 indices
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6x=03,05=0.8 6x =0.15,65 =0.95
o=2 o=4 o=2 o=4
L 32 33 57 57
t (sec) 323 367 506 485
cost 3,017,395 2,386,455 5,502,298 3,482,930
7.C 8.4228e-06 8.2214e-06 9.3225e-06 9.6034e-06
N, 782,100 561,384 818,989 521,645
#7; 79,029 94,446 57,203 62,102
#P, 20 12 29 17
My, 6 3 6 4
Py =11 (01) ¢=8 (20) ¢=14 (01) ¢=10 (20)
(20) (20)
¢=18 (001) ¢=14 (30) ¢=25 (001) ¢=20 (01)
(110) (110) (30)
(300)
=22 (0001) ¢=19 (01) ¢=36 (0001) ¢=29 (11)
(1010) (40) (0200) (40)
(2100) (1010)
(3000) ¢=23 (11) (2100) ¢=39 (001)
(50) (4000) (210)
¢=27 (00001) (500)
(02000) ¢=45 (00001)
(10010) ¢=28 (21) (01100) ¢=48 (101)
(20100) (60) (10010) (310)
(31000) (12000) (600)
(20100)
(31000)
¢=31 (000001) ¢=32 (001) ¢=52 (000001) ¢=56 (0001)
(011000) (310) (010010 (2010)
(100010) (010100) (4100)
(120000) (100001) (7000)
(400000) (100010
(111000)
(200100)
(220000)
(301000)
(410000)
(500000)

Table 7.3. The outputs obtained by running Algorithm 7.1 for the model problem in Section 7.3.3 with
Ox =0.3, 05 = 0.8 (case (i)) and Ox = 0.15, 65 = 0.95 (case (ii)) for both slow (0 = 2) and fast (o = 4) decay
of the amplitude coefficients.

versus 17 in case (ii)). Furthermore, the algorithm tends to activate more parameters and to
generate polynomial approximations of lower degree for the problem with slow decay (e.g., in
case (i), polynomials of total degree 4 in 6 parameters for o = 2 versus polynomials of total degree
6 in 3 parameters for o = 4). Note that this behaviour has been previously observed in numerical
experiments for parametric problems on the square domain (see [29]).

Figure 7.11 (resp., Figure 7.12) shows the convergence history of three error estimates (7, Cp,

and 7,Cy) and the reference error in the goal functional in case (i) (resp. case (ii)) of marking
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Figure 7.12. Error estimates 7,, p, T, Cp and the reference error |G(u.r) — G(up)| at each iteration of Algo-
rithm 7.1 with 6x = 0.15, 8p = 0.95 (case (ii)) for o = 2 (left) and o = 4 (right) for the model problem in
Section 7.3.3. Here, G(uer) = 1.789774e-2 for 0 = 2 and G(u,ef) = 1.855648e-2 for o = 4.

parameters. Firstly, we can see that the estimates 7,(, converge with a faster rate for the problem

with o = 4 than for the problem with o = 2. This is true in both cases of marking parameters. In

particular, the overall convergence rate is about O(N=3%) when o = 4, whereas it is about O(N

—2/3)

when o = 2. Secondly, we observe an improved convergence rate during mesh-refinement steps

in case (ii) (i.e., for smaller Ox and larger 65). For both problems with o = 2 and o = 4 this rate is

about O(N~99), i.e., very close to the optimal one (see Figure 7.12).

We conclude the experiment by testing the effectivity of the goal-oriented error estimation at
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Figure 7.13. The effectivity indices for the goal-oriented error estimates 7,{, at each iteration of Algo-
rithm 7.1 for the model problem in Section 7.3.3.

each iteration of Algorithm 7.1. We compute the effectivity indices ¢, defined in (7.23) by em-
ploying reference Galerkin solutions ues to problems with slow (o = 2) and fast (o = 4) decay of
the amplitude coefficients. Specifically, for both problems we employ the same reference trian-
gulation 7, (to be the uniform refinement of 7, generated in case (i) for the problem with slow
decay), but use two reference index sets (namely, for o = 2, we set P s := P, where P| is gene-
rated for the problem with slow decay in case (ii) and for o = 4, we set P := P, UM, with the
corresponding P, and M, generated for the problem with fast decay in case (ii)). The computed ef-
fectivity indices are plotted in Figure 7.13. As iterations progress, they tend to concentrate within
the interval (4,5) in all cases.

For the parametric model problem considered in this experiment, we conclude that Algo-
rithm 7.1 performs better if the (spatial) marking threshold Oy is sufficiently small and the (para-
metric) marking threshold 65 < 1 is sufficiently large (see the results of experiments in case (ii)).
In fact, in case (ii), the estimates 7,{; converge with nearly optimal rates during spatial refine-
ment steps for problems with slow and fast decay of the amplitude coefficients. Furthermore,
in this case, the algorithm generates richer index sets which lead to more accurate parametric

approximations.

7.3.4 Experiment 3 - Pointwise estimation on slit domain

In this last experiment, we test the performance of adaptive Algorithm 7.1 for the parametric
model problem (4.5) posed on the domain D = Ds with Ds = (-1,1)? \ Ts, 6 > 0, where T; =

conv( {(0,0),(-1,6),(-1,-96)} ), introduced in Section 5.4.4. That is, we consider an approximation
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Figure 7.14. The mean field (left) and the variance (right) of the primal Galerkin solution for the model
problem in Section 7.3.4.

of the slit domain D = (~1,1)?\ ([-1,0] x {0}) as & tends to zero. Throughout, we let = 0.005.
Following [57], we consider a modification of parametric coefficient (5.44). For all m e N and

x € D, let a,,(x) be the spatial functions
am(x) = a,cos(2mB1(m)xy)cos(2mpo(m)x2), ay = Am 9,

where A, 0, 8, and B, are defined as in Section 5.4.2. Then, given two constants c, € > 0, we define

a(x,y) := C. [ Zymam(x)Jramm) +¢&, xeD,yerl, (7.25)
m=1

Xmin
where o, := AC(0) and the parameters y,, are the images of uniformly distributed independent
mean-zero random variables on I, = [-1,1] for all m € N. It is easy to see that a(x,y) € [¢, 2c + €]
for all x e D and y € I'. Note that (7.25) can be written in the form (4.8) by setting ag(x) = c+¢
and the expansion coefficients equal to (ca,(x))/&min.- Furthermore, conditions (4.9) and (4.10)
are satisfied with a'” = aJ'® = c+e¢and y = ¢/(c+¢), respectively.

It is known that solution u to problem (4.5) in this example exhibits a singularity induced by
the slit in the domain (cf. the numerical experiment in Section 5.4.4). Our aim in this experiment
is to approximate the (mean) value of u at some fixed point xo € D away from the slit. To that end
(and to stay within the framework of the bounded goal functional G in (7.22)), we fix a sufficiently
small r > 0 and define gy as the mollifier (see [109]),

2 .
Cexp(—m) if Ix—xoll < r”

go(x) = go(x;x, 1) := (7.26)

0 otherwise.

Here, ||-||> denotes the Euclidean norm and C is a normalisation constant chosen such that

Lg()(x)dx: 1
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r=0.15, #T50 = 3573 r=0.3, #T;g = 3239 r=0.4, #T;g = 2248 r=0.5, #T15 = 1834

Figure 7.15. Adaptively refined triangulations (top row) and mean fields of dual Galerkin solutions (bot-
tom row) computed using the mollifier gy in (7.26) with r = 0.15,0.3,0.4,0.5, for the model problem in
Section 7.3.4.

Note that the value of the constant C is independent of the location of xg € D, provided that r is
chosen sufficiently small such that supp(gg(x;xg,r)) C D. In this case, C = 2.1436 r2 (see, e.g.,
[109]).

Setting fo =1, f =(0,0) and g = (0,0), the functionals in (7.21) and (7.22) read as

= j J v(x,y) dx dm(y) and J J go(x)v(x,y) dx dm(y) YveV.
rJbD

Note that if u(x,y) is continuous in the spatial neighbourhood of xg, then G(u) converges to the
mean value E[u(xg,y)] as r tends to zero.

We fix c= 1071, e=5-10"3, 0 = 2, A= 0.6 and choose xg = (0.4,-0.5) € D. In all computa-
tions performed in this experiment, we use the coarse triangulation 7y depicted in Figure 5.11(a);
Figure 7.14 shows the mean field (left) and the variance (right) of the primal Galerkin solution.

First, we fix tol = 7e-03 and run Algorithm 7.1 to compute dual Galerkin solutions for dif-
ferent values of radius r in (7.26). Figure 7.15 shows the refined triangulations (top row) and
the corresponding mean fields of dual Galerkin solutions (bottom row) for r = 0.15,0.3,0.4,0.5.
As observed in experiments of Sections 7.3.2 and 7.3.3, the triangulations generated by the goal-
oriented adaptive algorithm simultaneously captures spatial features of primal and dual solu-

tions. In this experiment, the triangulations are refined in the vicinity of each corner, with par-
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6x =0.3,05=0.8 Ox =0.15, 65 = 0.8

L 30 53
t (sec) 436 646
cost 3,047,041 4,841,526
7,.C, 4.9335¢-04 5.4956¢-04
N, 827,421 705,915
#7, 79,518 67,871
#P, 21 21
Mg, 6 6
P, ¢=10 (01) =12 (01)
(20) (20)
=16 (001) =23 (001)
(110) (110)
(300) (300)
=22 (0001) =35 (0001)
(1010) (1010)
(2100) (2100)
=26 (00001) =43 (00001)
(10010) (10010)
(20100) (20100)
(40000 (40000)
=29 (000001) =47 (000001)
(011000) (011000)
(020000) (020000)
(100010) (100010)
(200100) (200100)
(301000) (301000)
(310000) (310000)

Table 7.4. The outputs obtained by running Algorithm 7.1 with 6x = 0.3, 65 = 0.8 (case (i)) and 6x = 0.15,
65 = 0.8 (case (ii)) in the case r = 0.15 for the model problem in Section 7.3.4.

ticularly strong refinement near the origin, where the primal solution exhibits a singularity (see
Figure 7.14 (left)); in addition to that, for smaller values of r (e.g., r = 0.15, 0.3), the triangulation
is strongly refined in a neighbourhood of xy due to sharp gradients in the corresponding dual
solutions (note that the refinements in the neighbourhood of xg become coarser as r increases).

Let us now fix r = 0.15 (which gives C ~ 95.271 in (7.26)) and run Algorithm 7.1 with two sets
of marking parameters: (i) 6x = 0.3, 65 = 0.8; (ii) 6x = 0.15, 65 = 0.8. In both computations we
choose Mg = 1 in (5.35) and set the tolerance tol = 6.0e-04.

In Table 7.4, we collect the outputs of computations in both cases. In agreement with results
of the experiments of previous Sections 7.3.2 and 7.3.3, we see that running the algorithm with a
smaller value of O (i.e., in case (ii)) requires more iterations to reach the tolerance (see the values
of L in both columns in Table 7.4). We also observe that, for a fixed 65, choosing a smaller 6

naturally results in a less refined final triangulation (#7, = 67,871 in case (ii) versus #7, = 79,518
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6x =0.3,05 =0.8 Ox =0.15, 05 = 0.8
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Figure 7.16. Error estimates 7,, p, T¢Cp and the reference error |G(u..r) — G(up)| at each iteration of Algo-
rithm 7.1 with 8x = 0.3, 65 = 0.8 (case (i), left) and Ox = 0.15, 85 = 0.8 (case (ii), right) in the case r = 0.15
for the model problem in Section 7.3.4. Here, G(u,ef) = 0.144497e+01.
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Figure 7.17. The effectivity indices for the goal-oriented error estimates 7,(, at each iteration of Algo-
rithm 7.1 in the case r = 0.15 for the model problem in Section 7.3.4.

in case (i)), although, for the chosen tolerance, the final index set P, generated is the same in both
cases (21 indices with 6 active parameters).

By looking now at Figure 7.16 we observe that the energy error estimates 7, and C, decay
with the same rate of about O(N=2-3%) for both sets of marking parameters; this yields an overall
rate of about O(N~%/3) for 7, in both cases. However, we can see that in case (ii), the estimates
7, decay with a nearly optimal rate of O(N~9) during mesh-refinement steps. This is due to a
smaller value of the marking parameter Ox in this case and consistent with what we observed in
the experiment in Section 7.3.3.

Finally, we compute the effectivity indices ¢, defined in (7.23) at each iteration of the algorithm
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7. ADAPTIVE ALGORITHMS FOR GOAL-ORIENTED ERROR ESTIMATION

by employing a reference Galerkin solution u,es computed using the triangulation 7, (to be the
uniform refinement of 7; produced in case (i)) and the reference index set P := P, UM, where
P, and M| are generated in case (ii). The effectivity indices are plotted in Figure 7.17. This plot
shows that the sequence (7,Cy)s, € =0,..., L, provides sufficiently accurate estimates of the error in
approximating G(u), as the effectivity indices tend to vary in a range between 1.8 to 2.5 for both
sets of marking parameters.

The results of this experiment show that Algorithm 7.1 with appropriate choice of marking
parameters generates effective approximations to the mean of the quantity of interest associated
with point values of the spatially singular solution to the considered parametric model problem.
In agreement with results of the experiment in Section 7.3.3, we conclude that smaller values of
the spatial marking parameter Ox (such as 6x = 0.15 as in case (ii)) are, in general, preferable, as
they yield nearly optimal convergence rates (for the error in the goal functional) during spatial

refinement steps.
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Chapter 8

Concluding remarks

The development of robust numerical schemes for efficient discretisation of continuous mathe-
matical models with inherent uncertainties has been a very active research theme in recent years.
In this context, and largely for PDE based problems, the design of efficient adaptive strategies is
evermore a demanding task to mitigate the so-called ‘curse of dimensionality’, that is a deteriora-
tion of convergence rates and an exponential growth of the computational cost as the dimension
of the discrete parameter space increases. In particular, adaptive algorithms are indispensable
when solving a particularly challenging class of parametric problems represented by PDEs whose
inputs data depend (e.g., in an affine way) on infinitely many uncertain parameters.

In this work, we considered a simple example of elliptic boundary value problem whose un-
certainty is represented by a random diffusion coefficient. Furthermore, homogeneous Dirichlet
conditions were imposed on the boundary of physical domains. The numerical method we pri-
marily decided to focus on is the intrusive SGFEM whereas the type of a posteriori error estimates
that we used to design adaptive strategies for our model problem are hierarchical and two-level
estimates. The more important contribution of this thesis has been the design and development
of innovative adaptive algorithms, under the SGFEM framework, for the numerical computation
of solutions to the parametric PDE problem using the above mentioned type of error estimates.

The first adaptive algorithm presented in Chapter 5 is driven by precise estimates of the error
reductions that would be achieved by pursuing different refinement strategies. There are two
distinctive features in our approach. Firstly, the approximation error is controlled in the algorithm
via hierarchical a posteriori error estimates; we do not claim originality of the associated analysis,
yet we observe that, to our knowledge, an efficient algorithm of this type was missing in the
literature. Secondly, the error reduction estimates are used in the algorithm (specifically, in its

second version) not only to guide adaptive refinement but also to choose between spatial and
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parametric refinement at each iteration step.

The second adaptive algorithm proposed in Chapter 6, essentially follows the same lines of
that of Chapter 5. For both algorithms, in fact, the aim was the estimation of the energy norm
of the global error. However, in Chapter 6 we introduced the novel two-level error estimate and
proved that it is both efficient and reliable. The associated algorithm using such estimate, in
its four possible versions, does not require an extra step for solving any linear system for the
estimation of errors arising from spatial discretisations. When compared to hierarchical error es-
timation, this approach leads to an undeniable benefit in terms of the overall computational time
(see the numerical experiment in Section 6.4.1). Moreover, with a rigorous convergence analysis of
the adaptive algorithm, the sequence of generated two-level error estimates is proved to converge
to zero (see [25]), and further to that, we proved that the two versions of the algorithm which
use only the Dorfler strategy in the associated marking criteria (i.e., Algorithms 6.1v1 and 6.1v2),
yield a sequence of global errors which converges linearly.

Finally, we developed a goal-oriented adaptive algorithm for the approximation of a quantity
of interest which is a linear functional of the solution to parametric problem. The algorithm is
driven by two-level a posteriori estimates of the energy errors (although it works with any relia-
ble and computable a posteriori error estimate) in Galerkin approximations of the primal as well
as associated dual solutions. The main novelty is that the components of the error estimates for
primal and dual solutions are used to guide the adaptive enhancement of the discrete space as
well as to assess the error reduction in the product of these estimates which is seen to be a reliable
estimate for the approximation error in the quantity of interest. This information about the er-
ror reduction is then employed to choose between spatial refinement and parametric enrichment
throughout the iterations of the algorithm.

Future work that would conclude the investigation reported here, includes the mathemati-
cal justification, via convergence analysis, of the adaptive SGFEM algorithm using hierarchical
estimates for the energy error estimation as well as of the goal-oriented adaptive algorithm in
Chapter 7. Alternatively, other obvious possible extensions include the use of other compati-
ble types of spatial mesh-refinement rules to be used in the proposed algorithms (e.g., general
newest vertex bisections or regular refinements, instead of just longest edge bisections), the re-
design of the algorithms in case of other elliptic operators, or the treatment of non-homogeneous

boundary conditions. In fact, for example, we observe that the analysis of hierarchical error es-

141



8. CONCLUDING REMARKS

timation for parametric PDEs is well-established in case of homogeneous Dirichlet conditions
(see Sections 5.1 and 5.2) but the extension to non-homogeneous boundary conditions seems still
missing; the same extension could be investigated if two-level error estimates are used in adaptive
algorithms. Furthermore, the case of problems with parametric right-hand sides sources as well
as parameter-dependent functions in the definition of the goal functional for goal-oriented esti-
mation may be interesting topics that would contribute to fill gaps in the current literature about
parametric PDEs.

To conclude, we recall that the numerical software implementing the proposed adaptive al-
gorithms in this thesis is available online and can be used to reproduce the presented numerical

results as well as to help future investigations about parametric elliptic problems.
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Appendix A

Numerical experiment of Section 6.4.2 (extended
version)

Tables A.1-A.4 collect the computational costs (6.39) as well as the empirical convergence rates for
Algorithms 6.1v1-6.1v4 applied to the parametric model problem in Section 6.4.2. The empirical
convergence rates are computed as the slopes of the lines which are best fit, in the least squares
sense, of the overall error estimates 7, computed by the algorithm with the corresponding pair of
marking parameters (O, 0p)€© xO with © ={0.1,0.2,...,0.9}. Observe that all rates are similar
and vary in a range between —0.36 and —0.32. In each table, numbers in boldface indicate the
smallest cost in the corresponding row (i.e., for fixed 6x), whereas the starred boldface number

denotes the overall smallest cost in the table.
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A. NUMERICAL EXPERIMENT OF SECTION 6.4.2 (EXTENDED VERSION)

Algorithm 6.1v1

N Or 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
01 36,634,764 36,634,764 36,634,764 36,634,764 36,634,764 37,126,693 38,135,658 38,948,918 36,522,593
—-0.3395 —-0.3395 —-0.3395 —-0.3395 —-0.3395 -0.3412 -0.3401 —-0.3398 —-0.3401
0.2 10,652,382 10,652,382 10,652,382 10,652,382 10,652,382 10,472,434 10,611,056 10,842,902 9,891,950
-0.3386 —-0.3386 —-0.3386 —-0.3386 —-0.3386 —-0.3401 -0.3392 —-0.3395 —-0.3398
0.3 5,737,346 5,737,346 5,737,346 5,737,346 5,737,346 5,398,269 5,444,071 5,491,501 4,487,527
-0.3380 -0.3380 -0.3380 -0.3380 -0.3380 -0.3392 -0.3386 -0.3390 -0.3392
0.4 4,066,841 4,066,841 4,066,841 4,066,841 4,066,841 3,657,156 3,703,037 3,738,567 3,005,547
-0.3369 -0.3369 —-0.3369 —-0.3369 -0.3369 -0.3382 —-0.3379 -0.3384 —-0.3385
0.5 2,974,895 2,974,895 2,974,895 2,974,895 2,974,895 2,523,497 2,526,413 2,521,302 2,193,757
—-0.3360 -0.3360 —-0.3360 -0.3360 —-0.3360 -0.3374 -0.3373 —-0.3381 —-0.3380
0.6 2,838,789 2,838,789 2,838,789 2,838,789 2,838,789 2,323,857 2,351,810 2,331,065 1,900,951
-0.3371 -0.3371 -0.3371 -0.3371 -0.3371 —-0.3383 -0.3384 —-0.3389 —-0.3385
0.7 2,658,382 2,658,382 2,658,382 2,658,382 2,658,382 2,094,382 2,046,871 2,014,430 1,566,530
-0.3373 -0.3373 -0.3373 -0.3373 -0.3373 -0.3380 -0.3390 -0.3399 -0.3394
0.8 2,454,929 2,454,929 2,454,929 2,454,929 2,454,929 2,403,912 1,628,563 1,560,286* 1,731,044
-0.3346 -0.3346 —-0.3346 -0.3346 -0.3346 -0.3354 -0.3367 -0.3363 -0.3373
0.9 3,042,687 3,042,687 3,042,687 3,042,687 3,042,687 2,891,115 1,978,191 1,776,192 1,993,972
-0.3278 -0.3278 -0.3278 -0.3278 -0.3278 —-0.3308 -0.3289 -0.3321 -0.3334

Table A.1. Computational cost (top of the cell) and empirical convergence rates (bottom of the cell) for
Algorithm 6.1v1 applied to the parametric model problem in Section 6.4.2.

Algorithm 6.1v2

Oy Or 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
01 55,591,871 55,591,871 55,591,871 61,960,516 71,558,237 82,193,108 90,977,432 99,219,735 > 1e+08
—-0.3543 —-0.3543 -0.3543 -0.3478 -0.3372 -0.3326 —-0.3288 -0.3281 -0.3216
0.2 11,801,518 11,801,518 11,801,518 11,606,375 12,864,430 13,991,407 14,616,770 15,930,094 18,204,663
—-0.3543 -0.3543 -0.3543 -0.3542 -0.3479 -0.3424 -0.3377 -0.3376 -0.3362
0.3 5,385,296 5,385,296 5,385,296 5,385,296 5,340,256 5,757,081 6,042,307 5,796,230 6,330,829
-0.3499 -0.3499 -0.3499 -0.3499 —-0.3492 -0.3454 -0.3416 —-0.3452 -0.3391
0.4 3,587,223 3,587,223 3,587,223 3,587,223 3,626,569 3,432,938 3,338,087 3,086,323 3,165,582
—-0.3457 —0.3457 —-0.3457 —-0.3457 —-0.3461 -0.3467 -0.3442 —-0.3473 -0.3425
0.5 2,874,852 2,874,852 2,874,852 2,874,852 2,874,852 2,380,185 2,560,036 2,081,426 2,582,765
-0.3429 —-0.3429 -0.3429 -0.3429 -0.3429 —-0.3464 —-0.3451 —-0.3465 —-0.3430
0.6 2,883,427 2,883,427 2,883,427 2,883,427 2,883,427 2,259,538 2,307,901 1,764,686 2,078,219
—-0.3383 —-0.3383 —-0.3383 —-0.3383 —-0.3383 -0.3411 -0.3421 -0.3422 —-0.3415
0.7 3,157,697 3,157,697 3,157,697 3,157,697 3,157,697 2,146,095 1,973,460 1,966,801 1,488,993*
-0.3292 -0.3292 -0.3292 -0.3292 -0.3292 -0.3350 —-0.3383 —-0.3389 -0.3398
0.8 3,381,315 3,381,315 3,381,315 3,381,315 3,381,315 2,613,691 1,641,372 1,549,138 1,720,006
-0.3237 -0.3237 -0.3237 -0.3237 -0.3237 -0.3320 -0.3355 -0.3369 -0.3378
0.9 4,886,790 4,886,790 4,886,790 4,886,790 4,886,790 3,708,374 2,288,775 2,071,551 1,993,972
—-0.3153 —-0.3153 —-0.3153 -0.3153 —-0.3153 -0.3205 -0.3246 -0.3282 -0.3334

Table A.2. Computational cost (top of the cell) and empirical convergence rates (bottom of the cell) for
Algorithm 6.1v2 applied to the parametric model problem in Section 6.4.2.
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Algorithm 6.1v3

N Or 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
01 37,126,693 38,436,652 31,766,942 38,948,918 40,891,821 35,855,809 30,252,882 44,306,077 47,582,801
-0.3412 -0.3392 -0.3391 -0.3398 —-0.3400 -0.3397 -0.3397 —-0.3389 -0.3342
0.2 10,472,434 10,293,846 8,743,434 10,842,902 10,790,957 9,833,369 8,317,634 12,082,564 12,942,155
-0.3401 —-0.3388 —-0.3388 -0.3395 -0.3397 —-0.3395 -0.3395 -0.3389 -0.3338
0.3 5,398,269 5,386,660 4,609,593 5,491,501 5,194,711 4,573,863 4,270,672 6,113,283 5,957,047
-0.3392 -0.3382 -0.3384 -0.3390 -0.3390 -0.3391 -0.3390 -0.3382 -0.3334
0.4 3,657,156 3,573,880 3,169,527 3,738,567 3,352,712 3,024,178 2,634,872 4,146,897 3,567,033
-0.3382 -0.3372 -0.3373 -0.3384 —-0.3384 -0.3380 -0.3378 -0.3370 -0.3325
0.5 2,523,497 2,380,561 2,459,900 2,521,302 2,102,539 2,260,210 1,847,454 2,721,150 2,572,804
-0.3374 -0.3367 —-0.3368 —-0.3381 -0.3379 -0.3374 -0.3371 —-0.3369 -0.3320
0.6 2,323,857 2,168,310 2,271,816 2,331,065 1,828,574 2,004,779 1,533,861 2,528,526 2,294,306
-0.3384 -0.3377 —-0.3382 —-0.3389 -0.3384 —-0.3390 —-0.3386 -0.3378 -0.3325
0.7 2,094,382 1,891,752 1,970,087 2,014,430 1,496,851*% 1,710,029 1,793,937 2,185,402 1,837,025
-0.3380 -0.3375 -0.3376 -0.3399 —-0.3393 -0.3383 -0.3383 -0.3377 -0.3325
0.8 2,403,912 2,162,469 2,240,383 1,560,286 1,645,652 1,940,368 2,048,616 1,620,466 2,089,746
-0.3354 -0.3347 -0.3362 -0.3363 -0.3370 -0.3368 -0.3370 -0.3353 -0.3297
0.9 2,891,115 2,621,348 2,830,679 1,776,192 1,885,067 2,470,591 2,619,845 1,880,106 2,611,297
—-0.3308 —-0.3295 -0.3283 -0.3321 -0.3329 -0.3282 —-0.3285 -0.3295 -0.3231

Table A.3. Computational cost (top of the cell) and empirical convergence rates (bottom of the cell) for
Algorithm 6.1v3 applied to the parametric model problem in Section 6.4.2.

Algorithm 6.1v4

Oy O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
01 65,375,862 78,893,946 82,752,064 86,536,330 85,276,880 94,093,402 > 1e+08 > 1e+08 > 1e+08
—-0.3482 -0.3367 -0.3375 —-0.3383 —-0.3389 -0.3378 —-0.3339 -0.3285 -0.3235
0.2 11,852,403 12,956,995 13,658,830 14,138,022 14,888,877 16,118,678 17,014,103 17,774,020 22,821,433
-0.3516 -0.3447 -0.3427 -0.3475 -0.3441 -0.3443 -0.3412 -0.3370 -0.3294
03 5,393,465 5,187,233 5,976,264 5,607,496 6,018,687 6,200,892 6,737,413 6,628,919 8,667,208
—-0.3482 -0.3503 —0.3465 —-0.3462 —-0.3443 -0.3415 —-0.3383 -0.3354 -0.3279
0.4 3,359,537 2,993,784 2,968,892 3,086,323 3,280,115 3,526,098 3,229,531 3,942,973 5,087,723
—-0.3466 —-0.3499 —-0.3484 -0.3473 —-0.3460 —-0.3446 —-0.3419 -0.3367 -0.3298
0.5 2,380,185 2,317,914 2,570,641 2,081,426 2,294,857 2,461,136 2,727,436 2,513,794 3,221,702
—-0.3464 —-0.3467 —-0.3466 —-0.3465 —-0.3456 -0.3442 -0.3422 -0.3384 -0.3316
06 2,259,538 2,163,842 1,719,454 1,764,686 1,897,407 2,067,075 1,672,508 1,935,515 2,563,621
-0.3411 —-0.3402 -0.3413 -0.3422 -0.3423 -0.3412 —-0.3395 -0.3370 —-0.3309
0.7 2,146,095 1,952,007 2,000,424 1,966,801 1,460,210* 1,604,638 1,740,662 2,050,900 1,855,200
-0.3350 -0.3347 -0.3363 -0.3389 -0.3383 -0.3389 -0.3386 -0.3370 -0.3305
0.8 2,613,691 2,613,691 2,429,679 1,549,138 1,634,584 1,806,369 1,977,211 1,621,561 2,093,208
-0.3320 -0.3304 —-0.3331 —-0.3368 —-0.3375 -0.3381 —-0.3380 —-0.3349 -0.3304
0.9 3,708,374 3,151,928 3,183,738 2,071,551 1,885,067 2,470,591 2,386,770 1,880,106 2,439,044
—-0.3205 -0.3189 -0.3249 -0.3288 -0.3329 -0.3287 -0.3311 -0.3295 -0.3254

Table A.4. Computational cost (top of the cell) and empirical convergence rates (bottom of the cell) for
Algorithm 6.1v4 applied to the parametric model problem in Section 6.4.2.
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Appendix B

Stochastic T-IFISS package

In this appendix, we describe the Stochastic T-IFISS package [28] used for all numerical experi-
ments in this thesis. The name T-IFISS stands for Triangular Incompressible Flow & Iterative Solver
Software. Stochastic T-IFISS is the extension, to stochastic Galerkin approximations of diffusion
problems with random coefficients, of the core version of the open source Matlab toolbox T-IFISS
[123] for solving deterministic elliptic problems on two-dimensional domains using finite element
method; spatial discretisations in both Stochastic T-IFISS and T-IFISS are performed by means of
triangular meshes. In turn, T-IFISS has been developed on top of the Matlab toolbox IFISS [60]
that was produced to perform computational experiments in the monograph [61]; in IFISS, deter-
ministic elliptic problems on domains are discretised using rectangular meshes. In what follows,
we briefly highlight the main components of Stochastic T-IFISS. Note that this is not supposed to
be a detailed technical description of the toolbox. This short appendix is rather intended to be the

starting point of a future complete documentation of the software.

B.1 Overview. Stochastic T-IFISS has been mainly designed to support the investigation about the
topics reported in this work. The package is organised in a modular way using task-specific mo-
dules, each of them dedicated to the various component aspects of solving individual parametric
PDE problems. This makes easy for the user to experiment with the code and, most importantly,
to include additional features as well as extract parts of the package to be used for distinct pur-
poses. In particular, the toolbox is accessible to anyone with a basic knowledge of Matlab. Also,
Stochastic T-IFISS takes advantage of Matlab high-level programming, portability, and readabi-
lity as well as vectorisation features that enable fast and efficient computation: wherever possible,
Stochastic T-IFISS routines are written so as to exploit vectorised computation over, for example,

finite elements (such as assembling of stiffness matrices or mesh-refinements).
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B. STOCHASTIC T-IFISS PACKAGE

The Stochastic T-IFISS toolbox includes all directories composing the T-IFISS package. In fact,
Stochastic T-IFISS makes use of several T-IFISS files such as marking strategies and quadrature
rules. Most important features of current version 1.2 of Stochastic T-IFISS are Galerkin linear
and quadratic spatial discretisations (quadratic discretisations only for non-adaptive codes), vi-
sualisation of generated domains as well as mean value and variance of computed solutions, fast
mesh-refinement routines (spatial refinement can be either element or midpoint based), and im-
plementation of adaptive algorithms driven by built-in a posteriori error estimates of the genera-
ted solutions.

Main routines in Stochastic T-IFISS implementing stochastic Galerkin approximations for
parametric PDEs problems have been initially developed for the numerical SGFEM discretisation
of model problem (4.5) (see [27]); a further extension included all routines for the goal-oriented
numerical approximation of quantities of interest discussed in [26]. In particular, Stochastic T-
IFISS contains self-adaptive test problems implementing adaptive Algorithms 5.1 and 7.1 able to
reproduce the experiments in Sections 5.4 and 7.3. Both hierarchical (see Chapter 5) and two-
level (see Chapter 6) error estimates are then also implemented and can be used for a posteriori

energy error estimations.

B.2 Directory structure and test problems. In Stochastic T-IFISS, function files to run SGFEM
approximations for parametric PDEs are included in the directory stoch_diffusion. The names
of all function files in stoch_diffusion start with stoch_. Within this directory, main subdirec-

tories are:
* /stoch_diffusion_adapt/ includes important routines used by self-adaptive examples,
such as main drivers for the setup of initial parameters, marking strategies, and error es-

timation techniques;

* /stoch_goafem/ includes all routines for self-adaptive goal-oriented examples; the names

of all function files in this subdirectory start with stoch_goafem_;

* /test_problem/ contains files for the definition of diffusion coefficients, boundary condi-
tions, and source terms for the set up of built-in reference test problems. These include

problems with both estimation of the energy error and prescribed quantities of interest.

Current reference problems implemented in Stochastic T-IFISS are parametric PDEs posed over

three available spatial domains, square, L-shaped, and slit domains (see Section 5.4), and using

147



B. STOCHASTIC T-IFISS PACKAGE

three main type of parametric coefficients. These are the synthetic random field (5.44) from
[54, 55], the KL-expansion of random fields with covariance (3.9), and expansion (3.17) from
[88]. For goal-oriented examples, the setup of reference test problems is the one described in
Section 7.3.1; this includes the parametric version of Example 7.3 in [95] for the estimation
of directional derivatives as well as the estimation in approximating pointwise values (see Sec-
tion 7.3). Main drivers runnig self-adaptive algorithms for the above mentioned model problems
are stoch_adapt_testproblem and stoch_goafem_testproblem, respectively, that can be found

inside the /test_problem/ subdirectory.

B.3 Data structures (spatial approximations). Let 7 = {Ty,..., Ty, } be a conforming and shape-
regular triangulation with Ny := #7 elements of D C R?. Let Ny := #\/(7) be the number of total
vertices, NQ := #N°(7T ) be the number of interior vertices, and N;?D = #(Ny \ NQ) be the number of
boundary vertices (note that Ny = N)? + N)‘?D). Let N(T) = {xq,...,xy,} be the set of total vertices.

The triangulation 7 is represented by the matrices xy and evt, and vectors interior and bound:

* xy is a Ny x 2 matrix containing the physical coordinates of all vertices. The i-th row of xy

stores the coordinates of the i-th vertex x; = (x(li), x(zi)) eN(T), ie., xy(i,:)= [x(li) x(zi)];

* evtis a Ny x 3 matrix containing the elements vertices’ numbers. That is, the n-th element
T, = conv({x;, x;, xc}) € T with vertices x;,x;,x, € N(T) is stored in evt(n,:) =[i j k],

with vertices counted in counterclockwise order;

* interioris a NQ x 1 vector containing the global numbers of interior vertices of 7. For

example, if N'°(T) = {x1, X2, X4, X}, then interior=1[1 2 4 6]7;

* bound is a N)‘?D x 1 vector containing the global numbers of boundary vertices of 7. For
example, if N'(7)N 3D = {xq, X5, x5}, then bound = [1 2 5]7. Note that {interior, bound}

=1{1,2,..., Ny}

Figure B.1 shows an illustrative triangulation and the associated matrices and vectors described
above; these are, in particular, the spatial data structures required for the numerical computation
of the SGFEM solution. A remark about enumeration of vertices and edges is due here. Given
T = conv({x;,xj,xx}) € T, with 1-st vertex x;, 2-nd vertex x;, and 3-rd vertex x, counted counter-

clockwise, it is assumed that
* the 1-st edge of T is the one in front of x;, i.e., conv({x;, x,});
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1+ Xy evt bound interior
1 -1 -1 1 5 41 11 1 5
@ @ 2 0 -1 21 2 5 2 2
©) 5 1 -1 352 3 5 3
okta 6 4 -1 0 4 3 6 5 4 4
s 0 O s 5 6 9 5 6
@ @ e 1 O 6 9 8 5 6 7
@ @ 7 -1 1 7 5 8 7 7 8
s O 1 s 7 4 5 s 9
g 2 3 s 1 1
0

1

Figure B.1. Triangulation 7 of the square domain D = (~1,1)? with Ny = 8 elements (circled numbers in
black) specified by evt matrix and Ny = 9 vertices (numbers in blue) specified by xy matrix. Interior and
boundary vertices are stored in interior and bound vectors, respectively.

5 4
1 eboundt els eex tve
111 1 1.00 1.41 1.00 1002 1001
@ 212 21.001.411.00 2130 2330
6 @23 2 3 323 31.41 2.00 1.41 3042 3022
2 431 41.41 2.00 1.41 4030 4020
L ® 541
643
1
1 2 3

Figure B.2. Local enumeration of the edges of a conforming and shape-regular (structured) triangulation
7T with four elements; numbers in blues are vertices’ global numbers of 7 whereas circled numbers are
elements’ numbers. Coloured numbers denote local elements’ edges. Associated data structures eboundt,
els, eex and tve. Zeros entries in eex and tve indicate the boundary edges.

* the 2-nd edge of T is the one in front of x;, i.e., conv({x, x;});

* the 3-rd edge of T is the one in front of xy, i.e., conv({x;, x;}).

In particular, for a shape-regular (structured) triangulation 7, the local enumeration of the vertices
of an element T € 7 is such that the longest edge of T is the second one (see Figure B.2).

Additional data structures are the eboundt, els, eex, and tve matrices:

* eboundt is a matrix containing the boundary elements’ numbers and local numbers of the
corresponding edges lying on the boundary dD. By boundary element, we mean an element

having either one or two edges lying on the boundary;

* els is a Ny x 3 matrix containing, on each row, the lengths of the 3 edges of all elements
in7;

* eex is a Ny x 3 matrix storing the element patches (see (2.7)) of all elements in 7. That is, if
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1 -
xyY evtY boundY Ybasis
075 1 0.50 0.25 1128 1 4 11213
2 0.25 0.25 2461 2 5 21 3 22
3 0.25 0.75 3523 3 6 33431
05T 4+ 0.75 0.00 4379 47 22211
s 0.00 0.25 5 8 s 3311
0.25 | s 0.75 0.25 6 9 6 2 2 2 2
7 0.25 0.75 74 4 2 2
ok s 0.25 0.00 s 1 133
s 0.00 0.75 94 433
1 1 1 1 1

0 0.25 0.5 0.75 1

Figure B.3. Data structures for the detail grid associated with the detail space Y on a given triangulation 7
with #7 = 4 elements.

w(T,) ={Ty, Tp, T¢} with T, sharing the 1-st edge of T,, T, sharing the 2-nd edge of T,, and Ty

sharing the 3-rd edge of T, then eex(n,:) =[m ¢ k];

* tveisa Ny x3matrix for the ‘edge-location’ of neighbours in the element patches. For exam-
ple, if T, € T shares the 1-st, the 3-rd, and the 2-nd edge of its corresponding neighbours

(stored in eex), respectively, then tve(n,:) =[1 3 2].

See Figure B.2 for an example of the data structures eboundt, els, eex, and tve for a given triangu-
lation. In particular, these four data structures are needed for solving local element residual prob-
lems (5.34) for the computation of hierarchical error estimate 7xp (see stoch_diffpost_p1_yp
below).

Given the finite element space X(7') associated with 7, Stochastic T-IFISS also includes some
data structures to store information about the detail grid for the corresponding first-order detail
space Y (see (5.3)) associated with uniform NVB refinements of 7 (see Figure 5.1(b)). That is, the
detail grid stores information about the ‘mesh’ consisting of midpoints introduced by uniform
NVB refinements associated with Y. Let Ny = #£(7") and NeD =#(&E(T)\ E°(T)) be the number of
total and boundary midpoints, respectively. The detail grid is represented by the matrices xyY,

evtY, boundY, and Ybasis, where:

* xyYis a Ny x 2 matrix containing the physical coordinates of the midpoints of all edges of 7
(cf. xy);
* evtY is a Ny x 3 matrix containing all midpoints’ numbers per element. That is, if mid-

points z;, z;, z; € N lie on the 1-st, the 2-nd, and the 3-rd edge of the n-th element T, €7,
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respectively, then evtY(n,:) =[i j k];
* boundYisa NgD x1 matrix containing the global numbers of boundary midpoints (cf. bound);

* Ybasis is a Ny x 4 matrix storing information about position of linear basis functions of Y,
that is, information about midpoint positions with respect to the elements. For example,
suppose that the i-th row of Ybasis is Ybasis(i,:) =[n m j k]. It means that midpoint
z; lies on the (i-th) edge shared by elements T, T,, € 7, and that such edge is the j-th (local)
edge of T, and the k-th (local) edge of T, (i.e., j,k € {1,2,3}). In particular, the first two
entries n and m, indicate the patch of (the two) elements containing the support of the i-th

basis function of Y (i.e., supp(¢;) € T, U T,).

See Figure B.3 for an illustrative example triangulation with associated detail grid data structures
xyY, evtY, boundY, and Ybasis. These four matrices are used by Stochastic T-IFISS routines for

the assembling of the two-level error estimate Txp (see stoch_diffpost_p1_yp_2level below).

B.4 Data structures (parametric approximations). Let P be the finite index set for parametric
approximations, and recall that Np and My denote its cardinality and the number of active pa-
rameters, respectively. In Stochastic T-IFISS, two main variables take account of the number of
parameters: the variable norv, is a global variable storing the maximum number of parameters
allowed for numerical computation, while noarv denotes the number of active parameters (i.e.,

My) which vary throughout adaptive computations. Other main variables and data structures are:
* distribution is the variable storing the distribution type of random parameters. These can
be uniformly distributed on [-1, 1] or having ‘truncated’ Gaussian density (4.27) on [-1,1];

* indset is a Np x Mp matrix which stores the given index set P. Each row of indset is an

index v e P;
* Gisa 1x(Mp+1)cell array which stores the G matrices (4.47) for the given index set indset;

* Q_indset is a matrix storing the finite detail index set Q, defined in (5.35), associated with

indset;

* GPQ is the cell array which stores the G matrices associated with index sets P and Q (cf.
(4.47)); these matrices appear in the assembling of the right-hand side of (5.27) where there

are both uxyp € Vxp and v € X®P,, with p € Q.
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B.5 List of main functions. Here, we report an incomplete list of functions of Stochastic T-IFISS.
In particular, we list the main functions for the stages composing the loop of self-adaptive rou-
tines. We briefly explain what each function does (notice that in writing functions’ names, we do
not specify the input and output arguments). For more information, we refer to detailed descrip-

tions supplied by single functions in the package.
Initialisation step:

* stoch_adapt_init_param: scriptfile that sets up all initial variables. Among the most im-
portant, there are variables for the version’s type of the adaptive algorithm, tolerance, type
of error estimate (hierarchical or two-level), marking strategy (maximum or Dorfler), and

associated threshold parameters;

* stoch_adapt_init_spatial: scriptfile for the generation of the initial triangulation of the

spatial domain and all associated data structures (see Section B.3);

* stoch_adapt_init_stoch: scriptfile for the set up of random diffusion coefficients, distri-
bution of parameters as well as associated data structures for parametric discretisations (see

Section B.4).

The same scriptfiles for the goal-oriented adaptive algorithm (e.g., stoch_goafem_init_param)

fulfill similar tasks.
SOLVE module:

* stoch_femp1_setup: function for assembling (first-order) stochastic matrices as well as

source vectors in linear system (4.44);

* stoch_femp2_setup: as stoch_femp1_setup but for second-order spatial Galerkin approxi-

mations;

* stoch_impose_bcx: imposes prescribed Dirichlet boundary conditions on both sides of li-

near system (4.44);
* stoch_est_minresx: function implementing a preconditioned MINRES solver for the solu-
tion of linear system (4.44) and the computation of SGFEM approximations (see [122]).
ESTIMATE module:

* stoch_diffpost_p1_yp: this function computes the energy norm (5.37) of spatial estimator

eyp defined in (5.20) by implementing the element residual method (5.34);
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* stoch_diffpost_p1_yp_linsys: this function also computes the energy norm of spatial
estimator eyp defined in (5.20) but by solving the global assembled linear system directly
arising from discrete formulation (5.20) (assembled linear system is solved using Matlab

backslash (\) operator);

* stoch_diffpost_p1_yp_2level: this function assembles the spatial part (6.31) contribu-

ting to the two-level estimate (6.33);

* stoch_adapt_diffpost_p1_xq: this function computes the energy norm of parametric es-
timator exq defined in (5.21) by exploiting the decomposition into contributing individual
indices in the detail index set Q (see (5.27)); this is used by both hierarchical and two-level

error estimates.

MARK module:

* stoch_adapt_marking: main driver for the marking step of adaptive loops. It calls the
marking strategies routines for spatial and stochastic component of SGFEM approximation;
for spatial marking, the function allows the marking of both elements and midpoints (i.e.,
edges);

* marking_strategy_fa: function implementing the maximum and the Dorfler marking stra-

tegies (see Section 2.3.1);

* get_all_marked_elem: this function returns the set of overall marked elements (resp. mid-
points) that have to be refined (resp. introduced) to keep the conformity once the current

triangulation is refined.

REFINE module:
* mesh_ref: main driver for spatial mesh-refinements. It returns the updated data structures
xy, evt, bound, interior, and eboundt (see Section B.3) for the refined triangulation;

* bisection: function implementing NVB refinements where reference edges are the longest

edges;

* stoch_pol_enrich: scriptfile performing the parametric enrichment, i.e., it enlarges the

current index set indset by appending the set of marked indices.
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B.6 Some useful commands. Here, we report some useful Matlab commands that can be used to
obtain information on the underlying triangulation as soon as spatial data structures are available

(see Section B.3):

* get the number of elements and total vertices of triangulation 7, respectively:
size(evt,1), size(xy,1);

* get the number of total edges (i.e., midpoints) of triangulation 7:

size(evtY,1);
* get the coordinates of interior and boundary vertices, respectively:
xy(interior,:), xy (bound, :);

* get the elements sharing the vertex x; € V(7)) (i.e., the vertex patch w(x;)):
find( sum( (evt==i), 2) );

* get the elements sharing the midpoint z; € N'* (i.e., the edge E; € £(T)):

Ybasis(j,1:2) or find( sum( (evtY==j), 2) );
» get the elements sharing one edge with the element T, € 7 (i.e., the element patch w(T,)):

eex(n,:) or setdiff( Ybasis( evtY(n,:),1:2 ), n ).
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