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Abstract

Mathematical models based on partial differential equations (PDEs) play a central role in
science and engineering. This thesis aims to present some new perspectives on two different topics
regarding such models.

The first issue is concerned with how mismatch between the model and the real system can
often manifest itself. One way of dealing with such mismatch is to introduce stochasticity to model
any uncertainty present. Concurrently, the increasing prevalence of instrumentation within modern
engineering systems has driven the need for tools to combine sensor data with model predictions
to help mitigate any model misspecification. This has led to an increased interest in uncertainty
quantification (UQ). In the first part of this thesis we provide a review of the statistical finite
element method (StatFEM) which is an emerging probabilistic method that allows observations
of a physical system to be synthesised with the numerical solution of a PDE. We present a new
theoretical analysis of StatFEM demonstrating that it has similar convergence properties to the
finite element method on which it is based. Numerical examples are presented to demonstrate our
theory, including an example which tests the robustness of StatFEM when extended to nonlinear
quantities of interest.

The second issue is concerned with the fact that PDE models often involve a large number of
parameters increasing the computational burden. Thus, the study of methods to perform dimension
reduction are of vital importance. In the second part of this thesis we motivate the idea of localised
active subspaces for dimension reduction, where the dimension reducing subspace varies smoothly
as a function of the input parameters. To estimate localised active subspaces we then present a fully
Bayesian model based on Gaussian Processes, called GrassGP, which can be used to interpolate a
field of subspace-valued response-variables. Numerical experiments are presented to demonstrate

this.



Statement of Originality

I certify that this thesis, and the research to which it refers, are the product of my own work,
and that any ideas or quotations from the work of other people, published or otherwise, are fully

acknowledged in accordance with the standard referencing practices of the discipline.

Yanni Papandreou

November, 2023



Copyright

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are
licensed under a Creative Commons Attribution-Non Commercial 4.0 International Licence (CC
BY-NC).

Under this licence, you may copy and redistribute the material in any medium or format. You
may also create and distribute modified versions of the work. This is on the condition that: you
credit the author and do not use it, or any derivative works, for a commercial purpose.

When reusing or sharing this work, ensure you make the licence terms clear to others by naming
the licence and linking to the licence text. Where a work has been adapted, you should indicate
that the work has been changed and describe those changes.

Please seek permission from the copyright holder for uses of this work that are not included in

this licence or permitted under UK Copyright Law.



Acknowledgements

Firstly, I would like to thank my main supervisor, Dr Andrew Duncan, for giving me the oppor-
tunity to pursue this research, and for providing me with valuable advice, guidance, and support
over the last 4 years. His subject knowledge, expertise, and enthusiasm for this research have been
both inspirational and crucial to the completion of this thesis.

Secondly, I would like to thank my co-supervisor, Dr Jon Cockayne, for his abundant and
generous support and for always being there with friendly advice. Our supervision meetings have
always felt more collaborative rather than supervisory and I really appreciate all the times you
helped refrain me from continuing to hit my head on the wall - I do not think I could have finished
this thesis without all your support!

I would also like to thank my thesis examiners, Dr Nikolas Kantas, and Professor Simon Cotter,
for their thorough feedback and discussion. I am also thankful for the financial support received
from the Department of Mathematics at Imperial College in the form of a Roth Scholarship.
Without this funding this PhD would simply not have been possible.

A special thanks goes to the friends I have met over the years at Imperial College. They helped
carry me through the many highs and lows of the PhD. I am especially thankful to my office mate,
Francesco Sanna Passino, who was always there with useful advice over many lunches and coffee
breaks. I also want to thank my academic “brother” Enrico Crovini who has become one of my
closest friends - here is to many more years of friendship! A big thanks also goes to all of my friends
and support system outside academia, with a special mention to Zoe, Elias, Francesco, Shura, and
Manos, for all their patience and support throughout this long journey. I am so grateful to have
you all in my life.

To my family, with a special mention to my Godparents and my sister, Eleni: thank you for
always looking out for me and for providing me with love and support, especially during the difficult
moments of the PhD. Mom and Dad, thanks for always believing in me and for all the sacrifices
you guys made to allow me to follow this path.

Finally, to my partner, Meli. I cannot imagine getting through this PhD without all your love,
endless patience, and loyal support. You have been my anchor throughout this journey, and I am

eternally grateful to you.



Table of Contents

Abstract 3
Statement of Originality 4
Copyright 5
Acknowledgements 6
Table of Contents 7
List of Figures 11
List of Tables 14
1 Introduction 15
1.1 Theoretical Guarantees for the Statistical Finite Element Method . . . . . . . . .. 15
1.2 Grassmann-valued Gaussian Processes for Probabilistic Localised Active Subspaces 17
1.3 Contributions and Structure of the Thesis . . . . . . ... ... ... ... ..... 18

2 Background for StatFEM 21
2.1 Functional Analysis. . . . . . . . . . . . e e 21
2.1.1 Basics of Functional Analysis . . . . . . ... ... 21

2.1.2 Sobolev Spaces . . . . . . ... 24

2.2 Partial Differential Equations and the Finite Element Method . . . . . . . .. . .. 27
2.2.1 Partial Differential Equations . . . . . . ... ... ... ... L. 27

2.2.2 The Finite Element Method . . . . . . . . .. .. ... .. ... ...... 33

2.3 Probability Theory and Inference . . . . . . . ... ... .. L L. 36
2.3.1 Basics of Probability Theory . . .. ... ... .. ... ... ... ... 36

2.3.2  The Multivariate Normal Distribution . . . . . ... ... ... .. ... .. 37

2.3.3 Bayesian Inference . . . . .. ... L L 38

2.3.4 Gaussian Measures on Hilbert Spaces . . . . ... ... ... ... ..... 40



2.3.5  Gaussian Processes . . . . . . .. e e e e e e e e

2.3.6  Divergences on Spaces of Probability Measures . . . .. ... .. ... ...

3 Theoretical Guarantees for the Statistical Finite Element Method

3.1
3.2
3.3

3.6

Introduction . . . . . . ... oL
Related Work . . . . . . oo o o
The Statistical Finite Element Method . . . . . . ... ... ... .. ... .....
3.3.1 The StatFEM Model . . . . . ... ...
3.3.2  Posterior Updates of the StatFEM approximation . . . . ... ... ....
Discretisation Error Analysis . . . . . . . . . . ... e
Extension to time-dependent problems . . . . . . .. .. ... L oL
3.5.1 StatFEM for time-dependent problems . . . . . . .. ... .. .00
3.5.2  Discretisation Error Analysis . . . . .. .. .. L 0oL
3.5.3 Future work for the time-dependent case . . . . . . . ... ... ... ....

DiScussion . . . . . . . e e e e e e e e e

4 StatFEM Error Analysis Numerical Experiments

4.1
4.2

4.3

4.4

4.5

Introduction . . . . . . ...
One-dimensional Poisson Equation . . . . . . ... ... .. ... ..........
4.2.1 Prior results for I-D example . . . . . . . . ... ...
4.2.2 Posterior results for 1-D example . . . . . . . ... ... ... ...
Two-dimensional Poisson Equation . . . . ... ... .. ... .. ... ......
4.3.1 Prior results for 2-D example . . . . . .. ... oL oo
4.3.2  Posterior results for 2-D example . . . . . . ... 0oL
Distribution of the maximum . . . . . . .. .. ... L 0
4.4.1 Prior results for maximum example . . . . . . . ... ... o L.
4.4.2 Posterior results for maximum example . . . ... ... .. ... .. ....

DiScussion . . . . . . . e e e e e e e

5 Background for Probabilistic Modelling of Localised Active Subspaces

5.1
5.2
5.3
5.4

The Matrix Normal Distribution . . . . . ... ... ... . .. ... ..
Matrix-Valued Gaussian Processes . . . . . . . .. .. L oL
Hamiltonian Monte Carlo . . . . . . . .. . . o e
Differential Geometry and Manifolds . . . . . . . . . ... ... ... . .......
5.4.1 Basics of Differential Geometry . . . . . . . . ... ... L.
5.4.2  Statistics on Riemannian Manifolds . . . . ... ... ... ... ... ...

5.4.3 The Stiefel and Grassmann Manifolds . . . . . . ... . ... ... .....

51
51
o1
53
53
56
59
68
68
0]
76
76

78
78
79
79
80
82
82
84
85
86
86
87



6 Grassmann-valued Gaussian Processes for Probabilistic Localised Active Sub-

spaces 114
6.1 Introduction . . . . . . . . . . L 114
6.2 Related Work . . . . . . . oL 115
6.3 Ridge Approximation and Active Subspaces . . . . . . . ... L. 116
6.4 Localised Active Subspaces . . . . . . . . . L 122
6.5 Grassmann Valued Gaussian Processes . . . . . . . ... .. .. L. 124
6.5.1 Problem Formulation . . . ... ... ... ... ... . 0. 125

6.5.2 Lifting of the Dataset to the Tangent Space . . . . . . ... ... ... ... 125

6.5.3 Gaussian Process Model on the Tangent Space . . . . ... ... ... ... 126

6.5.4 GrassGP Model . . . . . . . .. 127

6.6 Inference using GrassGP model . . . . . . . .. ... 0oL 128
6.6.1 Choice of Likelihood . . . . . . . . . .. .. ... . 128

6.6.2 The Full Bayesian Model . . . . . . .. ... ... ... 0. 129

6.6.3 Prediction . . . . . ... L e 130

6.7 Numerical Experiments . . . . . . . . .. L 132
6.7.1 Visualisation of GrassGP Model . . . . ... ... ... ... ... ... 132

6.7.2 Localised active subspaces for a parametrised ODE . . . . . ... ... ... 144

6.7.3 Localised active subspaces for a parametrised PDE . . . . . ... ... ... 149

6.8 Discussion . . . . . . ... L e e e 153

7 Conclusion and Future Work 155
7.1 Contributions . . . . . . . . oL 155
7.2 Potential Future Research Directions . . . . . . . . ... .. ... ... ... ..., 156
7.3 Closing Remarks . . . . . . . . e 157
Bibliography 158
List of Notation 173
A Additional Background Material 177
Al Analysis . . . . oL 177
A.1.1 Basics of Functional Analysis . . . . . .. .. ... ... ... 177

A.1.2 Fractional Sobolev Spaces . . . . . . . . . .. 179

A2 PDEsand FEM . . . . . . . . e 181
A.2.1 Additional Concepts from PDE Theory . .. ... ... ... ........ 181

A.2.2 Additional Concepts from FEM Theory . .. ... ... ... ........ 183



A.3 Probability Theory . . . . . . . . . e 184

A.3.1 Additional Background Material . . . . ... .. ... 0L 184
A.3.2 Additional Concepts from Probability Theory and Inference . . . . . . . .. 193
A.4 Differential Geometry and Manifolds . . . . . . . ... ... 0oL 196
A.4.1 Additional Background Material . . . . ... ... ... 196
Proofs and Additional Details 199
B.1 Additional Proofs for Chapter 2. . . . . . . . . . ... ... . . ... .. .. ..., 199
B.2 Additional Proof Details for Chapter 3 . . . . . . . . ... ... ... ... .... 200
B.3 Additional Proofs for Chapter 5. . . . . . . . ... .. L 207
Additional Implementation Details for Experiments 209

C.1 Additional Details for Experiments in Chapter 4 . . . . . . .. ... ... ..... 209



List of Figures

2.1
2.2

4.1

4.2

4.3

4.4

5.1

Illustration of the FEM mesh and nodal basis functions. . . . . ... ... .. ... 34
Coupling between two distributions. . . . . . . . . ... ... ... ... ... ... 48
1-D prior and posterior results. Fig. 4.1a shows a log-log plot of Wasserstein distance

against h for the priors. The slope of the fitted line is estimated to be p = 1.99,
in agreement visually with the reference line. Fig. 4.1b shows a log-log plot of
Wasserstein distance against h for the posteriors for varying levels of sensor noise.
In both sub-figures, the reference line has a slope of 2. Notice how the best fit lines
are all parallel to the reference line. . . . . . . . . .. ... .. ... .. ....... 81
2-D prior results. Figure 4.2a shows a plot of LR(h) against h. Figure 4.2b show a
plot of smoothed LR(h) for h < 0.15. The horizontal axis indicates the smallest h
value taken in the cumulative averages. . . . . . . . . ... ... .. oL 83
2-D posterior results. Figure 4.3a shows a plot of LR(h) against h. Figure 4.3b show
a plot of smoothed LR(h) for h < 0.15. The horizontal axis indicates the smallest h
value taken in the cumulative averages. . . . .. . .. ... ... L. 85
1-D prior and posterior results for the maximum. Figure 4.4a shows a log-log plot
of Wasserstein distance against h for the priors for the maximum. The reference
line has a slope of 0.415. The slope of the fitted line is estimated to be p = 0.415,
in agreement visually with the reference line. Figure 4.4b shows a log-log plot of
Wasserstein distance against h for the posteriors for the maximum for different levels

Of SENSOT TNOISE. . v v v v v e e e e e e e e e e e e 86

Visualization of the tangent space T,M of a manifold (shown here as a curved
surface) at a point p € M. Note that the tangent vector v = ¢(0) € T, M is the

velocity vector of a curve on the manifold ¢ : I — M. This image is taken from [165].101

11



6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

Tlustration of equivalence of Gr(2,1) with the unit circle in the plane S*. The red
ray denotes an element, X, of Gr(2,1), i.e. a 1 dimensional subspace of the plane.
This subspace can be uniquely identified with two antipodal points on the unit circle
S!. By treating these antipodal points as equivalent we get a unique representation
of ¥ vinan angle 0 € [0,7). . .« . . oo 133
Plots of train and test datasets in various representations. Top row: plots of the
components of P(s). Bottom row: (left) plot of «a(s), where «(s) is the angle the
subspace P(s) makes with positive x-axis, (right) plot of datasets on the unit circle
representation of Gr(2,1) together with the anchor point. . . . . .. .. ... ... 134
Plot of 6 vs S(0) showing the location of the minimum, and hence the location of
the anchor point, inred. . . . . . . . . ... 137
Plot of observed points with the Karcher mean on the circle representation of Gr(2,1)137
Diagnostic plots for HMC sampler (Section 6.7.1). Left column: Traceplots for the
sampled hyper-parameters. Right column: Autocorrelation plots for the sampled
hyper-parameters. . . . . . . . L oL e e 139
Plot of s vs «(s) showing the in-sample results from the HMC sampler (Section 6.7.1).
The training points are plotted in red, while the test data is plotted as the dashed
black line. . . . . . . oL e 140
Predictions for tangent vectors U(s) for the dataset Eq. (6.59). The solid red curves
show the averaged mean prediction, i.e. the average of the mean GP predictions
for each sampled posterior hyper-parameter. The shaded blue region gives a 95%
credible region over the GP predictions for each sampled posterior hyper-parameter. 142
Plot of s vs a(s) showing the resulting predictions for the test dataset Eq. (6.59).
The training points are plotted in red, while the test data is plotted as the dashed
black line. . . . . . . oL 143
Plot of errors against s using both the GP predictive mean and predictions (Sec-
tion 6.7.1). The shaded regions depict a measure of uncertainty given by the error
plus 1 standard deviation computed via Eq. (6.69) for both the predictive mean and
predictions respectively. The vertical dashed green lines indicate the locations of
the training data. . . . . . . . ... Lo 143
Plot illustrating the evolving localised active subspace by plotting the Riemannian
Grassmann distance between P(z() and the train and test datasets Eqgs. (6.75)

and (6.76) respectively against @. . . . . . ... Lo 145



6.11 Diagnostic plots for HMC sampler (Section 6.7.2). Left column: Traceplots for the
sampled hyper-parameters. Right column: Autocorrelation plots for the sampled
hyper-parameters. . . . . . . ... e e e e e e e e

6.12 Plot illustrating the train and test locations for the numerical experiment in Sec-
tlon 6.7.3. . . . e

6.13 Plot illustrating the evolving localised active subspace by plotting the Riemannian
Grassmann distance between P(xf) and the test dataset. . . .. .. .. ... ...

6.14 Diagnostic plots for HMC sampler (Section 6.7.3). Left column: Traceplots for the
sampled hyper-parameters. Right column: Autocorrelation plots for the sampled

hyper-parameters. . . . . . . . . Lo

148

150

151



List of Tables

4.1

4.2

6.1
6.2
6.3
6.4
6.5
6.6

Estimate of slopes and intercepts for the different levels of sensor noise e. All of the

slopes are around 2. . . . .. L Lo Lo e e e e e e 82
Estimate of slopes and intercepts for the different levels of sensor noise e. . . . . . 87
Statistics for in-sample errors (Section 6.7.1). . . . . .. . ... L. 140
Statistics for predictive errors (Section 6.7.1). . . . . .. . ... ... 141
Statistics for in-sample errors (Section 6.7.2). . . . . .. . ... L. 147
Statistics for predictive errors (Section 6.7.2). . . . . .. . ... L. 149
Statistics for in-sample errors (Section 6.7.3). . . . . ... ... L. 152
Statistics for predictive errors (Section 6.7.3). . . . . . .. ... 152

14



Chapter 1

Introduction

The work contained in this thesis is separated into two different, albeit related, projects. We now

introduce these two projects separately.

1.1 Theoretical Guarantees for the Statistical Finite Ele-

ment Method

Mathematical models based on partial differential equations (PDEs) play a central role in science
and engineering. Since PDEs do not generally yield closed form solutions, approximate solutions
are typically obtained via numerical methods. The Finite Element Method (FEM) [145] is one
such scheme which approximates the solution by solving a discretised problem over a finite mesh of
the PDE domain. FEM is used for a variety of classes of PDEs, however it is most classically and
commonly applied to elliptic and parabolic PDEs. FEM-based methods have been widely studied,
and as such, rigorous estimates of the error introduced through discretisation have been obtained
for various classes of PDEs. In particular, these results characterise the convergence of the error
to zero as a function of the size of the mesh.

Mismatch between the model and the real system can occur for a variety of reasons, for example,
if the geometry of the domain is not fully resolved, if underlying processes are not completely
understood, or if approximations must be introduced to reduce the model to a closed system of
PDEs. Stochasticity is often introduced in models to reflect the uncertainty arising from this lack
of knowledge. Model mismatch is not the only reason one introduces stochasticity into models. In
particular, stochasticity can be introduced for a myriad of reasons, such as capturing intrinsically
noisy processes, handling incomplete knowledge of model parameters, modelling errors made in
measurements, and exploring sensitivity and robustness of a model to perturbations in the inputs.

In the context of PDEs, stochasticity may appear in various forms, in the initial and/or boundary
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conditions, in the forcing terms, in the coefficients of the PDE or even in the geometry of the domain
on which the PDE is defined. The resulting governing equations, known as Stochastic Partial
Differential Equations (SPDEs) are solved by probability distributions over the space of admissible
solutions to the underlying deterministic PDE. The development and analysis of numerical methods
for SPDEs is a very active area of research, see [164] for a review.

The increasing prevalence of instrumentation within modern engineering systems has driven the
need for tools able to combine sensor data with predictions from PDE models in a manner which
can mitigate any model misspecification. This technology forms an integral part of the modern
notion of a digital twin [111], as a means of providing effective continuous monitoring of complex
engineering assets. In particular, PDEs are often used to model the physical systems which digital
twins aim to virtually represent, and it is thus vital to be able to synthesis observational data with
predictions made from PDE based models.

The recently proposed Statistical Finite Element Method (StatFEM) framework [65] seeks to
address this need through a statistical formulation of FEM, which permits numerical approxima-
tions of a linear PDE to be combined with sensor observations in a principled manner through
the Bayesian formalism. Due to its general applicability and ability to provide quantification of
uncertainty without the necessity of expensive Monte Carlo simulations, it has established itself
as an effective means of assimilating data into the large-scale PDEs which arise in civil, marine
and aerospace engineering. For example, see [56] for an application to digital railway monitoring,
[61] for an application to shallow water equations, and [3] for a fusion of StatFEM with Langevin
samplers.

StatFEM is a method which extends FEM enabling an approximation of the solution of SPDEs.
Any numerical method which is used to approximate solutions to SPDEs will have approximation
errors manifested both in the mean prediction and the quantified uncertainty. The novel contri-

butions of this thesis in relation to StatFEM are two fold:

o We study how errors in the underlying FEM scheme propagate to errors in the approximate
predictive distribution obtained by StatFEM. In particular, we derive error estimates for
a StatFEM approximate solution of a stochastically-forced linear elliptic PDE. This is a

critical gap in the literature that the work of this thesis will seek to address.

e We then apply this error result to obtain error bounds on a posterior predictive distribution

which incorporates observational data.

This error analysis is an example of understanding how errors in the prior propagate to errors
in the posterior. Standard approaches to such stability analysis [142] based on metrics such as

Kullback-Leibler (KL) divergence, Hellinger, and Total Variation (TV) distances are not applicable
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in the context of StatFEM since the underlying priors are mutually singular (as will be justified in
Chapter 3). This leads us to instead consider the Wasserstein-2 distance as a metric to compare
both the priors and posteriors. After analysing the case of spatial elliptic PDEs we then present

some work aiming to analyse StatFEM for spatio-temporal problems.

1.2 Grassmann-valued Gaussian Processes for Probabilistic
Localised Active Subspaces

Of equally vital importance to the modern day fields of data analysis and scientific computing is
the task of dimension reduction. Simulations and mathematical models are increasingly important
tools in the study of complex physical processes in many scientific and engineering disciplines.
Unfortunately, complex mathematical models can often be expensive to simulate, and practitioners
often turn to fitting response surfaces as surrogates for such models. In this context, a response
surface is a simpler and cheaper model which aims to approximate the true complex model. Fitting
such a response surface often entails tuning several parameters of these simpler models. Examples
of such surrogate models include linear regression, random forests, support vector machines [70],
and Gaussian process (GP) regression [125] (often known as kriging). As noted in [36], when the
models involve a large number of parameters the cost of fitting accurate response surfaces via
standard methods increases exponentially, a phenomenon infamously referred to as the curse of
dimensionality. For example, in the context of GP regression a large number of input parameters
is typically associated with requiring more data points (larger N) to achieve suitable accuracy; for
naive implementations of GP regression this leads to an exponential growth in the computation
time, O(N?). This renders the construction of response surfaces intractable for complex high
dimensional models. This naturally leads to the study of methods to perform dimension reduction
for such models.

In particular, many statistical/machine learning tasks boil down to approximating some un-
known function f : R? — R based on exact or noisy evaluations. When f represents a large
computer model such a task is often referred to as emulation [132]. In many applications the
dimension d of the domain is very large and many popular approaches for estimating f, such as
GP regression, suffer from the aforementioned curse of dimensionality. However, suppose that the
function f is such that not all of the d input variables are significant, and only a subspace M
of the input space, R%, matters. Learning such a subspace M allows us to perform model order
reduction. This has many practical uses, for instance if the true function f is very expensive to
compute, knowledge of such a dimension-reducing subspace can enable us to cheaply emulate it

by approximating it with a lower-dimensional version. This idea originates in the study of Active
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subspaces (AS) [33], where the active subspace can be thought of as the collection of directions
along which f is most sensitive to perturbations (on average). This concept will be expanded on
in more detail in Section 6.3.

In the original formulation of active subspaces one makes the assumption that there exists a
single global dimension reducing subspace which is assumed to be valid throughout the entire
parameter space and any emulators based on AS approximations are constructed within this single
subspace. In practice, such an assumption does not always hold, especially when dealing with
highly complex models which can exhibit diverse behaviour across different phase transitions.
This observation naturally motivates one to instead consider finding different low dimensional
subspaces which are only valid locally in some sub-region of the original input space. We call such
spaces localised active subspaces, and this will be expanded on in more detail in Section 6.4. In
this thesis we investigate this problem through the lens of differential geometry, by viewing the
active subspaces as elements of a particular Riemannian manifold, the Grassmann manifold. In
particular, taking motivation from the more general field of research which deals with the statistical
analysis of data lying on a Riemannian manifold, we are lead to consider the formal problem of
learning a subspace-valued mapping P : R — Gr(d,n). Here Gr(d,n) is the Grassmann manifold
of all n-dimensional (linear) subspaces of RY. This leads us to the second main contribution of this
thesis: we will investigate a probabilistic model based on GPs which can be used to interpolate
a field of Grassmann-valued response variables, i.e. given a set of N spatially indexed points in
Gr(d,n), {(si, P(si))}¥,, we will investigate a probabilistic model capable of making predictions
for P(3) at unobserved test points § € R?. In particular, we will apply this model to illustrate how

one can consider localised active subspaces.

1.3 Contributions and Structure of the Thesis

For clarity we now outline the novel contributions of this thesis. These are separated according to

the two different projects introduced above:

Theoretical Guarantees for the Statistical Finite Element Method

e We provide a detailed review of the recent StatFEM model, deriving it from first principles.

e We study the bias introduced by discretisation error in the StatFEM model, for the case
of spatial elliptic boundary value problems (BVPs), and derive rigorous upper bounds for
the bias introduced in the prior and posterior in terms of the properties of the underlying

finite element mesh.
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e We conduct a thorough simulation study confirming our theoretical results on a number

of illustrative FEM test problems.

e We empirically explore the limits of our theory by studying the bias induced by StatFEM
in a scenario where the assumptions underpinning our theoretical results are no longer

valid.

e We present our work towards deriving discretisation error bounds for spatio-temporal

problems.

The theoretical contributions for this project are presented in Chapter 3, while the numerical
experiments are presented in Chapter 4. The necessary technical background for this project is

contained in Chapter 2.

Grassmann-valued Gaussian Processes for Probabilistic Localised Active Subspaces

e We provide a review of the concepts of optimal ridge approximation and active subspaces.
We then motivate the idea of localised active subspaces where the dimension reducing

subspace smoothly varies as a function of the input parameters.

e We present a fully Bayesian probabilistic model based on GPs, called GrassGP, which can

be used to interpolate a field of Grassmann-valued response variables.

e We present a simple, low dimensional, numerical example allowing us to visualise both the

GrassGP model and its performance.

e We present two higher dimensional numerical examples based on a parameterised ordinary
differential equation (ODE) and PDE which allows us to demonstrate the use of our

GrassGP model to estimate localised active subspaces at novel locations.

The contributions for this project are presented in Chapter 6, while the necessary technical
background for this work is contained in Chapter 5.

Finally, Chapter 7 summarises the contributions and outlines potential future research avenues
arising from the work contained in this thesis. We also include additional supplementary material

for both projects in Appendices A to C.

Remark 1.1. The novel contributions in this thesis have resulted from collaborative work with
various co-authors, including my supervisors and Professor Mark Girolami. In particular, the bulk
of the StatFEM project has been accepted for publication in the STAM/ASA Journal on Uncer-
tainty Quantification under the title “Theoretical Guarantees for the Statistical Finite Element
1

Method”. A preprint of this paper can be found online on arXiv'. The dimension reduction

Ithttps://arxiv.org/abs/2111.07691
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project is collaborative work with my supervisors, and is currently being prepared to be made into

another paper. ¢
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Chapter 2

Background for StatFEM

In this chapter we will introduce relevant and required background knowledge for the first project
this thesis will present.

The sets of integers, natural numbers, and real numbers will be denoted by Z, N, R, respectively.
We follow the convention that the natural numbers exclude 0. The set of non-negative integers
will be denoted by Ny. Unless otherwise stated, we will use boldfaced lower-case Latin letters, e.g.
x, to denote vectors in R%, and boldfaced upper-case Latin letters, e.g. M, to denote matrices of
arbitrary, but finite, dimension. The symbol ® will denote the outer product for vectors and the

Kroenecker product for matrices.

2.1 Functional Analysis

2.1.1 Basics of Functional Analysis

Given a normed space X denote the associated norm (see Definition A.2) by || - ||x. Given two
normed spaces X,) we denote by L(X,)) the set of all bounded linear operators (see Defini-
tion A.3) from X to ). We denote the dual of X by X’ = L(X,R). When X is a Hilbert space
(see Definition A.6) we denote the associated inner product (see Definition A.4) by (-, ) x. We will
sometimes drop the subscript for the norm and inner product when there is no risk of confusion
over which spaces we are referring to.

Let X, be Hilbert spaces. Given an operator A € L(X,)) we denote the adjoint of A by
At € L(Y, X). Given A € L(X,X), we say that A is symmetric if A = AT and positive definite if
it is symmetric and (x, Az) > 0 for all nonzero x € X. Similarly A is called positive semi-definite

if it is symmetric and (z, Az) > 0 for all € X. Recall that the trace of A can be defined as

oo

tr(A) =Y (Aej,ei), (2.1)

=1
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where {e;};°, is any orthonormal basis of X. We will say that A € L(X,X) is trace-class if
tr(A) < oo.
For a linear operator A : X — ) recall that we can define various norms. The operator norm

is defined to be:

A
lAlxoy = sup LAZD 22)
zex\{0} ]l
The trace norm is defined to be:
|A]ler = tr([ATA]'/?), (2.3)
while the Hilbert-Schmidt norm is defined to be:
1/2
4]l = [tr(AT4)] % (2.4)
Recall the well known inequality [105] linking all three:
[Alx—y < [|Allus < (| Al (2.5)

For an operator A : X — ) between two vectors spaces X,) and for a subset U C X we will

denote the image of U under A via the notation A(U), i.e.
A(U) :={y € Y|Fu € U such that A(u) =y} . (2.6)

We will denote the image of A via im(A), i.e. im(A) = A(X), and we will denote the kernel/null-
space of A via:

ker(A) := {z € X|A(z) =0} . (2.7)

LP spaces

Let D C R? be a connected, bounded, and open domain with boundary D and let D = D U dD

be its closure. Denote by LP(D) the spaces of p-integrable functions on D, i.e. the following spaces:
LP(D) := {u: D — R||Jullpr(p) < o0}, (2.8)

where || + || 1»(p) is the norm on LP(D) defined via:

fullrco = ( | |u<x>|ﬁdx); . (29)
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In the case p = oo, we define,

lu|| Lo (py := esssup|u(x)], (2.10)
xeD

and thus we can identify L>°(D) as the space of all essentially bounded functions on D. Note that

here esssup denotes the essential supremum and so we can omit sets of measure zero.

Remark 2.1. Occasionally it is useful to consider a version of Eq. (2.8) with respect to a general

measure, 4, on D, i.e. we will consider the following space, with associated norm:

LP(D, p) == {u: D = Rl||ullLo(p,u) < 0}, (2.11)

S =

s = ( [ luboraneo)” (212)

Note that in the case p = 2 we have that L?(D) is a Hilbert space with associated inner product:
(u,v)2(py := / u(x)v(x)dx, VYu,v € L*(D). (2.13)

D
We have, for u € L?(D), the relation between the norm and inner product, ||“H2L2(D) = (u,u)r2(p)-

Spaces of continuous and differentiable functions

We denote by C(D),C(D) the space of continuous functions on D and D, respectively. Note that

the sup-norm Eq. (2.10) also defines a norm on both C'(D),C(D) provided that D is bounded.

Remark 2.2. When D is bounded, we have that D is compact. Thus, any function u € C(D)
is bounded and obtains its maximum at some point in D via the Extreme Value Theorem [130,

Theorem 4.16]. Thus, one can replace the supremum in Eq. (2.10) with the maximum, i.e.

llullL=(py = mz%(\u(xﬂ, Vu € C(D). (2.14)
xE

In a similar manner C™(D) denotes the set of all continuous functions which have n continuous

derivatives on D. We will denote by C°°(D) the set of infinitely differentiable functions on D, i.e.
C®(D):= () C"(D). (2.15)
n=1
The set of functions v € C*° (D) with compact support will be denoted by C°(D), i.e.

C*(D) := {u € C*°(D)|supp(u) is a compact subset of D}, (2.16)
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where here supp(u) is the support of u and is defined as the closure of the set {x € D|u(x) # 0}.

We will denote by CJ'(D) the subset of C™(D) of functions whose partial derivatives of order
up to n are bounded and uniformly continuous on D. The spaces of Holder continuous-functions,
C,?’)‘(D), are important subspaces of CJ'(D) and can be defined (adopted from Definition 1.49 in

[43]) as the space of functions v € CJ'(D) such that there exists C' > 0 for which the following

holds:

0%u(x) — 0%u(y)| < Cllx —y|*, Va,|al =n,Vx,y € D, (2.17)
where here o € N¢ is a multi-index, |a| = Z?Zl a;, and the symbol 9% denotes the following
partial derivative:

ol
0~ (2.18)

T oy -0xgt
Note that in the case n = 0, A = 1 this is just the space of Lipschitz continuous functions. The

spaces, CJ'(D), when equipped with the norm,

HUHC;(D) = sup (sup|8°‘u(x)>7 (2.19)

la<n \xeD

can be shown [43, see Definition 1.47] to be Banach spaces (see Definition A.5) and we have the
following continuous embeddings which will be useful when discussing the Sobolev Embedding

Theorem (see Theorem 2.1):
CPMND) < CpY(D) < C(D), Vv, Asuch that 0 <v < A <1, (2.20)

where the inclusions are strict.

Remark 2.3. When considering PDEs one typically starts out by interpreting the solutions as
functions in the spaces C™(D) for appropriate values of n € N. This leads to a limited notion
of solutions, referred to as classical solutions, to PDEs which motivates one to instead consider
solutions belonging in Sobolev spaces where we interpret the derivatives in a distributional manner

as discussed in the following section. 4

2.1.2 Sobolev Spaces

Central to the analysis of PDEs is the theory of Sobolev spaces. The concept of weak derivatives
is central to discussing such spaces. A weak derivative of a function u : D — R can be defined as

follows (adopted from Definition 1.42 in [101]):

Definition 2.1 (Weak derivative). Let D C R be open, and let « € NZ be a multi-index. Let

u: D — R be a given function. A function v : D — R is called the (a-)weak-derivative of w if it
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satisfies

/ O%p(x)u(x)dx = (—1)!e / p(x)v(x)dx, Vo e CZ(D). (2.21)
D D
We will denote the weak-derivative with the notation v = D*u. ¢

We can now introduce Sobolev spaces which are defined as follows (adopted from Definition

1.44 in [101]):

Definition 2.2 (Sobolev spaces). For p € [1,00), k € N the Sobolev space, W*P (D), is the space

of functions whose weak derivatives lie in LP(D) for all orders up to and including order k, i.e.

WHP(D) := {u: D — R|D*u € LP(D) for all & € N{ such that |a| < k}. (2.22)

Sobolev spaces are Banach spaces with the following norms [101, see Proposition 1.45]:

Proposition 2.1. W*?(D) is a Banach space with the norm

lulwiriy = [ 35 1Dl | - (2.23)
0<|a|<k
In the special case p = 2 we use the notation H*(D) to denote the space W*2(D). In this case

H*(D) is a Hilbert space with the inner product

<U7U>Hk(D) = Z <D°‘u, Da’U>L2(D). (2.24)
0<|ex|<k

It is also convenient to define the Sobolev semi-norm:

ulgepy = | Y 1D%ulF2py | - (2.25)

le|=F

For brevity, we will denote by ||+||k, (+, )k, ||k the norm, inner product, and semi-norm, respectively,

of H*(D). ¢

Remark 2.4. Some of the results in this thesis will require analysis of functions of continuously
varying smoothness as opposed to those with an integral order of weak derivatives introduced thus
far in Definition 2.2. This consideration leads one to consider the notion of fractional Sobolev spaces.
A full discussion of such spaces is beyond the scope of this thesis. We instead include, for conve-
nience, a brief discussion of fractional Sobolev spaces, including a definition, in Appendix A.1.2.

For the main purposes of the this thesis it suffices to know that we can consider fractional Sobolev
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spaces, W*P(D), for s € (0,00), and for non-integer s one can think of such spaces as sitting
somewhere in-between the integral Sobolev spaces as will be made more precise in Proposition 2.2
below. In what follows in this thesis when we state “Sobolev spaces” we refer to the integral order

and fractional Sobolev spaces as appropriate based on the exponent. ¢
We now introduce an important assumption regarding the regularity of the domain D. This

assumption will be useful for the error analysis of StatFEM in Chapter 3.

Assumption 2.1 (domain regularity). The dimension of the domain is restricted to d €
{1,2,3}. The domain D is convex polygonal, i.e. it is convex and its boundary 9D is a poly-

gon. Note that this implies that the domain is bounded. ¢

Under Assumption 2.1 on the domain D we have that the Sobolev spaces form a continuous
hierarchy of functions of increasing smoothness as the following result adopted from Propositions

2.1, 2.2, and Corollary 2.3 in [45] shows:

Proposition 2.2. Let p € [1,00) and let s,s" € (0,00). Suppose D satisfies Assumption 2.1.
Then, if s’ > s, we have:

W*'?(D) c W*?(D). (2.26)

¢

Remark 2.5. Note that Proposition 2.2 holds under more general assumptions on the domain
D, as stated in the results in Section 2 of [45]. For the purposes of this thesis we will always be

assuming that Assumption 2.1 holds and so we state the result for this case only. ¢

An important result in the theory of Sobolev spaces is the Sobolev Embedding Theorem. This
result provides various embeddings of Sobolev spaces into L¢ and Holder spaces and is presented

below. This result is adopted from Theorem 4.57 in [43]

Theorem 2.1 (Sobolev Embedding). Let D be a Lipschitz open set. The following statements
hold:

o [fsp<d, then WP(D) — L4(D) for every q < dp/(d — sp).
o If sp=d, then WP(D) < Li(D) for every q < co.
e [fsp>d, then we have:

— Ifs—d/p ¢ N, then WoP(D) s Clr=4/Phemd/p=ls=d/pl py

— Ifs—d/p € N, then WP(D) — C’Zf_d/p_l’/\(D) for every A < 1.

where [] denotes the integral part of a real number. ¢
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Note that the domains we consider satisfy Assumption 2.1 and so are Lipschitz open. A corollary
of this theorem which will be useful in Theorem 3.2 is the following which states that provided

sp > d the Sobolev space W*#P(D) contains functions which are continuous:
Corollary 2.1. Let D be a Lipschitz open set. If sp > d, then W*P?(D) is contained in C(D). 4

Proof. We split this into the two cases sp —d ¢ N and sp — d € N.

In the first case, we have via Theorem 2.1 that W$?(D) is contained in Cgs_d/p]’s_d/p_[s_d/p] (D).
Since s —d/p ¢ N and s —d/p > 0 we have that 0 < s —d/p — [s — d/p] < 1 and so by Eq. (2.20)
we have W#P(D) is contained in Ct[)sfd/p]. On noting that s —d/p > 0 we must have that [s — d/p]
is a non-negative integer and so we get that W*?(D) is contained in C(D) as required.

In the second case, we have again via Theorem 2.1 that W#?(D) is contained in C’lf*d/pfl)‘ for

every A < 1. In particular, we have via Eq. (2.20) that WP (D) is contained in le*d/pil c C(D)

since s — d/p — 1 must be a non-negative integer. |

For further details on Sobolev spaces the reader is directed to [93, 43], while for more details

on fractional Sobolev spaces one can consult [45, 161, 43].

2.2 Partial Differential Equations and the Finite Element

Method

In this section we will introduce and discuss the essential concepts from PDE theory required for
this thesis in Section 2.2.1. Then in Section 2.2.2 we will review the necessary concepts from FEM

theory which will be needed for this thesis.

2.2.1 Partial Differential Equations

In Chapter 3 we provide detailed error analysis for StatFEM, an emerging Bayesian statistical
methodology to perform inference over numerical solutions of physical models based on PDEs.
PDEs model a plethora of processes across several fields in science and engineering; as such pro-
viding an exhaustive list is difficult. For a canonical text on the theoretical analysis of PDEs the
reader is directed to [55]. For a brief history of the development and analysis of PDEs the inter-
ested reader is directed to [20] where the authors Brezis and Browder note that PDEs are used to
model a myriad of physical phenomena from “vibrating strings, elasticity, the Newtonian gravita-
tional field of extended matter, electrostatics,...electricity and magnetism.” This emphasises their
importance and leads to many computer models having PDEs at their core.

In order to gain understanding into the physical processes modelled by PDEs it is necessary to

be able to solve the relevant equations. Only a small subset of PDEs admit closed-form solutions,
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and instead one has to resort to numerical methods to approximate the solution. StatFEM is
based on FEM which is a popular method for approximating solutions of PDEs. Before we can
understand FEM it is important to pin down precisely what one means by a solution of a PDE.
In the remainder of this section we follow the presentations given in [101, 55, 89]. There are three
notions of solutions to PDEs: classical, strong, and weak solutions. We now present these below.

For concreteness we will consider the following linear elliptic BVP:

d

Lu(x):=— Y % <nij(x)agg(:)> = f(x), x €D, (2.27)

ij=1""

u(x) = g(x), x € 0D, (2.28)

for some symmetric positive definite, spatially-dependent conductivity x : D — R4*¢ with compo-

d

nents {"fij}i,jzla forcing f : D — R, and boundary term g : 9D — R. Note that x is not always a

conductivity, and can be used to represent permeability instead. For brevity we will also express

the differential operator, £, in Eq. (2.27) in vector calculus notation as follows:
Lu(x) = =V - (k(x)Vu(x)), (2.29)

where V is the gradient operator, i.e. for a given scalar field, v : R? — R, we have:

Ov(x)
811

Vou(x) := , (2.30)

dv(x)

331')(1

and where for a given vector field, v : R? — R?, the notation V - v denotes the divergence of the

vector field, i.e.

8”?). (2.31)

d
(Vov) (=35
i=1
We assume that the domain D satisfies Assumption 2.1. This is assumed for simplicity; we note
that it should be possible to relax some of these assumptions though this is not investigated in this
thesis. Note: For some of our results we will require that the dimension of the domain is further
restricted to d € {1,2}. This will be explicitly stated when required.

We will consider different further assumptions on the data for the three types of solutions.

Classical solutions

Perhaps the most familiar notion of solution is that of a classical solution where one interprets

the derivatives in Eq. (2.27) in the classical sense and seeks a solution u : D — R which satisfies
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Egs. (2.27) and (2.28) at every point x € D as defined below:

Definition 2.3 ( Classical solution). We call a function v € C?(D)NC(D) satisfying Egs. (2.27)

and (2.28) for all x € D a classical solution of the elliptic BVP from Eqgs. (2.27) and (2.28). 4

In order for this definition to make sense we require further assumptions on the data of the
elliptic BVP. For simplicity, we will assume that the data (D, K, f,g) satisfies Assumption 2.1 as

well as the following assumption:

Assumption 2.2 (classical conductivity and forcing regularity). The conductivity k is
symmetric, i.e. kK(x)T = k(x) for all x € D and its components are continuous with at least one
continuous derivative, i.e. k;; € C*(D) for all i,j € {1,...,d}. The forcing f is continuous on D,

ie. feC(D). ¢

Under Assumptions 2.1 and 2.2 one can show that there exists a unique classical solution to the
elliptic BVP, which will be a smooth function with 2 continuous derivatives. Note that this notion
of solution coincides with what is first typically studied when introducing PDEs as is discussed in
Remark 2.3. However, in applications we often need to solve problems where the forcing term, f,
is less smooth, for example we often consider f € L?(D). The notion of a classical solution is too
restrictive in this case and we instead seek a solution which solves Eq. (2.27) almost-everywhere
with respect to the Lebesgue measure on D with the derivatives interpreted in the weak sense. This
leads us to consider strong solutions; before we can present such solutions we must first introduce

the concept of trace spaces.

Trace Spaces

In order to deal with the boundary condition Eq. (2.28) in the elliptic BVP we must introduce
Sobolev spaces which incorporate boundary conditions. This leads us to consider the spaces H¥ (D)
for k € N which are defined (see Section 5.2 in [55]) to be the closure of C°(D) in H*(D). These

spaces are interpreted as the space of functions u € H¥(D) such that,
D%y = 0 almost everywhere on 9D for all |af < k — 1. (2.32)
In particular, the space H} (D), which can be interpreted as
Hy(D) := {u € H'(D)|u(x) = 0 for almost all x € 0D}, (2.33)

will be crucial for the notion of strong and weak solutions. This space of functions consists of those

in H!(D) which are zero on the boundary dD. In order to incorporate non-zero g in Eq. (2.28) we
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must consider the following space, Hj(D), which is defined as follows (see (2.52) in [101]):

H,(D) :={we H'(D)|yw = g}, (2.34)

where v : HY(D) — L?(0D) is the so-called trace operator which maps functions on D to square-
integrable functions on the boundary dD. The trace operator has been studied extensively [55, 101]
and for our purposes it suffices to know that such an operator exists and that its image is not the
whole of L?(9D) but instead a certain subspace which is called the trace space (definition adopted

from Definition 2.38 in [101]):

Definition 2.4 (Trace space). Let D C R? be a bounded domain. The trace space, denoted by

H'2(dD) is defined as the image of the trace operator v on H'(D) i.e.

H'Y2(dD) := y(H"(D)) = {yw|w € H'(D)} . (2.35)

Since the trace-space is not all of L?(dD) we must have that g € H'/2(0D) in Eq. (2.28).
For the work in this thesis we will also require the dual space of H}(D) which we will denote by

H-'(D).

Strong solutions

Having introduced weak derivatives and Sobolev spaces we are now in a position to introduce the

concept of strong solutions of Eqs. (2.27) and (2.28).

Definition 2.5 (Strong solution). We call a function v € H?*(D) N H, (D) satisfying the gov-
erning equation Eq. (2.27) for almost all x € D with derivatives interpreted in the weak sense (see

Definition 2.1) a strong solution of the elliptic BVP from Eqgs. (2.27) and (2.28). ¢

In order for this definition to make sense we again require further assumptions on the data of
the elliptic BVP. For simplicity, we will make the following alternative assumptions on the data of

the elliptic BVP:

Assumption 2.3 (strong conductivity and forcing regularity). The conductivity k is sym-

metric, i.e. k(x)T = k(x) for all x € D and its components are almost surely bounded, i.e.

Kkij € L>®(D) for all 4,5 € {1,...,d}. The forcing f is square integrable, i.e. f € L*(D). ¢

Under Assumptions 2.1 and 2.3, and assuming that g € H'/ 2(0D), one can show that there
exists a unique strong solution, which will have 2 weak, square integrable, derivatives, and which

satisfies Eq. (2.27) almost everywhere with respect to the Lebesgue measure on D.
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Even this more relaxed setting of strong solutions is often too restrictive for applications where
we might be interested in rougher forcing terms f ¢ L?(D). For an example of this scenario the
reader is directed to Example 2.6 in [101]. This leads us to consider a further generalisation of the
meaning of a solution to Eqgs. (2.27) and (2.28), the so called weak or variational solutions which

we now present.

Weak solutions

We now consider rougher forcing terms f € H~1(D). Instead of considering Eqs. (2.27) and (2.28)
directly we will instead consider its variational formulation which informally can be obtained by
post-multiplying Eq. (2.27) with a test function ¢ € C°(D) and then using integration by parts

to obtain:

/ V() - (5(x)Vu(x)) dx = / f®)px)dx, Ve e (D), (2.36)
D D

where the additional boundary term arising from the integration by parts vanishes due to ¢ being
zero on 0D. Note that by utilising integration by parts we are able to shift one derivative from u
to the test function ¢ which allows us to consider less smooth functions u as solutions in the case
where we have rougher forcing terms. Further, since by definition C°(D) is dense in H} (D) we
can replace the p € C°(D) in Eq. (2.36) with v € Hg (D). Thus, any u which satisfies Eq. (2.27)

also satisfies the variational formulation:
/D Vo(x) - (k(x)Vu(x)) dx = /D f(x)v(x)dx, Yve HY(D). (2.37)
We can reformulate the variational formulation Eq. (2.37) as
a(u,v) = (f,v), Yo € Hy(D), (2.38)
where the bilinear form a : H} (D) x H}(D) — R is defined by

a(u,v) = /D Vo(x) - (k(x)Vu(x)) dx, (2.39)

and where (f,v) denotes the integral on the right hand side of Eq. (2.37).

Remark 2.6. Technically f € H~*(D) is not a function but instead is a bounded linear functional
on H}(D). Thus, to be more precise {f,v) in Eq. (2.38) actually denotes the application of the
linear functional f to v € H}(D), i.e. (-,-) is the H~1(D), H} (D) duality pairing. For more details
on making this precise the interested reader is directed to [55]. We will abuse notation in this
thesis and write f € H~!(D) as if it were a function and be careful to only interpret it inside

integrals against test functions in Hg (D) where this makes sense. 4
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We are now ready to define a weak solution as a function solving the variational formulation

Eq. (2.37) of the elliptic BVP, i.e.

Definition 2.6 (Weak solution). We call a function u € H, (D) that satisfies Eq. (2.38) a weak

solution of the elliptic BVP from Egs. (2.27) and (2.28). ¢

In order for this to be well-defined we now make the following assumption on the conductivity

of the elliptic BVP:

Assumption 2.4 (conductivity regularity). The conductivity k € Lo (D;R*?) is symmetric and

uniformly positive definite, i.e. there exists a constant ag > 0 such that:
ess inlfj T k(x)€ > aol€)?, VEeRY, (2.40)
e

Furthermore, the components of & are Lipschitz continuous on the closure D, i.e. there exists

arip > 0 such that:
|kij(x) — Kij (¥)] < aniplx —y|, Vx,y € D,Vi,j € {1,..,d}. (2.41)

Inequality Eq. (2.40) is often referred to as (uniform) ellipticity of the conductivity. 4

Under Assumptions 2.1 and 2.4, and assuming f € H-*(D), g € HY?(dD), it is possible to
show existence and uniqueness of a weak solution of the elliptic BVP. In particular, we can exploit
the (bi-)linearity of Eq. (2.38) and consider the following equivalent formulation of Eq. (2.38): find
ug € H}(D) such that,

a(ug,v) = (f,v) — a(ug,v), Vv e Hy(D), (2.42)

where u, € HJ (D) is some fixed function satisfying Eq. (2.28). Assumption 2.4 on & ensures that
the bilinear form a is symmetric, bounded and coercive (see Definitions A.9 and A.10) [55]. This,
together with the boundedness of the map v — (f,v), allows one to use the Lax-Milgram Lemma
(see Lemma A.1) to establish existence and uniqueness of a weak solution. For details on this the

interested reader is directed to [55].

Setting for discussing the Finite Element Method

FEM seeks an approximation of the weak solution of a PDE. As such, we will be concerned
exclusively with weak solutions in this thesis. For clarity, we now state precisely the assumptions
we will adopt for the remainder of the thesis (unless otherwise stated). Noting the equivalence of
Eq. (2.38) and Eq. (2.42) we will, for simplicity, only consider zero Dirichlet boundary conditions,

i.e. we will take g = 0 in Eq. (2.28). We will also assume that Assumptions 2.1 and 2.4 hold unless
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otherwise stated. Further, we will consider f € L?(D) in what follows unless we explicitly state
otherwise. Note that in some of the results in Section 3.4 we will consider random forcing terms
which are rougher and are not in L?(D). This will be made explicit where appropriate.

Under Assumptions 2.1 and 2.4, we have the following standard regularity results. The first
theorem is adapted from results in Section 6.2.2 of [55] and provides us with an existence and

uniqueness result:

Theorem 2.2. Under Assumptions 2.1 and 2./ we have, for each f € L?(D), that there exists a

unique weak solution w € H} (D) satisfying Eq. (2.37).

Further, under our assumptions we have the following stronger regularity result [68, Theorem

3.2.1.2):

Theorem 2.3. Under Assumptions 2.1 and 2.4, and assuming that f € L*(D), we have that the
unique weak solution, u, given by Theorem 2.2, lies in the Sobolev space H?(D), i.e. u € H?*(D),

and there exists a constant C > 0, independent of f (but depending on D), such that
[ullz < C~'||fHL2(D)- (2.43)
Note that this extra regularity can be generalised to elliptic problems in higher dimensions [68]. &

2.2.2 The Finite Element Method

Having defined the notion of a weak solution of a PDE in Section 2.2.1 we can now discuss how
one can approximate the solution of the variational formulation Eq. (2.38). By moving to the
variational formulation we have weakened the smoothness requirements on our solution. In spite of
this the variational formulation is still an equation which has to be solved in an infinite dimensional
function space. As such we must turn to a discretisation into a finite dimensional space if we are to
have any hope of approximating our solution in a computationally tractable manner. FEM utilises
the so-called Galerkin approxzimation of the variational problem (2.38) and seeks an approximate

solution uy, € V}, within a finite dimensional subspace Vj, of H}(D) which satisfies
a(up,v) = (f,v), VYveV,. (2.44)

The construction of the finite element method arises from a specific Galerkin approximation, where

we introduce a triangulation of the domain, 7j, = {we}.<,, where the w, are pairwise disjoint trian-

Ne

gular elements with D = U¢ w,, and h is the diameter of the largest element. This triangulation

is usually referred to as the finite element mesh and we will refer to h as the mesh width. The dis-

crete function space Vj, is then chosen as a subspace of the space of piecewise polynomial functions
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defined on this mesh. The approximate weak solution uj, can be expressed as a linear combination
of basis functions {¢;};,. In this thesis, we assume that V}, is the space of continuous piece-
wise linear basis functions, and that the {y;};*; are chosen to be a nodal basis which satisfies
@i(x;) = 0;j, where x1,...,X,, are the internal vertices of the mesh. Both the FEM mesh and

the nodal basis functions are illustrated in Fig. 2.1. Note that the nodal basis function shown in

Fig. 2.1b is not necessarily associated with the mesh shown in Fig. 2.1a.

pi(x)

1.0

:i RV SRR
L

0.0 0.2 0.4 0.6 0.8 1.0

(a) Triangulation of the unit square [0, 1]2. (b) Example of a nodal basis function

Figure 2.1: Tllustration of the FEM mesh and nodal basis functions.

Remark 2.7. Note that our choice for Vj, means that the finite element (FE) method we consider
in this thesis is what is called a conforming method [89, see Section 5.6] in the sense that V}, is
a subset of the true solution space H}(D) and the bilinear and linear forms in the variational

formulation of our elliptic BVP remain the same in the discretised version Eq. (2.44).4

By exploiting the linearity of both the bilinear form and the inner product in Eq. (2.44) the
FEM discretisation of the variational formulation of our BVP yields the following discrete system
of linear equations:

Au=f, (2.45)

where A € R™*"u ig the stiffness matriz whose ij-th element is given by:

Ay = alej 1) = /D Vi - (KVp;) dx. (2.46)

The vector u € R™ is the vector of degrees of freedom (DOFs) and f € R™ is the load vector
whose i-th entry is given by:

fi={f,0i) = /D feidx. (2.47)
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The stiffness matrix, A, is a real symmetric matrix which is invertible by Assumption 2.4 [101, see
Theorem 2.16]. Thus, the system of linear equations Eq. (2.45) can be solved for u, yielding the
finite element approximation u, = ®7u where ® := (1, ,<pnu)T is the vector of the FE basis

functions. The mass matriz, M € R™*™ which is defined by

Mi; = (@i, p5) = /D pip; dx, (2.48)

will also play an important role in the error analysis of Section 3.4.

It will be important for the analysis in Chapter 3 to have access to a bound on the error
between the true solution and the FEM approximation in terms of h. To this end consider a family
of triangulations {7p}pr~0. We will require a further technical assumption on the family of the

finite element meshes:

Assumption 2.5. The meshes under consideration are quasi-uniform, i.e. there exists a constant,

«a > 0, independent of h such that for any A > 0, and for all triangles w € T, we have:
diam(w) > ah, (2.49)
where diam(w) is the diameter of the triangle w and we recall that h is the diameter of the largest

element. ¢

Under the assumptions above we have the following classical H' error bound [26, see Theorem

3.2.2]:

Theorem 2.4. Let u be the unique weak solution to the BVP from Eqs. (2.27) and (2.28) and
let up, by the FEM approzimation. Assume that f € L?(D) and that the Assumptions 2.1, 2./,

and 2.5 hold. We then have the following H' error bound, for sufficiently small h:
lu —unly < Ch||fllr2(p), (2.50)

where C' > 0 is a positive constant independent of h, f, and u. 4

From this H' error bound a standard duality argument yields the following L? error bound

[26, see Theorem 3.2.5], which will play an important role in the error analysis of Section 3.4.

Theorem 2.5. Let u be the unique weak solution to the BVP from Eqs. (2.27) and (2.28) and
let up, by the FEM approzimation. Assume that f € L*(D) and that the Assumptions 2.1, 2./,

and 2.5 hold. We then have the following error bound, for sufficiently small h:

lu— unllzzo) < CR2IIS 220y, (2.51)

35



Bayesian Uncertainty Quantification for PDE Models Chapter 2

where C' > 0 is a positive constant independent of h. 4

2.3 Probability Theory and Inference

2.3.1 Basics of Probability Theory

In this section we introduce and discuss the essential probability-theoretic concepts we will re-
quire for this thesis. Further information can be found in Appendix A.3 and for a more in-depth
treatment of probability (and measure) theory the reader is referred to [30, 11, 49].

For a measurable space &, let B(€) denote the Borel sigma-algebra generated by the open sets
of £. We will denote by P(E) the set of all Borel probability measures on the measurable space
(€,B(€)). Note that we will typically use lower-case Greek letters to denote probability measures,
ie. p,v e P(E).

Given two probability measures u,r on the same measurable space (2, F), we say that u is
absolutely continuous with respect to v if u(A) = 0 for all events A € F such that v(A) = 0. We
denote this by ¢ < v. The probability measures are said to be equivalent if p < v and v < p.
When the probability measures p and v are instead concentrated on disjoint sets then we say they
are singular and we will denote this by u L v.

When 4 < v then the Radon-Nikodym Theorem [146, Theorem 6.1] gives us that there exists

a v-measurable function f: Q — [0, 00) such that, for all events A € F we have:

w(4) = [ ra)avta). (2.52)

The function f is called the Radon-Nikodym derivative of p with respect to v and is also denoted

as f = 3—’:. We will often refer to f as simply the density of p with respect to v.

Random variables

An E-valued random wvariable is a measurable function X : Q@ — £. A measurable function f :
Q — £ is one such that the pre-image of any Borel set E € B(E) belongs to the underlying sigma
algebra F, i.e. f71(E) € F for all E € B(£). Note that we will typically use upper-case Latin

letters to denote random variables.

Remark 2.8. A random variable X : Q — & induces a probability measure px on the measurable

space (€, B(£)) via:
i (E) = u(X"1(E)) = ({w € QX () € E}), VE € B(e), (2.53)

yielding a probability space (£, B(£), nx). The induced probability measure, px, is referred to as
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the law or distribution of the random variable X and can be expressed as the pushforward of u by
X, px := Xup. More generally we will use the notation ¥ ~ v to denote that a random variable

Y is distributed according to the law v. ¢

Let X,Y,Z be £-valued random variables. We use the notation X 1L Y to denote that X
and Y are independent. Similarly we write X 1l Y|Z to denote that X and Y are conditionally
independent given Z.

For a random variable X : Q — R? the probability density function (p.d.f.), px : R* — [0, 00)
is simply the Radon-Nikodym derivative of the law of X with respect to the Lebesgue measure on

R4

2.3.2 The Multivariate Normal Distribution

In this subsection we will introduce and discuss the multivariate normal distribution which will be

useful throughout this thesis.

Definition 2.7 (Multivariate Normal Distribution). A random vector X € RY is said to
follow a multivariate normal distribution with mean vector u € R? and covariance matrix ¥ € R4*¢

written

X ~ N (e, 2), (2.54)

if and only if for any arbitrary fixed (deterministic) vector a € R? we have that the inner product

of a with X follows a normal distribution, i.e.
(a,X) =a’X ~ N(aTu,a’ Ta). (2.55)
In the case where X is invertible X has the following p.d.f.:

i ®) = s e (g w5 ). (2.56)

where |X| denotes the determinant of X, |X| = det(X). ¢

Remark 2.9. We also allow the case of singular covariance matrices, X, in Definition 2.7. Such
cases correspond to the centred random vector, X — p, being constrained to lie in the lower-
dimensional subspace corresponding to the orthogonal complement of the eigenspace of ¥ with
associated zero eigenvalue(s). Further note that the fully degenerate case of 3 = 0 corresponds to
a point-mass located at the mean, p, i.e. (i, 0) is considered to be the same as the probability

measure given by a Dirac-delta measure located at p, 6, : B(R?) — [0, 1], defined via 6,(A) =
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La(p), for all A € B(R?), where 14 is the indicator function of the set A defined by:

1, xe€A
Ta(x):= (2.57)

0, x¢ A
In this degenerate case the p.d.f. of X is undefined. However, it is possible to interpret the p.d.f.
here as the Dirac-delta ‘function’, 6, though this does not technically fit with our definition of

p.d.f. ¢

Remark 2.10. The relevant dimension, d, should be clear from the sizes of the random variables
and their respective means and covariances. We will occasionally subscript the symbol, A/, with an
integer to make explicit the corresponding dimension of the random vector, i.e. we will write X ~

Ny(p, X) to denote that X is a random vector in R? following a multivariate normal distribution.

¢

For completeness, we include in Appendix A.3 several well-known properties of the multivariate

normal distribution which will be useful throughout the thesis.

2.3.3 Bayesian Inference

Let (2, F,P) be a probability space. Recall that given events A, B € F with P(A),P(B) > 0 we
can define (see additional background material in Appendix A.3.1) the conditional probability of

A given B and of B given A via:

_ P(ANB)
P(BNA)
P(BJA) = ————=. 2.
(Bl4) = =575 (2:59)
These two equations can be combined to yield the famous Bayes’ rule:
_ P(BJA)P(A)

This important update rule was derived by Thomas Bayes [7] and is of fundamental significance to
the field of statistical inference. In the Bayesian setting, one often interprets the various components

of Eq. (2.60) in the following manner:

e Prior: P(A) can be viewed as quantifying the prior probability of some event of interest,

A, before any further information has been collected.

e Likelihood: P(B|A) can be viewed as describing the probability of observing some infor-

mation represented by the event B given that A holds/is true. Often the event B has a
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causal, albeit inaccurate or noisy relationship with the event A; the likelihood quantifies

this relationship.

e Marginal Likelihood: P(B) is often referred to as the marginal likelihood of the event
B and this term quantifies how likely it is to observe the event B irregardless if A holds/is

true.

e Posterior: P(A|B) represents the posterior probability of A holding/being true given

that we have observed some information represented by the event B.

Thus, the Bayesian interpretation of probability can be viewed as quantifying one’s belief in whether
some event holds/is true. Bayes’ rule is the mechanism which allows one to combine observa-
tions/data to update one’s a priori belief to yield an a posteriori belief of an event.

Of particular relevance to this thesis is the Bayesian formulation of statistical inference: any
unknown parameter of interest, 0, is treated as random and has an associated prior distribution,
p(0), placed on it representing our prior beliefs about the parameter before observing any data.
This prior is then combined with a likelihood, p(y|0), which captures the often noisy relationship
between the unknown parameter and the observed data y. Given this observed data one can then
uses Bayes’ rule to update our belief in the parameter, obtaining the posterior distribution p(8|y)

which in this scenario can be expressed as:

_ p(@)p(y]0)
p(Oly) = o) (2.61)
where p(y) is formally given via:
o) = [ p(510)p(6)30. (262)

Remark 2.11. One key challenge to adopting Bayesian methods is the difficulty in computing the
posterior distribution Eq. (2.61). This difficulty stems from the underlying difficulty in computing
the integral required to obtain the marginal likelihood Eq. (2.62). There are only a handful of
scenarios where it is possible to compute p(y) analytically in closed form, for example when dealing
with multivariate normal distributions (see Proposition A.4). This barrier prevented Bayesian
models from being widely adopted until the mid-1990s [127]' which saw the advent of Markov
Chain Monte Carlo (MCMC) algorithms. These algorithms generate a sequence of numbers which
are approximately distributed according to the posterior distribution by constructing a Markov
Chain with a stationary distribution which can be shown to coincide with the required posterior

distribution [22, 24, 151]. More recent developments involve the advent of Hamiltonian Monte

11See this reference for a short history of MCMC.
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Carlo (HMC) [9, 110] which has risen in popularity and can be used to estimate high-dimensional
posterior distributions with complex geometries when gradients are available. We will utilize an
implementation of the popular No-U-Turn Sampler (NUTS) algorithm [73], which is an extension of
HMC, found in the Python package NumPyro [118, 12] in Chapter 6 for the purposes of estimating
the parameters of a Bayesian model. In Section 5.3 we present a brief overview of the HMC
algorithm. For a more detailed overview of MCMC methods the interested reader is directed to

[128]. ¢

2.3.4 Gaussian Measures on Hilbert Spaces

We now present some results regarding the construction of Gaussian measures on infinite dimen-
sional Hilbert spaces. We start by introducing the concept of a stochastic process, which can
be viewed as the generalisation of random variables to infinite dimensional spaces, adopting the

definition from [112]:

Definition 2.8 (Stochastic process). A stochastic process is an indexed collection of random

variables

{X(t,w) |teT,weQ}, (2.63)

defined on a common probability space (2, F,P) where T is the index set. When the context is
clear it is common to suppress the w argument, shortening X (¢,w) to X(t). For a fixed w € Q we

call the function X (-,w) a sample path of the process. ¢

From a statistical inference perspective it can be useful to view X (-,w) as a random variable
in some appropriate space of functions. The choice of such a function space is a fundamental
modelling assumption and characterizes the relation between X (t,w) and X (t',w) for different
t,t' € T. In this thesis we will exclusively be concerned with the case of stochastic processes where
the random functions X (-,w) lie in a separable Hilbert space &£, which we will, in an abuse of
notation, denote by X € £. Typically we will take £ = L?(D) for some domain D C R which is
taken to be the index set of the stochastic process.

Two important objects related to stochastic processes are their expectation/mean function and
covariance operator. These are generalisations of the usual expectation and covariance matrix
in finite dimensions to infinite dimensional Hilbert spaces. Due to the infinite dimensional nature
some care is needed in defining these generalisations. There are two common notions of expectation

for stochastic processes given by the following two types of integrals:

e Bochner integral: Similar to the construction of Lebesgue integrals one can start by
defining an appropriate class of “simple functions” consisting of linear combinations of

indicator functions, whose expectations are given by the usual Lebesgue integral, and then
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define the expectation of our stochastic process X via the limit of a sequence of “simple
functions” which approximates our stochastic process. The resulting expectation is known
as the Bochner integral. A stochastic process is Bochner integrable if and only if the
univariate random variable || X ||(w) := || X(-,w)| (where || - | is the norm on &) satisfies

E (|X]]) < oo [16].

e Pettis integral: Since for each ¢ € T we have that X (t,-) is a (multivariate) random
variable we know how to compute the expectation E(X(¢,-)). This idea leads to the
important notion of a stochastic process being Pettis integrable or weakly integrable if there
exists some function m € & such that E[¢(X)] = ¢(m) for all bounded linear functionals
¢ e & Tt is possible to show that if a function is Bochner integrable that the Pettis

integral coincides with the Bochner integral [14].

For more details on these two notions of expectation the reader is directed to [14]. In this thesis
we will henceforth take the expectation of a stochastic process to be the Pettis integral. We will
say that a stochastic process is centred if E[X] = 0.

The covariance operator of a stochastic process on a Hilbert space £ can be defined as follows

[146, Section 6.3]:

Definition 2.9 (Covariance operator). Let X be a stochastic process in the Hilbert space £.
Let m = E(X) € € denote its mean function. A linear operator K : £ — £ is called the covariance

operator if, for all g, ¢' € £ one has,

(¢, Kg) =E({g', (X —m))((X —m),g)), (2.64)

where (-, -) is the inner product on £. Note the above Eq. (2.64) can be written compactly as K =
E[(X —m)® (X —m)] and this is analogous to the finite-dimensional case Eq. (A.26) presented
in Appendix A.3.1. ¢

Having defined both the mean function and the covariance operator for stochastic processes we
can now introduce the concept of a Gaussian measure on £, which can be viewed as a generalisation
of their finite dimensional counterparts on R?, the multivariate normal distribution (Definition 2.7)

as follows:

Definition 2.10 (Gaussian measure). A measure u on (€,B()), where £ here is an infinite-
dimensional Hilbert space, is a Gaussian measure if, for any linear functional £ € £’ the pushforward
measure {4 is a univariate normal distribution. Due to the Riesz Representation Theorem (see
Theorem A.1), one has £ = &, and we can characterise the above as follows: a stochastic process

X € €& follows a Gaussian measure, X ~ p, if and only if for any fixed (deterministic) g € £ one
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has (g, X) ~ N(my,07) for some m, € R,02 > 0. Note that my, = (g,E[X]) and o2 = (g9, Kg)
where E[X], K are the mean and covariance operator of X respectively, and are well-defined in

this definition. ¢

Note that this closely matches the relationship between the multivariate and univariate normal
distributions since for £ = R¢ one has that any continuous linear functional on R? can precisely be
written as ¢(v) = a’'v for some fixed a € R?. We also note that in Definition 2.10 it is not strictly
necessary to restrict £ to a Hilbert space only; the definition can be generalised to Banach spaces
[146, Section 6.3]. We will only consider Gaussian measures on Hilbert spaces in this thesis so we
exclude this generalisation.

The following result, adapted from [41] shows that the mean function and covariance operator

completely characterise a Gaussian measure on a Hilbert space:
Theorem 2.6. A Gaussian measure p on a Hilbert space & with mean function m and covariance
operator K has the characteristic function:

¢(g) = exp (i<g,m> - ;(g,Kg>> , Vget. (2.65)

This theorem justifies the use of the notation N (m, K) to denote a Gaussian measure with
mean function m and covariance operator K. Further, note that given any function m € &£ and
any positive semi-definite, trace-class operator K : £ — £ there exists a Gaussian measure N (m, K)

with mean m and covariance operator K [41, Theorem 1.12].

2.3.5 Gaussian Processes

Throughout this thesis we will rely on the concept of GPs which will be related to Gaussian
measures below. Let D C R? be a bounded and connected domain. In order to define a GP it will

be helpful to first introduce the notion of a positive-definite kernel function:

Definition 2.11 (Positive definite kernel function). A function ¢ : D x D — R is said
to be a positive (semi-)definite kernel function if it is symmetric, i.e. c¢(x,y) = c(y,x) for all
x,y € D, and if for any finite number of arbitrary points {x1,...,x,} C D the symmetric matrix

C = {c(xi,x;) } ;=1 € R™" is positive (semi-)definite, i.e.
vIiCv >0, vveR"\{0}, (2.66)

where in the positive semi-definite case we replace the strict inequality in Eq. (2.66) by >. ¢
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We can now define a GP as follows:

Definition 2.12 (Gaussian Process). Given a positive definite kernel function k: D x D — R
and a function m : D — R we say that a stochastic process X : D — R is a Gaussian Process
(GP) with mean function m and covariance function k if for any arbitrary finite collection of
distinet points {x1,...,x,} C D the resulting random vector X := (X (x1),..., X(x,))? follows
a multivariate normal distribution with mean vector m := (m(x1),...,m(x,))? and covariance

matrix K = {k(x;,x;)}7,-, € R™"™

X ~ N(m,K). (2.67)
The mean function and kernel/covariance function completely determine the GP. We write:

X ~GP(m,k), (2.68)

to denote the Gaussian process with mean function m and covariance function k. ¢

Remark 2.12. Note that it is possible to define GPs on unbounded domains D ¢ R? including on
the entirety of R%; the definition is exactly the same as in Definition 2.12. For the purposes of this
thesis we will be relying solely on GPs defined on bounded domains and so we restrict ourselves
to this setting as this simplifies the presentation of the link between Gaussian measures and GPs

presented below. ¢

Linking the two viewpoints

We now discuss an important connection between Gaussian measures and Gaussian processes. Let
f ~ GP(m, k) be a Gaussian process which takes values in & = L?(D), i.e. the stochastic process
given by f liesin & (so in particular m € £). Under the assumption that the covariance function, k,
is continuous we have that the GP can be can be associated with the Gaussian measure N (m, K)
on £ with mean m and covariance operator K, which is related to the covariance function of the

GP via the equation:

Kg() = /D kCy)g(y)dy, g€ €, (2.69)

i.e. the covariance operator associated with the GP, GP(m, k), is an integral operator with kernel
given by the corresponding covariance function k. Continuity of k£ guarantees that the resulting
covariance operator K is trace-class.

Conversely, given a Gaussian measure N (m, K) on & = L?(D) there exists [124, Theorem 2

(b)] an associated Gaussian process with paths in L?(D) which induces the Gaussian measure
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on L?(D). In particular, note that since the covariance operator K is Hilbert-Schmidt it can be
written as an integral operator with some kernel k € L?(D x D). Since it can then be shown that
the covariance operator K is also trace-class [14, see for example Theorem 2.3.1] it follows that the
kernel k is in fact continuous and can be taken to be the covariance function of the corresponding

GP associated to N'(m, K).

Properties of GPs/Gaussian measures

We now briefly discuss some well known results regarding GPs and Gaussian measures. One very

useful property of GPs is the transformation property given in the following proposition

Proposition 2.3 (Transformation property of GPs). Let f ~ GP(m,k) be a GP associated
with the Gaussian measure N'(m, K) on L?*(D). Let L : L?>(D) — X be a bounded linear operator
to some other finite/infinite-dimensional Hilbert space X. Assume that m lies in the domain of L

and k lies in the domain of LLT. It follows that the pushforward of f by L is also a GP:

Lf ~GP(Lm, LLTE), (2.70)

where the action of LLT on k is equivalent to taking the following:

(LLTE)(x,X") = Ly Ly k(x, %), (2.71)

where Ly denotes the action of L on the first argument of k and Ly its action on the second
argument of k. Eq. (2.70) is equivalent to stating that Lf is distributed according to the following
Gaussian measure on X :

Lf~N(Lm, LKLD). (2.72)

Throughout this thesis we will often be interested in modelling functions in a Bayesian manner
(see Section 2.3.3) and we will typically assign GP priors to model our functions. In order to make
predictions with our GP priors we will need to be able to condition them on observed data points
and obtain the relevant posterior distributions.

In the remainder of this section we briefly outline how we can obtain the posterior distributions
for GPs. To be more precise we are interested in the following scenario: we place a GP prior on a
function of interest,

f~GP(m,k). (2.73)

Here we assume f is a function on D C R? for some d € N. We assume that we obtain n € N
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noisy observations of f on some grid of of n locations D,, := {x1,...,x,} C D, i.e. we observe

y = (Y1, .., yn)T where:

yi= f(xi) + e, & RUN(0,0%), 0 >0, (2.74)

where the noise term € := (€1, ...,€,)7 is assumed to be independent from the GP f. We wish to
condition our GP prior on the noisy observation y to obtain the posterior of f|ly. We can then
use this posterior to make predictions for f at new locations. In the case of GPs the resulting
posterior will also define a GP whose mean and covariance can be computed in closed form which

the following well-known result, adopted from Theorem 3.1 in [78] shows:

Proposition 2.4. Let f have the GP prior specified by Eq. (2.73). Suppose n € N noisy observa-
tions, y, of f are made according to Eq. (2.74). It follows that the posterior of f given'y is also a
GP, with the following form:

fly ~ GP(i, k), (2.75)

where the posterior mean and covariance functions have the following forms:

m(x) :=m(x) +k(x)" (K +0°1,) ' (y —m), x¢€D, (2.76)

E(x,x') = k(x,x') — k(x)T(K + 0?L,) " 'k(x'), x,x' €D, (2.77)
where here k(x) is the (column) vector in R™ with i-th entry given by
(k(x)); = k(xi,%), (2.78)

m is the vector in R™ with i-th entry given by m(x;), and K := {k(x;,x;)}7;2, € R™*", similar

to the notation used in Section 2.5.5. ¢

Thus, the posterior distribution has a form where the mean and covariance functions can be
obtained using simple linear algebra via Eqgs. (2.76) and (2.77). The proof of this result is given in

Appendix B.1.

Remark 2.13. In light of Proposition 2.4, we can easily make predictions from GP posteriors by
evaluating the posterior at the required test locations D7, := {x7,..., x5} C D for any m € N and
simulating a multivariate normal random vector with mean and covariance given by evaluating
Egs. (2.76) and (2.77) on the grid of test locations. That is to say, we can make predictions for
(F(x5)y ey f(x2,)T from the posterior Eq. (2.75) by drawing a random vector w* ~ N, (m*, %)
where m* € R™ has i-th entry given by m(x}) and X* := {Ié(x:‘,x;‘) i

It is also possible to obtain the conditional distribution of a Gaussian measure on a Hilbert
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space in a similar manner to Proposition 2.4 for GPs. This is presented in Theorem A.2 in
Appendix A.3.1.

For a more comprehensive overview of Gaussian measures/processes we refer the reader to the
works [14, 123, 125, 97]. [125] deals with GPs in a more practical manner than [14, 123, 97] where
the treatments are more measure-theoretic in flavour. The Gaussian measure/process view is also
closely connected to the random field perspective which is discussed in great detail in the works

[146, 42].

2.3.6 Divergences on Spaces of Probability Measures

Central to the analysis in this thesis is a means of measuring the divergence between probability
distributions, i.e. being able to quantify how different two probability distributions are. Perhaps
one of the most popular discrepancies between probability measures is the KL divergence which

we define below:

Definition 2.13 (Kullback-Leibler divergence). Let u,v be two probability measures where

pu < v. The Kullback-Leibler (KL) divergence from p to v is given as follows:

KL(1 || v) = E,, {log (j’;‘ﬂ , (2.79)

where % is the Radon-Nikodym derivative of p with respect to v. In the common case where p, v

are probability measures on R? with densities, p, ¢, respectively we can express the KL divergence

as:

KL )= [ 1og (p(x)>p<x>dx, (2.80)

q(x)
and in this scenario we often refer to Eq. (2.80) in terms of the densities as the KL divergence from

ptoq. ¢

Remark 2.14. Note that the KL divergence is not a metric (see Definition A.1) on the space of

probability measures due to the lack of symmetry of Definition 2.13. ¢

The KL divergence is a key ingredient in Stochastic Variational Inference (SVI), a popular
approach to performing Bayesian inference.

We now introduce the Procrustes distance, as a divergence between centred Gaussians, which
will be useful when discussing the Wasserstein distance below. The definition below is adopted

from [119].

Definition 2.14 (Procrustes Distance). Let C; : £ — £ be covariance operators for i = 1, 2.

Let S; each be (not necessarily symmetric) square roots of Cj, i.e. C; = SZSZ- for ¢ = 1,2. The
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Procrustes distance between C7, Cy, denoted by dp(C1, Cs), is defined as:
dp(Cy,Cs) := inf [|S7 — S3R 2.81
P( 1y 2) R:é§R:I\\ 1 2 ||H87 ( )

where I is the identity operator on £ and R : £ — £ is thus a unitary operator. ¢

As noted in Definition 2.13 a key requirement is that the two probability measures being
compared are absolutely continuous; the KL divergence cannot be used to compare two mutually
singular distributions. For the purposes of studying the error in StatFEM in Chapter 3 we will
need to introduce a metric on the space of probability distributions which is able to handle the
mutually singular distributions involved in this setting as will be justified in Section 3.4. The
probability metric we will work with in Chapter 3 is the Wasserstein distance. Here we introduce

the Wasserstein distance and outline some of its key properties which we will require.

Definition 2.15 ( Wasserstein-2 distance). The Wasserstein-2 distance between two probabil-
ity measures pu, v on a normed space &, having the first two moments finite, denoted by Wa(u, v),
is defined as:

W2(uv)= inf / iz — yl2dn(z, ), (2.82)
mel(u,v) Jexe

where I'(u, v) is the set of couplings of p and v, i.e.

D, v) ={mr e P(ExE)|m(A X E) =p(A) and 7(€ x B) =v(B) for all A,B € B(E)}. (2.83)

Throughout the thesis we will abbreviate Wy (p, v) = W, v).

Remark 2.15. Note that the integral in Eq. (2.82) can be written as E.(||X — Y||2) where the
random variables X and Y have joint distribution (X,Y) ~ w. Equation (2.83) says that a coupling
7 € I'(u,v) is a probability measure on the product space £ x £ whose marginals in the first and
second arguments are y and v respectively. This is illustrated in Fig. 2.2. Just as with L? norms
one can consider a Wasserstein-p distance where the squares in Eq. (2.82) are replaced by powers
of p for p € [1,00). Note that in the literature the Wasserstein-1 distance is often referred to as
the Earth-Mover’s distance, especially in applied fields, since if one intuitively views one of the
probability measures, say u, as a pile of sand and the other, say v, as a hole in the ground then
the Wasserstein-1 distance can be thought of as the minimum “cost”, when measured according

to ||z — ylle, required to transport the pile of sand to the hole. ¢

Henceforth, when we refer to the Wasserstein distance we mean the Wasserstein-2 distance

unless otherwise stated.
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Figure 2.2: Coupling between two distributions.

It will be useful in this thesis to note that the Wasserstein distance between two probability

measures p, v can be linked to the Wasserstein distance between the centered measures. Let m

denote the expectation of p; then the centered measure p* is defined by,

w(E) =p({z —ml|x € E}), VE e B(E).

Denoting the means of i, v by mq,ma respectively we have from [40],

W2(p,v) = [lma — mallz + W2 (u*,v").

(2.84)

(2.85)

We will require an explicit expression for the Wasserstein distance between two Gaussian. Let

w; = N(m;,%;),i = 1,2 be two Gaussian measures on a separable Hilbert space £. Then from

[105], we have

W2 (11, pi2) = |[ma — ma|? + tr(S1) + tr(Z2) — 2tr\/S1/25,5172.

Remark 2.16. Note that combining Eq. (2.85) and Eq. (2.86) one obtains:

W2(N(0,%1), N(0,55)) = tr(S1) + tr(S) — 2tr /2125, n1/2,

(2.86)

(2.87)

48



Bayesian Uncertainty Quantification for PDE Models Chapter 2

as the Wasserstein distance between two mean-zero Gaussian measures. ¢
The following bound found in [27, see Lemma S2] will be very important in the error analysis

in Chapter 3,

Lemma 2.1. Let u; = N(a;,C;),i = 1,2 each be Gaussian measures on a Hilbert space €. Let S;

each be square roots of C; such that C; = Sj S;. Then we have that,

W2(p1, pi2) < Jlax = azlfz + (|51 — Salliis. (2.88)

For completeness we include a proof of this key result, adapted from the proof of Lemma S2 in

[27):

Proof of Lemma 2.1.

We have, using Eq. (2.85), that the Wasserstein distance between p1 and po can be written as:
W2 (1, p2) = llax — azl|z + W2(N(0,C1), N(0, C)), (2.89)

transferring our problem to the Wasserstein-2 distance between two centred Gaussians. We can
now utilise an important connection between the Wasserstein distance between centred Gaussian
measures and the Procrustes metric between the respective covariance operators found in [105, see

Proposition 3], namely that:
W(N(0,C1),N(0,C5)) = R~Igllf%—I IIS1 — S2R|lus = dp(C1, Cs), (2.90)

i.e. the Wasserstein-2 distance between the centered Gaussians is equal to the Procrustes distance
between their respective covariance operators. We note here that in Proposition 3 of [105] the
authors consider symmetric square roots of the covariance operators in their definition of the
Procrustes distance. In the proof here we note that, as is discussed in the proof of Lemma S2 in
[27], we need not express the Procrustes distance in terms of symmetric square roots [119]. This
justifies Eq. (2.90) above. We can now finally take R in this equation to be the identity operator,

R = I, which yields the following inequality:
W2(N(0,C1), (0, C2)) < [|S1 — Sallfss, (2.91)

which yields Eq. (2.88) as required. |

For a more detailed treatment of Wasserstein distances the reader is directed to [156, 134, 117].
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[156, 134] are more theoretical in nature, while [117] focuses more on numerical methods for solving

optimal transport problems (the solutions being related to Wasserstein distances).

a0



Chapter 3

Theoretical Guarantees for the

Statistical Finite Element Method

3.1 Introduction

This chapter contains the theoretical contributions for the first project of this thesis which were
outlined in Chapter 1. In particular, this chapter is structured as follows. In Section 3.2 we provide
a literature review of related work to that presented in this chapter. In Section 3.3 we present
StatFEM, deriving it from first principles. Section 3.4 contains our main theoretical contributions,
error bounds for the StatFEM prior and the posterior when this prior is conditioned on sensor
observations. Our preliminary attempts to adapt these results to time-dependent problems are
described in Section 3.5. Any additional details required for the proofs of the main results of this

chapter are included in Appendix B.2.

3.2 Related Work

This chapter is focused on providing detailed error analysis for the StatFEM method first intro-
duced in [65]. For clarity of ideas we start by limiting our attention to linear elliptic problems.
More recently [81] have derived error rates, in terms of the expected L? norm, for the StatFEM
posterior distribution both with and without discretisation when used to model some deterministic
true system response function.

The error analysis for the StatFEM method is an example of analysing the effects of perturba-
tions of the posterior distribution resulting from a perturbation of the underlying prior distribution.
In the literature surrounding well-posedness theory of Bayesian inverse problems such perturba-

tion results are commonplace. These however tend to focus on analysing posterior perturbations
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resulting from likelihood perturbations [42, 146, 75, 76, 90, 149, 115, 142] as opposed to prior
perturbations which have been studied more recently, see for instance [142, 61]. An important
reason for fewer results being available for prior perturbations is the choice of metric/divergence
for the distance used to compare the posteriors; typically the Hellinger distance or Total Variation
distance are used which require the posteriors and hence the priors to be absolutely continuous
with respect to a common reference probability measure (i.e. one of the measures has to be ab-
solutely continuous with respect to the other). As will be discussed in Section 3.4 the priors and
posteriors considered in the analysis of StatFEM are mutually singular which prohibits the use of
these metrics.

There has been extensive research on deriving numerical methods for solving various classes of
SPDEs. For detailed reviews of such methods the reader is referred to [101, 106, 147, 143, 160, 4].
Some of these methods, for example the Stochastic Galerkin Finite Element method (SG-FEM),
introduced in Section 3.1, and its many variants, also find their roots in the classical finite element
method, but differ fundamentally from StatFEM. More specifically, SG-FEM methods reformulate
the SPDE as a deterministic PDE on a higher dimensional domain, where additional variables
are introduced to characterise the underlying noise process. For example, if the underlying noise
process is given by a truncated Karhunen-Loéve expansion (see Theorem A.4) consisting of m
random basis functions then SG-FEM methods reformulate the problem to a weak formulation
on a space of functions with d + m variables. On the other hand, in the StatFEM approach, the
approximation is itself intrinsically stochastic as will be expanded on in Section 3.3. While SG-
FEM methods are applicable to a wider class of SPDEs, their scalability is limited by the curse of
dimensionality resulting from the augmented noise dimensions. Additionally, while the StatFEM
formulation permits fast assimilation of measurement data, this is not straightforward for SG-FEM
and related methods.

In the area of spatial statistics, Gaussian random fields are constructed as the solution of
appropriately chosen SPDEs [98]. The solution is approximated through a finite element discreti-
sation of the weak form of the underlying SPDE. The resulting discretised solution is subsequently
employed as a prior within a Bayesian inference problem for a spatial or spatio-temporal model
[140]. For non-Gaussian likelihoods, fast approximate Bayesian Inference for the resulting latent
Gaussian model is possible using an Integrated Nested Laplace Approximation (INLA) [104]. The
construction of the StatFEM model is strongly connected to this statistical viewpoint of SPDEs.
Indeed, in both cases, the spatial priors are Gaussian Markov Random Fields (GMRFs). In the
case of StatFEM the mean and covariance of the GMRF reflect the behaviour of the underlying
deterministic PDE, while in the SPDE case the covariance is tailored to ensure a specific degree of

spatial decorrelation of the underlying latent Gaussian random field.
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Conceptually, StatFEM also bears some similarity to Probabilistic Numerical Methods [72],
both being statistical reformulations of numerical methods. Indeed, such methods have also been
developed for approximating solutions of ODEs [152] as well as PDEs [31, 25, 28]. The two
methodologies share common foundations, particularly Bayesian Probabilistic Numerical Methods
[29] which are formulated as conditioning a prior distribution of potential solutions on partial eval-
uations of the underlying equations. StatFEM also builds on the Bayesian formalism, employing
conditioning to incorporate new information, specifically noisy sensor observations, starting from a
prior which characterises the distribution of approximate PDE solutions. However, these methods
fundamentally differ in what they seek to achieve: Bayesian Probabilistic Numerical methods seek
to recast numerical discretisation error as uncertainty, whereas the uncertainty arising in StatFEM

primarily seeks to account for model error.

3.3 The Statistical Finite Element Method

In this section we will present the StatFEM model. We reviewed FEM in Section 2.2.2. In
Section 3.3.1 we will derive the prior distribution over the solution to the PDE that is used in
StatFEM. Finally, in Section 3.3.2 we will condition this prior distribution on sensor observations

to obtain the StatFEM posterior distribution.

3.3.1 The StatFEM Model

In this section we present the StatFEM approximation for the solution of a stochastically-forced
elliptic PDE. The resulting probability distribution will subsequently be employed as a prior to
be combined with sensor data through Bayesian updates. To this end, we consider the BVP from
Eqgs. (2.27) and (2.28) where f is chosen to be a GP, f ~ GP(f, k;), where f € L?(D) and where
we make the following assumption on the covariance function ky and its associated covariance

operator K.

Assumption 3.1. The eigenvalues, {y; }J‘?’;l, of K behave asymptotically like 5~ for some A > 0,
i.e. there exists constants C1, Cy > 0 such that Cyj~* < i < Coj~ for all j € N. Further, in the

case of A € [0, 1], we will assume K shares the same eigenfunctions as £. ¢

Note also that we take the boundary value to be zero, i.e. ¢ = 0, as discussed in Section 2.2.

Remark 3.1. As part of our error analysis we will consider the two distinct cases: A € [0,1]
and A € (1,00). Note that in the case A = 0 we instead consider f to be white noise, i.e. K is
the identity on L?(D). The convergence of FEM for white-noise forcing has been established in
the literature, e.g. [39, 135]. In the case A > 1 we have that the covariance operator K is trace-

class on L?(D) which is equivalent to the covariance ks being regular enough so that realisations
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of f lie almost surely in L?(D). To guarantee this it is sufficient to take k¢(x,y) = ¥(x —y)
where 1 : D — R is continuous [136, see Corollary 1]. This is a mild requirement satisfied by
many commonly used kernels, for example by the Squared Exponential kernel or any kernel in the
Matérn family. Another alternative sufficient condition would be to choose the kernel so that the
associated covariance operator is an appropriate negative power of the Laplacian. This is outlined

in detail in [146, see section 6]. ¢

In our analysis we shall assume that the conductivity coefficient & is deterministic, unlike [65]
where this is assumed to be stochastic. Since Egs. (2.27) and (2.28) are well-posed, the solution
can be expressed as u = L 'f, where £7! is the inverse of the differential operator £. The
pushforward of the probability measure for f through £~! induces a probability distribution of
solutions supported on Hg(D). Since the inverse operator is linear, the resulting distribution
for u will also be a Gaussian measure supported on L?(D), with mean £~ !f and covariance
operator L~'KL~T. Indeed, u can be expressed as a Gaussian process [114, Proposition 3.1] (see
Proposition 2.3),

w~GP(LT f k), (3.1)

where

ke(x,y) = L ULy kg (x,y). (3.2)

Here £! denotes the action of the operator £~}

on the first argument of the kernel and £, its
action on the second argument.

We intend to use Eq. (3.1) as a prior, which will later be combined with sensor observations
through sequential Bayesian updates. An important observation is that the mean and covariance
of the GP defined in Eq. (3.1) cannot be computed exactly for general problems, which precludes
the calculation of marginal distributions or realisations of the GP. To overcome this issue, another
GP, which employs a finite element approximation of the mean and covariance functions will be
introduced.

As discussed in Section 2.2.2 FEM approximates the solution to our elliptic BVP as a linear

combination of the FE basis functions. In particular, the FEM approximation to the solution of

our elliptic BVP can be expressed as follows:
up, = ®TAT = L, f, (3.3)

where the operator L; ! : L?(D) — L?(D) is defined as L, ' := ®TA~'F,. Here the operator
Fp : L2(D) — R™ takes a function f to the load vector f, defined in Eq. (2.47), and A is the

stiffness matrix defined in Eq. (2.46). Note that we have denoted by ® := (1, ..., 9, )T the vector
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of FE basis functions. The StatFEM approximation to (3.1) is obtained by formally replacing the
solution operator £~! with IA/,jl in the mean and covariance terms. Due to the linearity of the
approximation solution map, the resulting process is still a Gaussian process, with transformed

mean and covariance.

Proposition 3.1. The StatFEM model from [65] is a GP of the form
up, ~ GP(tn, kn), (3.4)
where the mean and covariance function are defined by:

up(x) = ®(x)T AT, (3.5)

kn(x,y) = ®(x)TAT' K, A B(y), (3.6)

h

where Kz, = FKF) € R™*™ qnd f:= F,f € R™. ¢

Proof of Proposition 5.1.
This follows trivially from the fact that the approximate solution operator is a bounded linear
operator together with the well known transformation results of a Gaussian measure by linear

maps, see Proposition 2.3. |

Remark 3.2. Note that both the true and approximate FEM solution operators can be uniquely

extend to operators on H~!(D). This fact will be useful when considering rougher forcing terms.

¢

Next we quantify how much error is introduced by replacing u with u;, by bounding the distance
between their laws. To this end, we define v, and v, to be the Gaussian probability measures
supported on L?(D) which are associated with the GPs (3.1) and (3.4), respectively. We can write
Ve = N(my, %) and v, = N(my, Xp,) where

m* = E_lfa

Y, =LKLt
and

mp = i;1f7

S, =LKL,

The next theorem shows that v,, v, are mutually singular, justifying our use of Wasserstein as
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a distance measure.
Theorem 3.1. The measures vy, and vy, are mutually singular. ¢

Proof. Let V,,V}y, be the supports of v,, v, respectively. Since the image of the approximate solution
operator I:gl is the span of the FE basis functions {¢;}*, it follows that, for all b > 0, V} is a
finite dimensional subspace of H} (D) C L?(D). Further, under Assumptions 2.1 and 2.4 we have
that V, is an infinite dimensional subspace of Hg(D) C L?(D). In the case that V}, and V, are
disjoint we clearly have that v, and v, are mutually singular. Consider now the case that V}, and
V, are not disjoint and Vj, & V,. This means that V} and V, have a non-empty intersection, and
that there exists a subset V C V, not in the intersection. Further, v, gives 0 measure to ‘77 while
V has positive measure under v,. This implies that v, and v, are mutually singular. Finally, in
the case that Vj, C V, we can write V, as the orthogonal direct sum of V};, and its complement.
Since vy, gives full measure to Vj it must give measure 0 to the orthogonal complement of Vj,
which has positive measure under v,. Hence, we again have that v, and v, are mutually singular.

In all cases, the mutual singularity follows from the Feldman-Hgjek theorem (see Theorem A.3)

[123, Theorem 2.25]. ]

3.3.2 Posterior Updates of the StatFEM approximation

We now consider the problem of inferring the solution u of the BVP from Egs. (2.27) and (2.28)

for an unknown forcing term f based on noisy observations of the form
v==Su+¢& &~N(0,éET), (3.7)

where S is a linear observation map. Following the Bayesian formalism [146], the solution of this

inverse problem is characterised by the posterior distribution 7, (du) of u given the observations v,

v, (du) oc e FVWy (du), (3.8)

1

sezs ||Su — v]|?, is the negative log-likelihood, often referred to as the potential in

where L(v;u) =

the literature on Bayesian inverse problems, and ¢ is the observational noise standard deviation.
In practice, we would work with an alternative posterior distribution, where the prior distribution
v, is replaced with a prior obtained from a finite element approximation. To understand the
consequences of making this approximation, we must quantify the distance (in an appropriate

sense) between the posterior probability measures (3.8) and

Dn(du) o< e FVy (du). (3.9)
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We shall make the following assumption, on the observation map S.

Assumption 3.2. The observation map S : C(D) — R?® is a bounded linear operator with full

range. ¢

The choice of C(D) as the domain of the observation map S in Assumption 3.2 is justified by

the following theorem:

Theorem 3.2. The supports of v, and vy, are subsets of C(D). Note that for this to be true in
the case of A € [0,1] in Assumption 3.1 we must restrict further to A € (0,1] when d = 2 and

A€ (2/3,1) whend=3. ¢

Proof. Note that restricting A € (1,00) in Assumption 3.1 guarantees that solutions to our noisy
elliptic BVP lie in H2(D) almost surely. By the Sobolev Embedding Theorem (see Theorem 2.1)
for d = 1,2,3 one has that H*(D) C C(D) and thus draws from the true prior are almost surely
continuous. In the case A € [0,1] it can be shown (see discussion following the proof of Lemma B.1
in Appendix B.2) that solutions from the true prior lie almost surely in the fractional Sobolev
Space H 2-(1-N5 =< for all ¢ > 0. Using the Embedding Theorem for fractional Sobolev spaces
(see Theorem 2.1) one can again show that draws from the true prior are almost surely continuous.
Note that in the fractional case when d = 2 we must restrict A € (0, 1] and when d = 3 we must
restrict A € (2/3,1]. For further details please see Appendix B.2. Draws from the StatFEM prior

are trivially in C(D). ]

Thus, S is well-defined for functions drawn from the true and StatFEM priors. Note that the
condition on the range of S will always be true for some s > 0.

A property which will be very important for the subsequent error analysis of Section 3.4 is that
the posterior distributions v, and 7, remain Gaussian measures. This can be viewed as the infinite
dimensional version of the analogous result for multivariate Gaussians based on “completing the

square”.

Proposition 3.2. Suppose that the observation map satisfies Assumption 3.2, ky satisfies As-

sumption 3.1, and let v.€ R®. Then v, and vy, are Gaussian measures with mean and covariance

given by
m) = mg + SaST(ET+ 58,81 7 (v — Sma), (3.10)
50 = 8, - 2,511+ 55,57 1S5, (3.11)

respectively, for a € {x,h}.

Proof of Proposition 3.2.

We first note that so far we have assumed that the priors u ~ v; = N(m;,%;) are Gaussian
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measures on L?(D). However, both priors are actually supported on subspaces V; C L?(D). For
the purposes of the proof we will be viewing the priors as measures on the respective subspaces V;.
We will then trivially extend the resulting posteriors onto all of L?(D). When viewed as Gaussian
measures on V; the covariance operators X; are both positive definite.

In order to obtain the posterior 7; we will first derive the joint distribution of (u,v)? when
the prior on w is v;. Since the observational noise £ is independent of u we have that the joint
distribution of (u, &)7 is:

u m; i 0

~N ; : (3.12)
13 0 0 €I

u I 0 U
= . (3.13)
v S I £
Since this is a linear transformation of (u, £)” we have that the joint distribution of (u,v)? is given
by:
(3 m; Zi ZiST
~N ) . (3.14)
v Smy; S GQI—FSEiST

From this it is simply a matter of conditioning to obtain the posterior distribution of u|v specified
by Egs. (3.10) and (3.11). This conditioning step is justified under Theorem A.2, in particular,
we apply this theorem with H; = V; and Hs = R®. The corresponding covariance operator C is
given by the covariance operator in Eq. (3.14). The only thing which remains to show is that this

covariance operator is positive definite. To that end, note that we can rewrite this operator as:

)P ;81 DI W) 0 0
C= = +
SY; 621—|—SE,'ST S SEiST 0 €I
I 0 0
= PP ([ S’r) + . (3.15)
S 0 €I

(a) (b)

Written in this form it is clear that C is positive definite. This is because operator (a) above is
positive definite while operator (b) is positive semi-definite. Positive definiteness of (a) follows

from the positive definiteness of 3J; together with the fact that S satisfies Assumption 3.2. |
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3.4 Discretisation Error Analysis

Intuitively we expect that v, — v, as h — 0 in an appropriate sense because of the convergence
properties of the finite element discretisation. Similarly, we expect that the approximate posterior,
vy, will converge to the true posterior, 7, in an appropriate sense, as h — 0.

To establish these properties we must select an appropriate metric for the distance between the
priors and posteriors. A challenge with selecting this metric is that, as explained in Theorem 3.1,
the measures {vp,v,} and {Dp, 7.} are generally mutually singular. As noted in [142, 61] this
complicates the typical stability analysis that arises when studying Bayesian inverse problems,
based on Kullback-Leibler divergence or Hellinger distance [38]. In this thesis we shall adopt an
alternative approach, employing the Wasserstein-2 metric (see Definition 2.15) to quantify the
influence of discretisation error on the posterior distribution. This is advantageous in this context
for several reasons: firstly it is not dependent on the use of a common dominating measure.
Secondly, unlike other divergences, it is robust under vanishing noise: in this limit, the Wasserstein
distance between the two probability measures will converge to the deterministic L? discretisation
error between the respective two means. Finally, while computing the Wasserstein distance is
intractable for general measures, there exists a closed form for the Wasserstein-2 distance between
Gaussian measures (see Eq. (2.86)), valid in both finite and infinite dimensions. See [105] for a
statement of this and see [47, 113] for proofs in the finite dimensional case, and [40] for a proof in
the infinite dimensional case.

The results in this section will focus on bounding the Wasserstein distance between the priors
v, and vy, and the posteriors v, and v, as a function of h. The strategy employed to obtain
these bounds involves exploiting an important connection between Wasserstein distance between
Gaussian measures on Hilbert spaces and the Procrustes Metric between the respective covariance
operators, as detailed in [105]. We now present these results in the following two theorems. The

proofs will be given after stating both theorems.

Theorem 3.3 (Prior Error Analysis). Assuming that f € L?(D), ks satisfies Assumption 3.1,
and that the domain, D, and parameter, K, satisfy Assumptions 2.1, 2./, and 2.5 there exists a
constant v > 0, independent of h, such that, for sufficiently small h, and for any ¢ > 0 we have:

h2=5=< ifAe[0,1] and d € {1,2},

W (ve,vp) < (3.16)

h2, if A€ (1,00).

The next theorem describes how this error in the prior propagates forward to the error between

arbitrary linear functionals of the true and StatFEM posterior, again as a function of the mesh
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width h.

Theorem 3.4 (Posterior Error Analysis). Let £ : L?(D) — R be a bounded linear functional.
Assuming that f € L?(D), ky satisfies Assumption 5.1 with the additional restriction that A € (0,1]
whend =2 and X € (2/3,1] when d = 3, and that the domain, D, parameter, k, and the observation
map S, satisfy Assumptions 2.1, 2.4, 2.5, and 3.2 there exists a constant v'(£) > 0, independent

of h, such that, for sufficiently small h we have:
W (byiry, i) < &' (0)h* + O(h*) as h — 0. (3.17)

¢

Remark 3.3. Theorem 3.4 provides a bound on W (€u,, lypy), for arbitrary ¢, rather than on
W (D, ). Naturally a bound on the latter quantity is stronger and more of interest, but deriving
such a bound is technically challenging. Nevertheless the empirical results in Chapter 4 suggest

that the stronger result may hold, and as a result this will be the focus of future research. ¢

Theorem 3.3 shows that we have control over the Wasserstein distance between the full priors
while Theorem 3.4 shows that, in the posterior case, we have control over linear quantities of
interest. Nonlinear quantities of interest are also interesting and we will explore whether they are
controlled empirically in the numerical experiments in Chapter 4.

Before we provide proofs for Theorems 3.3 and 3.4 we first present a lemma which will be
required in the proofs. This lemma is a simple corollary to Theorem 2.5 which places a bound on

the operator norm of the difference of the solution operators £~ ! and I:,:l.

Lemma 3.1. Under the assumptions of Theorem 2.5 we have the following bound for sufficiently

small h:

£~ — L |2 < Ch2, (3.18)
where we have used the notation || - |12 to denote the operator norm for operators from L?(D) —
L?(D). ¢

Proof of Lemma 3.1.
This bound on the operator norm of £~ — I:;l follows from noting that the error bound Eq. (2.51)

given in Theorem 2.5 can be re-expressed as:
1E71f = Ly flleaoy = IE7 = L) fllzoy < CR2(1f 2 )

Since the above inequality holds for all f € L?(D) we deduce that Eq. (3.18) holds as required. M

We are now in a position to prove Theorems 3.3 and 3.4. We start by proving Theorem 3.3.
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Proof of Theorem 3.3.

Both of the priors v,, v, are Gaussian measures on the Hilbert space L?(D). Further, noting that
K is a covariance operator, we have that it possesses a symmetric square root K'/2, i.e. we have
K = K'2K'Y? and (K'/?)t = K'/2. Using this fact, we see that we can express the covariance

operators of the priors as follows:

Y. =LK, f

_ £—1K1/2K1/2£—T

= (K2~ Yl (Y271 = sts,, (3.19)
=L KL, T

_ ﬁ;lKl/QKl/QfJ;T

= (K21, N(K'2L, ) = S} S, (3.20)

where S, := K'/2£~1 and S, = KI/QIA/;T. Thus, our priors v, vy, satisfy the assumptions of

Lemma 2.1 and so utilising this lemma we obtain the following bound on the Wasserstein distance:
W2(ve,vn) < llma — mal[Z2p) + 1S« = Shlliis- (3.21)

We now proceed to bound each of the terms in Eq. (3.21). Starting with the first term we have,

for sufficiently small h, the following:
[ma —mallL2oy = 1£7F = L, fll2oy < CR2(|f1| 22 (D), (3.22)

where we have utilised the error bound from Theorem 2.5, which holds since f € L?(D) and since
all of the Assumptions 2.1, 2.4, and 2.5 hold. For the second term in Eq. (3.21) we will consider
the two cases presented in the statement of Theorem 3.3 separately. We start with the second case

where A € (1,00) and d is not restricted (i.e. d € {1,2,3}). In this case we can compute:

1Sx = Shllus = [ K'2L7T — KV2L, T |lus (3.23)
= K27 = L, ") |lus (3.24)
< IKY?|gsllc™t = L, Tl (3.25)
= ||K?|lusll£7F = Lyt 22 (3.26)
< CR?||K'?|us. (3.27)

We have utilised several facts in the above which we now detail. In going from Eq. (3.24) to
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Eq. (3.25) we have utilised the facts that £71 — IA/,_Ll, and hence its adjoint £t — I:;T, is a bounded
operator and that K'/2 is Hilbert-Schmidt. This second fact follows from the facts that K and K'/2
are symmetric and that K is positive and trace-class (which follows since A > 1) and computing

V2 e ())Y? = [((K2)Y2)]Y? = ||K]|Y/? < co. Finally, in going

12 s = [ex(KCY/2K0/2)]
from Eq. (3.26) to Eq. (3.27) we used the bound Eq. (3.18) from Lemma 3.1.
We can now combine the bounds on these two terms to obtain for sufficiently small h, the

following:

W2(wa,vn) < O Fll3 o) + C2h*IK s (3.28)
= C2h* (I F11320) + 1K) - (3.29)

which implies,
W (van) < O\ 122y + I /2[Bigh® = 02, (3.30)

where 7y := C\/Hf||2L2(D) + || K1/2||%5 > 0 is a positive constant, independent of h, as required.
We now consider the first case where A € [0, 1] and where d is restricted to d € {1,2}. In this

case, since A € [0,1], K is no longer trace-class and so we cannot follow the strategy above. In

particular, the step going from (3.24) to (3.25) is no longer valid. We instead need to bound the

H S norm of the difference in solution operators, i.e.

1S, = Spllus = | KY2L~T — K21 T ||us
< B2 2|7 = L T ms

= [|KY2) 2]l £71 = Ly, lmss.

Bounds on the HS norm of the difference in solution operators have already been investigated in
[39]. In particular, note that the term ||[£~1 — f/;1||Hs corresponds with the following term from

the proof of Proposition 4 in [39]:
1/2
Az = (E[I12" - ZlE)) (3:31)

(where we have set 3 = 1,0 = 0,q = 2 in the original term Az from [39]). Here 2! denotes
a Gaussian random field (GRF) which, in the parlance of [39], is coloured by the operator £1,
and 27! is a GRF coloured by the operator E;l Note that the covariance operator of a Gaussian
random field coloured by an operator T is C' = TT*. Thus, Z*, 2} correspond to the centred true
and StatFEM priors respectively in the case of white noise forcing. It can be shown that 2! — 2!

is also a GRF which is coloured by £~ — i;l, as stated in the proof of Proposition 3 from [39].
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To see the correspondence between the term Ag and |[£7! — L; '||zs we can now use equation

(36) from Proposition 3 in [39] with the GRF 2! — 2! to compute:

E[I12" = 23| = (7 = L™ = Lz (3.32)
= (L7 = LT (e~ = L) (3.33)
= l£7 = L; s, (3.34)

as required. Owing to the similarity in the analysis with the proofs of Proposition 4 and Section 8
in [39] we only include the resulting bound for [|[£~' — L, !||lus in the proof here. This is justified
since the form of the differential operator £ together with the choice of FE basis function and
Assumptions 2.1, 2.4, and 2.5 satisfy all the assumptions required by Proposition 4 in [39]. For
completeness we include further details verifying this statement in Appendix B.2. Thus, we can
conclude, as in the proof of Proposition 4 in [39] that we can bound ||£~! —I:,;l s by O(h2=4/2=)
(since in our setting o = 1 in Proposition 4 of [39] this is the rate we obtain) for any ¢ > 0 as
required. (Note: the restriction to d € {1,2} is necessary since we have § = 1 for the PDE
Eq. (2.27) and we are not in the setting § > 1 as required in Proposition 4 for the bound on (Ag)
to hold when d = 3.) ]

Remark 3.4. Note that the bound presented in Theorem 3.3 is in fact sharp. This can be seen by
noting from Eq. (2.86) that the squared Wasserstein distance between the two priors vy, vy, contains
the term [|[L~1f—L; ' f H%Q( p)- Since this term expresses the deterministic FEM discretisation error
the bound for the Wasserstein distance for the priors cannot be tighter than the rate obtained by
the FEM method applied to the deterministic version of our elliptic BVP Egs. (2.27) and (2.28).
¢

We now prove Theorem 3.4.

Proof of Theorem 3.4.

To start we note that the restriction of A to the interval (0,1] when d = 2 and (2/3,1] when d =3
is required as outlined in Theorem 3.2. Since both of the posteriors v,, 7, are Gaussians we have
that (uv, ~ N (Kmsz,, EZE:IEIZT) and lyvp, ~ N (ng‘Li, EZSJ&ET) are univariate Gaussians. Thus,

we have via Eq. (2.86),

() |?

W2(LyDy, bybn) = ‘ﬁmfjll —tmy) |+ ‘\/ézfjlw - \/@fj@ﬁ

2
‘ (3.35)

We proceed to bound the two terms in the equation above. The following remark will be very

useful throughout this proof.
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Remark 3.5. Let (X, | -]|) be a normed vector space. Let a,a;, € X, where a;, depends on some

discretisation parameter h. Suppose there are constants M ,p > 0 such that we have
la — an|| < MK? + O(hP*1) (3.36)
as h — 0. Then we can bound ||ay]|| as follows:

lanll = lla + (an — a)]]
< llall + llan — af
< |la]| + Mh? + O(hP*1) (3.37)

< [lall + O(hP). (3.38)

Both of the forms Eq. (3.37) and Eq. (3.38) will be useful in what follows. ¢

It will be helpful to first derive a bound on ||2, — Xp|[rz. We proceed as follows:

ISy = Sallpe = £ KL~ = L KL | e
<KL = LY e + (L7 = Ly YKL, | 2
<L M2 K 2 2™ = LYt ee + 1270 = Ly Y e I K g2 12y Tl e
= (1L ez + L5 ) Kl 1£70 = LYl 22
N—— —_—————
(a) (b)
< QL7 12 + Ch? + O(h®))||K || 2 Ch?

< C1h? + O(hY), (3.39)

where C1 = 2||L7Y|2]|K||2C > 0 is a constant independent of h. Note we have utilised Re-
mark 3.5 to bound (a) and Lemma 3.1 to bound (b). We have also made use of the fact that
|L||x—y = |LT||y—x for a bounded linear operator between two Hilbert spaces. With this result
we can now begin to bound the two terms in Eq. (3.35). Starting with the mean term we have,

m) — émg‘%‘ = ‘K(m(*) — m(h))

u|v ul|v ul|v

h
< 1l 2oy rllmSy), = mU N2
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Using the definitions of the posterior means we can bound,

() (h)

||mu\v - mu\v

2oy = lIme — mp + S.STBZ L (v — Smy) — SuSTB (v — Sm)l|L2(p)

< |lmy = mal|L2p) + 12.5"B L = ShSTB_, |z L2y [V

© (d)
+ |2.8TB_ 1 Sm, — 1 STB_ Smnl| L2 (1), (3.40)

(e)

where we have defined B ; := (¢2I+S%;S1), i € {x, h}. The term (c) was bounded by Ch?| f| 12(p)

in the proof of Theorem 3.3. We now bound terms (d) and (e). For (d) we have:

I£.8"B_ ) — 5uS"B_|

remsz2(p) < |I(Zx — Zp)STB_ |

Rs—L2(D)

+ 12081 BZE =B ) llresr2(n)

<12 = Ball2llSllem)—re

B;i ||lrs s

IZnllzz 1Slc(py—re Box — B lreome - (3.41)
——

(f) (9)

Using Remark 3.5 we can bound (f) by ||X.]|zz + O(h?). In order to obtain a bound for (g) we

first compute:

IBex = Benl

weoe = [S(2, - 28]

Rs—Rs

< IS1E D) —pe 120 = a2

< CilIS1E(py—reh® + O(h%). (3.42)

Since B, and B, are invertible we have for sufficiently small & that |B., — Be |

Rs—sRs <

1/|B_ ! lrs—re since Eq. (3.42) gives us that [|Be,. — Ben|

rssre < O(h?). Thus, we can utilise

[66, Corollary 8.2] to deduce that:

B L2

Be,* - Be,h|

_ _ Rs Rs RS RS 9 4
IB;! =B} ||gssre < — < Coh? + O(h%) (3.43)
T T - Baireore B — Benlreosze ’
where Cy := [|BZ}[|R_,g- C’1||S||%(D)_>RS > 0 is a constant independent of h.

Returning to Eq. (3.41),

12.9"B} = ShSTB_ s 12(p) < (C1h° + O(h))[|S]lc(p)—re B

Rs—Rs
+ (124lz2 + O() S lo(p) +r: (C2h + O(hY)

< C3h® + O(h%), (3.44)

65



Bayesian Uncertainty Quantification for PDE Models Chapter 3

where Cg = ClHS”C(D)—>RS B;i

remsre + C2||S||c(p)—rs[|Es][z2 > 0 is a constant independent

of h. Now returning to Eq. (3.40), for (e) we have:

1, STB_LSm, — $nSTB_ ) Sma |12

<[[E.STB_LSm. — £.STBL L Sma |2y + | £0STBL L Smy — SrSTB ) Smnl|L2(p)
= [|2.S"B LS (m — ma)| 2Dy + (ZSTBZ) = nSTBZ ) Sma | 2y

<NZull 218112y 1B s [l e [[1m24 = mn L2

+ 2.8 B;; - £,STB, |

Rs—L2(D) ||S||C(D)—>]RS mh||L2(D)
—_——
bound using Eq. (3.44) Remark 3.5

< Zullz2l1SNE by e 1Bt e e CR?[| fl L2 (D)
+(C3h® + O(W)||Slle(py—rs (CR?|| fllz2(p) + Ml z2(py)

< Cyh? + O(hY), (3.45)

where Cy := CHZ*HL2||S”%‘(D)—>R5

B_ Hremre | fllL2p) + CslSllcpy—rs Ml L2(py > 0 is a con-

stant independent of h. Putting the three bounds together we obtain:

6 =m0 2oy < ClFllzaoyh® + Csl[vl|h? + Cah? + O(h*)

[[m

= Csh? + O(h%),

where Cs := C||f|lr2(p) + Cs|[v]| + C4 > 0 is a constant independent of h. Thus, the mean term
in Eq. (3.35) can be bounded, for sufficiently small h, as:

3, — em) | < Cs el 2(pyh? + O(hY). (3.46)

ul

5

For the covariance term in Eq. (3.35) it will be useful to make use of the following identity which

holds for all z,y > 0:

o =y
vz \/37\—\/5+\/g- (3.47)

This identity follows from writing  —y = (v — /§) (VT + /¥).
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Using identity Eq. (3.47) we have:

il Tl ]ezgj)vﬂ—ezfjl’j,ﬁ‘
S e

=S, - =G|

ul|v

B Vet /sl

* h
16022 )z 1550 — 28 |12

Ve sl

In order to proceed with bounding the above we first bound the term involving the difference in

posterior covariances as follows:

||E(*) _ Z(h)

u|v ulv

2 = |2« — Zh — £,8"B_ ST, + £,5"B_, S5 |2

*

<||Ss = Shllze + I15.STB LSS, — £,STB_, S| 2. (3.48)
The first term above has already been bounded so we focus on the second term and compute:

I£.STB_ 1SS, — £,STB_ 555>
< 8.STB ST, — ShSTB S8, L2 + [ErSTB. LS8, — £,STB_, SSh]|2

e,h

< [IB.S"B_ ) — ShSTB_ ke L2(D) S llc(py—re 15| L2

bound using Egq. (3.44)

+ [Zullzz 1818 ) ~ze 1B llre e 125 = Sl 2
——
Remark 3.5 Remark 3.5

< C5)|S|lc(py—re |54l p2h?

resre + O(h?))(C1A? + O(R?)) + O(h*)

[Eullzz + O(R*)(IBZ.

+ ||5H20(D)—>Rs(

< Csh? + O(h%), (3.49)

where Cs := C3||S| c(p)—rs | Xl 22 + ||S||%(D)%R3 Sullr2 Bt e sreC1 > 0 is a constant inde-

pendent of h. We can now bound Eq. (3.48) as follows:

IS5 = 222 < Crh? + O(RY), (3.50)

u|v
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where C7 := Cy + Cg > 0 is a constant independent of h. Returning to Eq. (3.35):

2 (%) (h)
’\/M*) o — \/éz“’) éT’ < 0o o)zl Py — Zapylee
u R NS NS

1€11% 2 (p)—sr _ C7h? + O(h*)
) D) )
Gt 1Oy G
2
C7H£”L2(D)—>R CR2 4 O(h4)
Vs
= Cs(0)h? + O(hY), (3.51)

where Cg(¢) := C7||€||2L2(D)HR/1/€EE;|3,ZT > 0 is a constant independent of h (but dependent on
). Note that we have used the fact that both of the posterior variance terms szz,ﬁ and KEgll\),ﬁ
are strictly greater than zero, to arrive at the penultimate line above, since this implies that the
denominator is greater than 1. The positivity of the posterior variances follows since both of the
posterior covariances are positive definite due to the sensor noise € being strictly positive. Thus,

putting the mean and variance bounds together we obtain:

W2(LyD, b0.) < CEIICI T2 (p)—rh® + Cs(0)*h* + O(h°)

< (C3el 2Dy + Cs(O)*)R* + O(R?), (3.52)

from which it follows that for sufficiently small h we have W ({40, (417,) < ~'(£)h% + O(h*), where

v(0) = \/C5QH£H2L2(D)HR + Cs(¢€)%? > 0 is a constant independent of h as claimed. [ ]

3.5 Extension to time-dependent problems

In this section we detail our work in extending the error estimates above to the case of parabolic

(spatio-temporal) PDEs.

3.5.1 StatFEM for time-dependent problems

In this section we will present the StatFEM model for linear parabolic PDEs. We begin by
reviewing FEM for parabolic PDEs. Then we will derive the StatFEM model over the solution of

our parabolic PDE. In Section 3.5.2 we detail some results towards deriving rigorous error bounds.

FEM for parabolic PDEs

In this section we will briefly review the additional necessary concepts from FEM which we will

require in order to be able to apply StatFEM to parabolic PDEs. To this end consider the following
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linear parabolic PDE:

a“(a’;’ D, (Lu)(x,t) = f(x,t),  (x,t) €D x(0,T],
u(x,t) =0, (x,t) € 9D x (0,77, (3.53)
u(x,0) = v (x), x € D,

where £ is the elliptic differential operator associated with the elliptic PDE Eq. (2.27) from Sec-

tion 2.2 but now applied to a function of both space and time, i.e.
(Lu)(x,t) := —Vx - (k(X)Vxu(x,1)). (3.54)

Note that we have added an x-subscript to the gradient operator, Vi, to denote that this is
the gradient with respect to the spatial coordinates only. We also note that the conductivity
parameter, k : D — R%*? is the same as in Eq. (2.27) while in contrast the forcing f is now
allowed to be a function of time as well, f € L?(D x (0,T]). The initial condition is specified by
the function u(?) (x). We call, following [55], the differential operator, 2+ £, uniformly parabolic if
the conductivity parameter k in £ satisfies Assumption 2.4. We assume this is the case throughout
this section.

We will write u(t) for u(-,t) and f(¢) for f(-,¢). Just as in the elliptic case in Section 2.2.2
we consider the variational formulation of the parabolic PDE (3.53), namely we seek, for each

t € (0,T], u(t) € H}(D) satisfying:

ou !
<8t’v> +a(u,v) = (f,v), Vve Hy(D), (3.55)

u(0) = u'®,

where (-,-) denotes the inner product on L?(D).

Standard results [55, see Theorems 3, 4 in section 7.1] show that there is a unique weak solution
solving Eq. (3.55). We will now present the Galerkin approximation of the variational problem
(3.55). This approximation can be done either in a semidiscrete or in a completely discrete manner.

These two approaches will be discussed below.

Semidiscrete Galerkin FEM

The semidiscrete Galerkin approximation to the variational problem (3.55) is to seek, for each
t € (0,T], an approximate solution wup(t) € Vj, where V}, is a finite dimensional subspace of
H}(D). Here V}, is again taken to be a subspace of the space of piecewise polynomial functions

defined on the mesh associated with a triangulation 7; of D as discussed in Section 2.2.2. Thus,
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the semidiscrete Galerkin problem is to find for, ¢ € (0,77, a solution to:

<85!uth’v> + a(un,v) = (f,v), Yv €V,
(3.56)

up(0) = uglo),

where ugo) € Vj, is some approximation of the initial condition u(?). Since we have only discretised

in space we refer to this as the spatially semidiscrete problem. We can now use the nodal basis
{@i}i,, defined in Section 2.2.2, to express the approximate solution as uy,(t) = ®"u(t) where &
is the vector of the FE nodal basis functions and u(t) is the time-dependent vector of degrees of
freedom (DOFs). By utilising the linearity of (3.56) we have that u(t) satisfies the following vector

initial value problem (IVP):

Mu'(t) + Au(t) = £(t), te€(0,T],
(3.57)

u(0) =1,
where A, M are the stiffness and mass matrices Eqs. (2.46) and (2.48) from Section 2.2.2 respec-
tively, f(t) is the time-dependent load vector whose i-th entry is given by f;(¢t) = (f(t), p:;) and ~
denotes the nodal values of ugo).
Recall from Section 2.2.2 that the stiffness matrix is invertible; in fact it is also positive definite

[89, see Section 5.2]. Similarly the mass matrix is also positive definite (and so invertible) [89, see

Section 10.1]. We can thus rewrite the above IVP as follows:

u(t) + M Au(t) = M (), te(0,T],
(3.58)
u(0) =+.

This IVP has a unique solution for ¢ € (0, 7] as the following theorem, following the presentation

in [89, Section 7.1], shows.

Theorem 3.5. There exists a unique solution to the following IVP associated with the linear,

constant coefficient, system of ODEs:

x'(t) + Bx(t) = g(t), t>0, (3.59)

x(0) = xo, (3.60)

where here x : [0,00) — RY, B € R¥™*4 g:[0,00) — R?, and xo € R?. 4

Proof. To solve this equation we must first introduce the exponential of a matrix via the following
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power series:

1
B . n
e = E 7n'B s (361)

n=0
where B? =1, is the d x d identity matrix. This definition is based on the Maclaurin series of the
regular exponential function and the series in Eq. (3.61) can easily be shown to converge for any
d x d matrix B. We will require the following three properties of this matrix exponential, adopted

from [89, Section 7.1]:

o If By, B, € R¥*? commute, i.e. BiBy = ByBy, then we have:

eB1B2 — oB1oBa _ B2 B (3.62)

e The time derivative of the matrix e *B is given by the following:

d _p: d — 1 = 1 -1 —tB
¢ TalgteBr)= t""1(~B)" = ~Be'B. :
dt* dt <n§_:o it (B) ) ;(n_m (-B) e (3.63)

e Since any matrix commutes with itself we have the following result for any ¢ € R:

Be'B = ¢'BPB. (3.64)

We can now make progress towards solving the IVP Egs. (3.59) and (3.60). We start by premulti-

plying both sides of Eq. (3.59) by the matrix e*B:

e (X' (t) + Bx(t)) = ™Bg(t) (3.65)

eBx/(t) + e"BBx(t) = 'Bg(t). (3.66)
We can now use Eq. (3.64) to rewrite the above as follows:
eBx/(t) + BeBx(t) = Bg(t). (3.67)

Using Eq. (3.63) together with product rule of differentiation allows us to further rewrite the above
as:

(eBx(t)) = eBg(t). (3.68)

We can now integrate yielding the following;:

t
eBx(t) = xo + / e*Bg(s)ds, (3.69)
0
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from which the solution finally follows as:
t
x(t) = e Bxq +/ e (t=Bg(s)ds, (3.70)
0

where we have used Eq. (3.62) to simplify the expression above. We thus have established existence
of a solution to the IVP Egs. (3.59) and (3.60). To establish uniqueness suppose x1,Xs are two
solutions to the IVP Egs. (3.59) and (3.60). Let w(t) := x1(t) — x2(t) denote their difference.

Since both x1, x5 are solutions to our IVP we have that w satisfies

w'(t) + Bw(t) =0, t>0, (3.71)

w(0) = 0. (3.72)
This can be converted into the corresponding integral equation:

w(t) = —/0 Bw(s)ds, (3.73)

which implies that the following holds for all ¢ > 0:
t
w(t) < [BI [ fwis)lds (3.74)
0
where ||B|| is the operator norm of the matrix B. Note that this inequality is of the form
t
w(O)] < a-+ B [ fw(s)lds (3.75)

with @ = 0 and so it follows via Gronwall’s inequality [69] that |w(t)| < aelBlI* = 0 for all t > 0

which implies that w(t) = 0 and so x;(t) = x2(t) establishing uniqueness as required. [ |

The above theorem can be applied to the IVP Eq. (3.58) to establish the existence of a unique
solution as claimed. We thus obtain the semidiscrete Galerkin FEM approximation as wup(t) =

&7 u(t) where u(t) is the unique solution to Eq. (3.58).

Completely discrete schemes

We now move on to discuss some simple schemes for discretising our parabolic problem with respect
to time as well as space. We follow the presentation in [89, Chapter 10]. Most such schemes start
off with the semidiscrete Galerkin problem (3.56). To this end we now introduce a discretisation
0=ty <ty <..<ty =T of the time interval (0, 7], where t,, := nAt (with At = T/N). We

assume that T and At are such that N is an integer, though this assumption is not necessary.
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Denote by uﬁ") the approximation of uy(t) at time t,. Similarly, denote f(™ := f(t,). We can

now obtain completely discrete schemes by discretising the time derivative in (3.56) with different

difference quotients. For example, we can utilise a forward difference quotient,

Aup (t,)

e 8tuzn) = (At)fl(ug"-‘_l) - ugn)), (3.76)

to obtain the so called forward Euler-Galerkin method:

<8tu2n),v> + a(u%n),u) = <f("),v>, Yo € Vy,

(3.77)
ug}o) = ugo).
In terms of our nodal basis this can be expressed in the following matrix form as:
Mu"tD = (M — (AH)A)u™ + (AHF™ n=0,1,...N -1
(3.78)
ul® =+,
where u™ ~ u(t,) and ) := f(t,). If we instead utilise a backward difference quotient
Oup (ty = (n 1, (n n—
uié(t ) n b = (207wl — ), (3.79)

we instead obtain the so-called backward Euler-Galerkin method, which can be written in
matrix notation as:

(M + (A A)u™ = Mu™ ™V + (AHF™, n=0,1,..,N -1,
(3.80)

u® = ~.

Other completely discrete schemes are possible, such as the popular Crank-Nicolson-Galerkin
method. In this section we will focus our attention on the forward Euler-Galerkin method

though nothing prevents us from utilising another completely discrete scheme.

StatFEM model for time-dependent problems

In this section we will present the StatFEM approximation for the solution of a stochastic version
of our parabolic PDE. We follow the approach taken in [50, see the supplementary material]. To
this end, consider a stochastically-forced version of the parabolic PDE (3.53) where now the forcing
f is taken to be random. In particular, let f = f + & where f is the mean of f and £ is taken to
be a zero-mean Gaussian process,

&~ GP(0,ke). (3.81)
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We will assume, for mathematical simplicity that £ has a separable covariance function of the form
ke ((x,1), (x',1')) = 0(t — t)k(x,x’), (3.82)

i.e. the noise £ is white in time and spatially regular via k(-,-). We now present the StatFEM

model for the forward Euler-Galerkin method.

StatFEM model for Forward Euler-Galerkin Method

Since the forcing f is random, our solution u will also be random. In general, we do not have
expressions for how the solution depends on the forcing and as such it is impossible to explicitly
compute the resulting distribution of our solution. We will thus turn to an approximate distribution
based on a FEM discretisation of the solution as was done for elliptic PDEs in Section 3.3.1. This
procedure will now be outlined.

Denote by f(¢) the mean of the time-dependent load vector, i.e. the vector with i-th entry given
by fi(t) = (f,¢;). Similarly, denote by &(t) the (random) vector with i-th entry & (t) = (£(t), ;).

Our assumptions on the covariance structure of £ yield the following covariance structure for the

mean zero vector &(t):

cov(€(t) =E [€)ER)T] = o(t — )G, (3.83)

where G € R™ %™ ig the matrix with ij-th entry given by:

Gij:/D/D@i(x)k(x,x’)%(x’)dxdx’. (3.84)

If we apply the completely discrete Forward Euler-Galerkin method Eq. (3.78) to our stochas-
tically forced parabolic PDE we obtain the following recursion:

u™ = (I, — (AOM A u™ + (AOM T (AM~¢™ ) n=0,1,..,N -1,
(3.85)

u® =4,

where £ := F(t,) and €™ := £(t,). Observe that due to the covariance structure of £(t) we
have that the collection of random vectors {& (”)}5;01 are independent and identically distributed
(i.i.d.) multivariate normal, €™ ~ N(0, G).

This update rule allows us to write down the StatFEM model associated with the forward

Euler-Galerkin method, as the following conditional measure at time %,,:

u™@u™ ) ~ V(T — (AOM AU - (AOM D (An2MIGMTT). (3.86)
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Since our approximate FEM solutions at time ¢, are given by uﬁ") = ®Tu(™ we see that the
means of the conditional distributions (3.86) correspond to applying the forward Euler-Galerkin
method to our parabolic PDE with the forcing taken to be just the mean f. This observation will

allow us to start working on proving some error estimates for the time-dependent case.

3.5.2 Discretisation Error Analysis

We can now present a result towards deriving error estimates for the time-dependent case. To
this end let us suppose that we have the following bounds for the L? error of a general completely

discrete scheme for our deterministic parabolic PDE:

Assumption 3.3. Let u be the unique weak solution to the parabolic PDE (3.53) and let ugln)
by the FEM approximation at time ¢,, resulting from a completely discrete scheme. Assume that

f € L*(D x (0,T]) and that our domain D is sufficiently regular. We then assume we have the

following error bound, for sufficiently small h, At:
(n) _ (n) o 8
[l Uy, ||L2(D) < C1h™ 4+ Co(AY)7, (3.87)
where C1,Cy > 0 are positive constants independent of h, At which depend on the true solution

in general and o, 8 > 0. ¢

If Assumption 3.3 holds for the Forward Euler-Galerkin scheme then we have that the StatFEM

prior mean has the same h, At error dependence, i.e. the following theorem also holds:
Theorem 3.6. (Prior mean error analysis) Let m(”),mgn) be the true and StatFEM mean func-
tions at time t,,. We have the following error bound for sufficiently small h, At:
(n) _ (n) a A B
||m my, ||L2(D) < Csh -|—C4( t) s (388)
where now the constants C3, Cy > 0 depend on the true solution of the deterministic parabolic PDE

with forcing taken to be f. ¢

Proof. This result follows from our observation that the means for the StatFEM prior correspond
to applying the completely discrete scheme to the parabolic PDE with forcing taken to be f. This
allows us to utilise the bound in Assumption 3.3 with constants specific to the solution of our

parabolic PDE with forcing taken to be f as required which yields:
[m™ — m{|| 12(py < C3h® + Co(AL)P, (3.89)

as required. |
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3.5.3 Future work for the time-dependent case

We now comment on potential avenues for future work in light of the result Theorem 3.6:

e We need to establish that a bound of the form given in Assumption 3.3 holds for the
Forward Euler-Galerkin scheme. Such an error bound holds for the Backward Euler-
Galerkin and Crank-Nicolson-Galerkin schemes [89, see section 10.2]. We have also been
deliberately vague about the required regularity for these results to hold. Tying this down

is one potential avenue for future research.

e It would be desirable to find error bounds for the time-dependent case which do not depend

on the true solution.

e We are also interested in extending this analysis to the error between the covariance terms.

This was something we attempted but which proved to be more challenging.

e If bounds on the covariance terms can be established it will be interesting to see if we
can prove an analogue of Theorem 3.3 for the time-dependent case for the Wasserstein-2

distance or other distances e.g. the Wasserstein-1 distance.

e If the error analysis above is not possible another potential avenue would be to investigate

numerical simulations detailing that such results hold.

e Once we investigate the error for the StatFEM prior we can also consider incorporating
noisy solution observations and deriving error bounds for a Kalman filter like scheme as

detailed in [50].

3.6 Discussion

In this chapter we have provided detailed error analysis for the StatFEM method first intro-
duced in [65] for the case of spatial elliptic BVPs. In particular, we have proven that the Stat-
FEM prior converges, with respect to the Wasserstein-2 distance, to the true prior at a rate of
O(h2)/O(h2~%~<) in the distinct cases where the forcing covariance k; satisfies Assumption 3.1
with A € (1,00)/A € [0,1]. We also showed that given noisy observations of linear quantities of in-
terest, the resulting posterior approximation is also controlled at a rate of O(h?). In both settings,
the choice of the Wasserstein distance provides a convenient metric in which to quantify the error
introduced through discretisation. We also presented some work towards detailed error analysis for
the StatFEM method for parabolic PDEs. This work, while still at an early stage, is one potential
avenue for future work as detailed in Section 3.5.3. Several other possible avenues for future work

present themselves. The first would be to prove error bounds for the full posterior distributions,
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extending Theorem 3.4. In a similar vein, it would be interesting to look into generalising these
error bounds to non-linear problems or problems driven by non-Gaussian noise. Another avenue
which would be interesting is to see if similar error bounds can be proven for distributions utilising
approximations other than FEM. Generalising the results to utilise Wasserstein-p distance, for
p > 2, would also be an interesting goal, as this will allow one to have even more control over
other aspects of the distribution such as quantiles and extrema, which is especially important for
risk-assessment applications.

In the next chapter we present the numerical experiments illustrating the theoretical results

for the case of spatial elliptic BVPs.

7



Chapter 4

StatFEM Error Analysis

Numerical Experiments

4.1 Introduction

In this chapter we will present some numerical experiments demonstrating the theoretical results
from Section 3.4 for the case of spatial elliptic BVPs. In Section 4.2 we will consider a one-
dimensional example in which we have access to an explicit formula for the Green’s function, while
in Section 4.3 we will consider a more challenging two-dimensional problem in which the solution
operator is not available. In both scenarios we will aim to demonstrate the StatFEM prior and
posterior bounds. Note that while Theorem 3.4 shows only that W ({4, (xiy) is O(h?) our
experiments suggest that for the problems examined here it also holds that W (&, o) is O(h?).
Finally, in Section 4.4 we explore whether our convergence results extend beyond the linear setting
by calculating the Wasserstein distance between the prior and posterior distributions of a nonlinear
quantity of interest, given by max,ep u(z). The code for these numerical experiments is available

online'. Additional implementation details for the experiments are provided in Appendix C.1.

Remark 4.1. Note that in the prior case we will only demonstrate the bounds for the case when

K is trace-class, i.e. the case that A € (1,00) in Assumption 3.1. ¢

I4https://github.com/YanniPapandreou/statFEM_analysis
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4.2 One-dimensional Poisson Equation

In this section we will present a numerical experiment involving the following one-dimensional

Poisson equation:

d*u

——(x) = f(x), ze€]0,1],

@ =f@), wel1] )
u(0) =u(l) =0,

where the forcing f is distributed as, f ~ GP(f, k £), with mean and covariance function given by:

flx)=1, (4.2)

ky(x,y) = o exp (—Cfle —y) . (4.3)

We take oy = 0.1 and ¢y = 4. Note that the BVP from Eq. (4.1) is an instance of the general
problem Eqgs. (2.27) and (2.28) with d = 1, D = [0, 1], and x(z) = 1. The Green’s function, G(z,y),

for the BVP from Eq. (4.1) is easily computed to be:
G(r,y) =2(1-y)O(y —z) + (1 -2)yO(z —y), Vz,y<[0,1], (4.4)

where ©(x) is the Heaviside Step function. As discussed in Section 3.3.1 the solution u to problem
Eq. (4.1) will be the Gaussian process defined by Eq. (3.1). Since we readily have the Green’s

function available for our 1D problem we can explicitly write down this distribution as:
u NN(/J/Mk*)v (45)

where the mean and covariance functions are given by:

pa(@) = [ G w)flw) dw = 51~ ), (46)

k*(x,y)z/o /0 Gl w)ky (w, )G (¢, y) dt du. (@7)

Note that we have explicitly computed the integral for the mean u,, but not for the covariance k.
The double integral for the covariance is approximated numerically using quadrature to accurately

compute this on a reference grid.

4.2.1 Prior results for 1-D example

Since we can straightforwardly evaluate the true prior numerically, we can now demonstrate the
error bound for the StatFEM prior given in Theorem 3.3. In order to do this the following remark,

taken from [131], will be useful.

79



Bayesian Uncertainty Quantification for PDE Models Chapter 4

Remark 4.2. When we have access to the true distributions we can estimate the rate of conver-
gence of the StatFEM priors and posteriors as follows. Let 7,7, denote the true and StatFEM

prior (or posterior) respectively. If we assume that we have a rate of convergence p, i.e.

W (e, mn) < O(hP) as h — 0, (4.8)

then we have that there is a constant C' > 0, independent of h, such that,

W(ﬁ*, nh) =Ch? + O(hp+1), (49)

from which it follows that,

log W (ns, ) = plog h + log |C| + O(h). (4.10)

From this we can see that we can estimate the rate of convergence, p, when we know the true
distributions by computing the Wasserstein distance for a range of sufficiently small h-values,

plotting a log-log plot of these values, and estimating the slope of the line of best fit. 4

As outlined in Remark 4.2 above we compute, for a range of sufficiently small h-values, an
approximation of the Wasserstein distance between the two priors and then plot these results on
a log-log scale. We take a reference grid of N = 51 equally spaced points in [0, 1] to compare the
covariances, and we take 30 h-values in [0.02,0.25]. With these choices we obtain the plot shown
in Fig. 4.1a. From this plot we can see that the results indeed lie along a straight line with a slope

estimated to be p = 1.99 (to 2 decimal places) using scipy’s built in linear regression function.

4.2.2 Posterior results for 1-D example

For this example we will consider a specific case of the general Bayesian inverse problem outlined
in Section 3.3.2 which will correspond to taking the observation operator S to be a pointwise
evaluation operator. More specifically, we suppose that we have sensor data which correspond to
noisy observations of the value of the solution u at some points {z;};_, C D. We thus take S to be
the operator which maps a function g to the vector Sg := (g(x1),...,g(zs))T € R*. For this choice
of S the update equations for the posterior means and covariances given in Eqgs. (3.10) and (3.11)

respectively can be simplified to a form which is more amenable to computation. These forms, for
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1 being either the symbol x or h, are:

m{), (@) = mi(z) — kD (2)" B (m® - v), (4.11)

kfj)v(w, y) = ki(z,y) — k@ (2)" B[k (y), (4.12)

B, =21+ S%;S"T = 1 + Oy, (4.13)

k(l)(m) = (ki(l',.%']),...7ki($,$s))T7 (414)

where k‘fjl)v is the covariance function associated with Ei?v and where the matrix Cy,; := S%;5 te

R®** has pg-th entry k;(z,,zq). The specific sensor observations used in the experiments were
obtained by simulating a trajectory from v, evaluated at the locations x1, ..., xs.

Since we have the true posterior in an explicit form we can now demonstrate that the error
bound for the full StatFEM posterior agrees with the error bound for linear quantities of interest
from the posterior given in Theorem 3.4. We demonstrate this error bound for 4 different levels
of sensor noise, ¢ = 0.00005,0.0001,0.01,0.1. These levels are chosen so that the lower values
are comparable to the prior variances. We take s = 10 sensor readings equally spaced in the
interval [0.01,0.99] C D. For each level of sensor noise we again follow the argument outlined
in Remark 4.2 and compute, for a range of sufficiently small h-values, an approximation of the
Wasserstein distance between the two posteriors, and plot these results on a log-log scale. We take
a reference grid of N = 41 equally spaced points in [0, 1] to compare the covariances, and we take
28 h-values in [0.025,0.25]. With these choices we obtain the plot shown in Fig. 4.1b. We also

present the estimates for the slopes and intercepts of the lines of best fit in Table 4.1.

Plot of log(W) vs log(h) Plot of log(W) vs log(h) for different sensor noise levels

log(w)
log(w)

-4.0 -35 -3.0 25 -20 -15 -35 -3.0 -2.5 -20 -15

log(h) log(h)

(a) Prior case (b) Posterior case

Figure 4.1: 1-D prior and posterior results. Fig. 4.1a shows a log-log plot of Wasserstein distance
against h for the priors. The slope of the fitted line is estimated to be p = 1.99, in agreement
visually with the reference line. Fig. 4.1b shows a log-log plot of Wasserstein distance against h
for the posteriors for varying levels of sensor noise. In both sub-figures, the reference line has a
slope of 2. Notice how the best fit lines are all parallel to the reference line.

We can see from Fig. 4.1b and Table 4.1 that we obtain lines of best-fit which are all parallel to
each other, each with a slope of around p = 2. The intercepts are slightly different for each level of

sensor noise, as is to be expected since the constant in Theorem 3.4 depends upon €. These results
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Table 4.1: Estimate of slopes and intercepts for the different levels of sensor noise €. All of the
slopes are around 2.

€ slope intercept

0.00005  1.9903 -2.9681
0.00010  1.9976 -2.9178
0.01000  1.9796 -2.7523
0.10000  1.9859 -2.3126

show that the error bound for the full posterior distributions is also of order p = 2, suggesting
that it is possible to extend Theorem 3.4 to the Wasserstein distance between the full posteriors.

Proving this is left to future research.

4.3 Two-dimensional Poisson Equation

In this section we will present a numerical example involving the following two-dimensional Poisson

equation:
—Au(x) = f(x), x € D :=[0,1]?
(4.15)
u(x) =0, x € 0D,
where the forcing f is distributed as, f ~ GP(f, k), with mean and covariance given by
Fx) =1, (4.16)
kp(x,y) = ofexp (—Lsllx —yl]). (4.17)

Again we take oy = 0.1 and [y = 4. Note that the BVP from Eq. (4.15) is an instance of the
general problem Egs. (2.27) and (2.28) with d = 2, D = [0,1]?, and x(x) = 1. For this problem we
use the approach outlined in Remark 4.3 below to demonstrate the error bounds. We present the

error estimates for the prior and posterior separately in the following sections.

4.3.1 Prior results for 2-D example

Following the notation of Theorem 3.3 we denote the StatFEM prior by vy. Since we do not have
access to the true distributions here we will need an alternative approach to that of Remark 4.2.

This approach is outlined in the remark, taken from [131], below:

Remark 4.3. When we do not have access to the true distributions we can proceed as follows.
Again assuming that we have a rate of convergence, p, as given by Eq. (4.8), we can obtain an

estimate as follows. First we utilise the triangle inequality to obtain,

W(nn,Mny2) < W(nn, i) + W (nse, i 2)- (4.18)
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Together with Eq. (4.9) this yields,
W (nn, nny2) = ChP + C(h/2)P + O(RPT). (4.19)
Similarly we have,
W (nnj2,mmsa) = C(h/2)F + C(h/4)7 + O(hPT). (4.20)
Dividing the two equations above yields,
W(nn,nny2) — ChP + C(h/2)P + O(hP*)
W(nns2,mnya)  C(h/2)P + C(h/4)P + O(hPT1)
_ 1+27P+0(h)
- 2774272 + O(h)
— 27 + O(h), (4.21)
from which it follows that,
W(nn,
LR(h) := log Oy tvjz) O(h). (4.22)

> W (120 nnya)

From the above equation we can see that we can obtain an estimate of the rate of conver-

gence by computing, for a range of sufficiently small h-values, the base-2 logarithm of the ratio

W (nn, M y2) /W k)2, Mh/a) and estimating the limit as h gets very small. ¢

We take a reference grid of M = 412 = 1681 equally spaced points in [0,1]? to compare the

covariances. We compute the logarithms for 59 h-values in the interval [0.0275,0.315]. Note that

these h-values are not equally spaced; instead they are arranged according to a refinement strategy

which was utilised for efficient use of memory. With these choices we obtain the plot shown in

Fig. 4.2a.

Base-2 log plot of the ratios against h

Base-2 logarithms of the cumulative averages of the ratios for h = 0.15

!

moothed LR(h)
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h
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(a) Plot of LR(h) against h.

00525 004425  0.0375

(b) Plot of smoothed LR(h) for h < 0.15.

Figure 4.2: 2-D prior results. Figure 4.2a shows a plot of LR(h) against h. Figure 4.2b show a
plot of smoothed LR(h) for A < 0.15. The horizontal axis indicates the smallest h value taken in

the cumulative averages.
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From this plot we can see that the logarithms seem to be approaching p =2 as h — 0, as our
theory suggests. Note that the points are somewhat oscillatory, though they seem to be oscillating
around 2. To illustrate this more we smooth the above results by first discarding the results for
larger h-values and then computing a cumulative average of the ratios before applying the base-2
logarithm. Note that this cumulative average is taken by starting with the results for large h first.
We take our cutoff point to be h = 0.15. These smoothed results are shown in Fig. 4.2b.

From Fig. 4.2b we can see that by discarding the values corresponding to h > 0.15 the base-2
logarithms of the rolling averages converge to a value slightly greater than 2. The final logarithm
for these rolling averages is p = 2.01 (to 2 decimal places). Thus, we obtain results in close

agreement with Theorem 3.3.

4.3.2 Posterior results for 2-D example

For this example we will consider the same specific case of the general Bayesian inverse problem
which we chose in Section 4.2.2. That is, we will again take the observation operator S to be
an evaluation operator. Since we do not have the true prior in an explicit form, we also do not
have the true posterior and as such we will utilise the argument in Remark 4.3 to demonstrate the
StatFEM posterior error bound. To generate sensor readings, since we do not have access to the
true prior, we instead simulated trajectories from the StatFEM prior with a very fine grid of mesh
size h = 1/120.

We take a reference grid of M = 412 = 1681 equally spaced points in [0, 1]? to compare the co-
variances. We set the sensor noise level to e = 0.001 and take s = 25 sensor readings equally spaced
in [0.01,0.99]2 C D. The level of sensor noise is chosen to be comparable to the prior variances.
We follow the notation of Theorem 3.4 and denote the StatFEM posterior by 7,. We compute the
logarithms log, (W(Dh, Upy2) /W (P2, Dh/4)) for 53 h-values in the interval [0.03125,0.315], which
are spread out according to the refinement strategy mentioned in Section 4.3.1. With these choices
we obtain the plot shown in Fig. 4.3a.

From this plot we can see that the logarithms seem to be approaching p = 2 as h gets small.
However, just as in Section 4.3.1, the results are oscillatory but seem to be oscillating around p = 2.
We will thus smooth the results as explained in Section 4.3.1. We again take the cutoff point to
be h = 0.15. These smoothed results are shown in Fig. 4.3b. From this figure we can see that
by discarding the values corresponding to A > 0.15 the base-2 logarithms of the rolling averages
converge to a value slightly less than 2. The final logarithm of these rolling averages is p = 1.99 (to
2 decimal places). Thus, just as in the 1D example we see results which suggest that it is possible

to extend Theorem 3.4 to the case of the full posteriors.
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Base-2 log plot of the ratios against h Base-2 logarithms of the cumulative averages of the ratios for h < 0.15
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(a) Plot of LR(h) against h. (b) Plot of smoothed LR(h) for h < 0.15.

Figure 4.3: 2-D posterior results. Figure 4.3a shows a plot of LR(h) against h. Figure 4.3b show
a plot of smoothed LR(h) for h < 0.15. The horizontal axis indicates the smallest h value taken
in the cumulative averages.

4.4 Distribution of the maximum

In this section we will present a numerical experiment involving the same one-dimensional Poisson
equation Eq. (4.1). The forcing f will follow the same distribution as given in Section 4.2. Since
the solution, u, is random the maximum, max,¢[o,1 u(x), is a univariate random variable. Since
taking the maximum is not a linear functional we have no guarantees that the distribution of the
maximum will be Gaussian. More importantly our results from Theorem 3.4 will not necessarily
hold for this example.

We will investigate the errors for the true and StatFEM prior/posterior distributions for the

maximum via a Monte Carlo approach as we now outline in the following remark.

Remark 4.4. Let 14, n, denote the true and StatFEM prior (or posterior) for the maximum of
u respectively. We are interested in investigating the rate of convergence of W (n,,n) as h — 0.
This is done as follows: in both the prior and posterior case we will first fix a reference grid {#;} ¥,
and obtain samples of trajectories of the solution on this grid from the true distribution. We then
take the maximum values of these trajectories to obtain an (approximate) sample from the true
distribution for max,c(o 1) u(x). For a range of h-values we will then simulate trajectories of the
solution on the same reference grid from the StatFEM distribution and then take the maximum
values of these to obtain an (approximate) sample for the StatFEM case. We will then compute
an approximation of the Wasserstein distance W (n,,n) by computing the Wasserstein distance

between these two empirical distributions for each h-value by utilising the Python package POT

[67]. We then investigate the rate of convergence as outlined previously in Remark 4.2. ¢

The results for the StatFEM priors and posteriors will be presented separately in the following

sections.
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4.4.1 Prior results for maximum example

As outlined in Remarks 4.2 and 4.4, we compute, for a range of sufficiently small h-values, a Monte
Carlo approximation to the Wasserstein distance between the two priors for the maximum. We
take a reference grid of N = 100 equally spaced points in [0, 1] and 30 h-values in [0.02,0.25]. We
simulate 1000 trajectories from both priors to obtain approximate samples of the maximum. With
these choices we obtain the plot shown in Fig. 4.4a. From this plot we can see that the we indeed
have convergence of the Wasserstein distance for this non-linear quantity of interest to 0, but at a
different rate than that given in Theorem 3.3. The slope is estimated to be p = 0.42 (to 2 decimal
places).

Plot of log(W) vs log(h) for maximum Plot of log(W) vs log(h) for different levels of sensor noise

o data . -51 — €=0.0001 °
55| — fitted line € =0.0005
- — e=0001

--- reference line, p=0.415 i .
T 67— e=001 $

-25 -20 -15 -4.0 -35 -3.0 -25 -2.0 -15
log(h) log(h)

(a) Prior case for maximum (b) Posterior case for maximum

Figure 4.4: 1-D prior and posterior results for the maximum. Figure 4.4a shows a log-log plot of
Wasserstein distance against h for the priors for the maximum. The reference line has a slope of
0.415. The slope of the fitted line is estimated to be p = 0.415, in agreement visually with the
reference line. Figure 4.4b shows a log-log plot of Wasserstein distance against h for the posteriors
for the maximum for different levels of sensor noise.

4.4.2 Posterior results for maximum example

For the posterior case we take a reference grid of N = 41 equally spaced points in [0, 1] to sim-
ulate 1000 trajectories and 30 h-values in [0.02,0.25]. We take s = 10 sensor readings equally
spaced in the interval [0.01,0.99]. This is repeated for 4 different levels of sensor noise, € =
0.0001,0.0005, 0.001,0.01, again chosen so that the lower noise levels are comparable to the prior
variances. For each level of noise we follow the argument outlined in Remarks 4.2 and 4.4. With
these choices we obtain the plot shown in Fig. 4.4b. We also present the estimates for the slopes
and intercepts of the lines of best fit in Table 4.2.

From Fig. 4.4b and Table 4.2 we can see that for each level of sensor noise we do indeed have
convergence to 0 as h goes to 0. However, we observe that the rate is not always the same as that
given in Theorem 3.4. From Table 4.2 it is particularly clear that as the sensor noise level decreases
the rate of convergence increases. In particular, for e = 0.0001, 0.0005 we have rates around p = 2,

similar to the case of linear quantities of interest. We hypothesise that this is because as the sensor
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Table 4.2: Estimate of slopes and intercepts for the different levels of sensor noise e.

€ slope intercept

0.00010  2.2008 -2.4444
0.00050 1.8764 -3.3165
0.00100  1.5844 -4.0858
0.01000  0.7999 -5.2773

noise decreases the posterior distribution concentrates more as the solution is better identified and
this, combined with the fact that we take sensor readings close to the where the true prior mean
Eq. (4.6) has a maximum, forces the maximum of the simulated trajectories to always be at the
argmax of the prior mean in the exact case, i.e. at x = 0.5. Thus, for very low levels of sensor
noise taking the maximum of the posterior draws is almost identical to evaluating the solution at
x = 0.5; such an evaluation is a linear quantity of interest and so one would expect the results

from Theorem 3.4 to hold.

4.5 Discussion

In this chapter numerical experiments demonstrating the theoretical results for the case of spatial
elliptic BVPs from Section 3.4 on standard FEM test problems were presented. These demonstrated
the rates for the prior theory, while also showing that it may be possible to extend the posterior
results to the full distribution as opposed to just linear quantities of interest. Note also that the
numerical experiments presented in this chapter demonstrate the sharpness of the error bounds
presented in Theorems 3.3 and 3.4 as was noted in Remark 3.4. An example involving a non-linear
quantity of interest was also presented, showcasing an example which lies out of the remit of our
theory and showing that the rates proved may be limited to linear quantities of interest. One
possible avenue for future work would be to perform numerical simulations investigating if any of

these results carry over to the case of spatio-temporal problems.
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Chapter 5

Background for Probabilistic
Modelling of Localised Active

Subspaces

In this chapter we will introduce additional relevant and required background knowledge for the
second project this thesis will present. We will follow the notation from Chapter 2 unless otherwise

stated.

5.1 The Matrix Normal Distribution

Having introduced the multivariate normal distribution in Section 2.3.2 we can now define the
Matriz Normal Distribution which will be useful in Chapter 6. Before presenting this definition
we first introduce the vectorisation operator, which we will denote by vec. This operator takes a
matrix M € R¥” and returns a vector in R%" by stacking the columns of M on top of each other,

i.e. if M = [my,...,m,] where m; € R? for i = 1,....n then,

vee((M):=| * |. (5.1)

m,,

We will denote the inverse of the vectorisation operator by v +— unvec(v;d,n). Note that in order
for this to be well-defined we have specified the dimensions of the matrices involved, though we
will typically suppress the dimensions from unvec when they are clear from the context. We can

now present the definition of the Matrix Normal Distribution as follows:
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Definition 5.1 (Matriz Normal Distribution). A random matrix X € R?*" is said to follow

a matriz normal distribution with parameters M € R™" U € R4*¢, V € R"*" written
X~ MN(M,U,V), (5.2)

if and only if the vectorisation of X has the following multivariate normal distribution:
vec(X) ~ N(vec(M), V ® U). (5.3)

In the case where both U and V are invertible X has the following p.d.f.:

1

p(X;M, U, V) = (2m)dn/2[V [472|U["/2 exp

<—; tr [V7I(X-M) U (X - M)]> . (54)

¢

Remark 5.1. Asin Remark 2.10 we will occasionally subscript the matrix normal distribution sym-
bol to make explicit the dimension of the random matrix, i.e. we will write X ~ MN 4, (M, U, V)

to denote that X is a random matrix in R4x"? following a matrix normal distribution. ¢
Remark 5.2. As in Remark 2.9 we allow the degenerate cases of U and/or V to be singular
in Definition 5.1. This will imply that the covariance matrix of vec(X), V ® U, is singular and
hence the centred random vector, vec(X) — vec(M), is constrained to lie in some lower-dimensional
subspace as discussed in Remark 2.9. ¢

Since the matrix normal distribution is defined in terms of the multivariate normal distribution
a similar transformation result analogous to Proposition A.1 holds for it:
Proposition 5.1. If X ~ MN;,(M,U,V) and A € R™*4 B € R"* C € R™* are fired

deterministic matrices then,

Y = AXB + C ~ MN,, ,(AMB + C,AUA” B"VB). (5.5)

For a proof of this please consult Appendix B.3.

The LKJ distribution

In Chapter 6 we will have need of a distribution which can model correlation matrices. The
Lewandowski-Kurowicka-Joe (LKJ) distribution [94, 63] is one such distribution, and is a popular
choice as a hierarchical prior for correlation matrices in Bayesian modelling. This distribution is

defined below:

89



Bayesian Uncertainty Quantification for PDE Models Chapter 5

Definition 5.2 (LKJ Distribution). A random matrix L € R4*? is said to follow a Lewandowski-
Kurowicka-Joe (LKJ) distribution with shape parameter n > 0 if and only if it has the following
p-d.f.:

p(Lin) = C (det(L))"™", (56)

where C' is a normalising constant given by the following expression:

d—1
C = 25k 2= @R T [Br + (d— k= 1)/2,n+ (d—k—2)/25, (5.7)
k=1

where B(a,b) is the Beta function. For n = 1, the distribution coincides with the uniform distri-

bution over the space of all correlation matrices. ¢

5.2 Matrix-Valued Gaussian Processes

In this section we will describe a particular class of matrix-valued GPs which will be very useful
for the work presented in Chapter 6. Matrix-valued GPs have been studied before, see for example
[23, 46], and are sometimes referred to as multivariate Gaussian processes, though this term is
usually reserved for vector-valued GPs [18, 107, 6, 141, 116, 155]. We will be concerned here with

a specific class of matrix-valued GPs which we define below:

Definition 5.3 (Matriz-valued Gaussian Process). Let D C R* be an open subset. For a
given positive definite kernel function k : D x D — R, a positive semi-definite parameter covariance
matriz @ € R4 and a function p : D — R?*™ we say that a random matrix-valued function
X : D — R¥*" is a Matriz-valued Gaussian Process (MatGP) with mean function u, kernel
function k, and parameter covariance matrix €2 if the vectorisation of any arbitrary finite collection
of evaluations of X at given locations has a joint multivariate normal distribution, i.e. if for any

N € N and for any S := {s;}¥; C D we have:
vee(Xg) ~ N(vee(Mg), Kss @ ), (5.8)

where,

XS = [X(Sl>7..~7X(SN)] c Rdanv
M = [(s1), s p(s)] € R, (5:9)
Kgs € RN (Kgg)ij = k(si,s;).

Note that this is equivalent to stating that the random matrix X g has the following matrix normal
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distribution (see Definition 5.1):

Xs ~ MN (Mg, 2,Kgs). (5.10)

The functions p, k and matrix € completely determine the matrix-valued GP. We write:

X ~ Mat GP(u, k, ), (5.11)

to denote the matrix-valued Gaussian Process with mean function p, kernel function k, and pa-

rameter covariance matrix €. ¢

We now present some key properties of matrix-valued GPs in the following remark:
Remark 5.3. Let X ~ Mat GP(u, k, ) be a matrix-valued GP. Consider N evaluation locations
{si}¥, and the corresponding kernel matrix Kgg € RV*¥ with entries (Kgg)i; = k(si,s;). One

can show that the covariance matrix of the random vector vec(X(s;)) is given by:

cov (vec(X(s;))) = (Kss)ii§2 = k(si,8:)92, (5.12)

while the covariance between the two random vectors vec(X(s;)), vec(X(s;)) for i # j is given by:

cov (vec(X(s;)), vec(X(s;))) = (Kss)i;j 2 = k(si,s;). (5.13)

Thus, we can view €2 as determining the correlation structure between the d x n entries of X while
the kernel function k£ determines the correlation structure across the inputs s € D.

Similarly the mean of the random matrix X(s;) is given by:

E(X(s))) = p(sy). (5.14)

Predictions for matrix-valued GPs

In Section 6.6.3 we will need to be able to make predictions from matrix-valued GPs. This can be
done in a very similar manner as described in Section 2.3.5 for regular GPs. We now outline this
procedure.
Suppose we have a matrix-valued function X : D — R%*™ upon which we place a matrix-valued
GP prior:
X ~ Mat GP(u, k, €2). (5.15)
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We assume we make N € N potentially noisy observations of X, i.e. we observe:

Y, =X(s;) + e, € = MN(0,14,0%1,), o>0, (5.16)

for i = 1,..., N and where the {€;}Y ; are independent of the prior Eq. (5.15). Note we allow o = 0
here to denote the case where we make noiseless observations €; = 0 which will be the case in some
of the experiments in Section 6.7. We will denote the observation locations by S := {s;}}¥., C D,

and denote the observations and the noise terms by:

Ys = [Y1, ... Yy, (5.17)

€:=[e1,..., €N]. (5.18)

We wish to make predictions from the posterior X|Yg for the values of our function of interest on

a grid of m € N new test points, S* := {s}}I"; C D. Utilising Definitions 5.1 and 5.3 together with

standard properties of the multivariate normal distributions and the independence of the {e;}¥,
both between themselves and with the matrix-valued GP prior, Eq. (5.15), we can deduce:
vec(XS* vec(M g~ Kgg+ @ Q Kgg @ Q
) ~N ( ) ; , (5.19)
VeC(Ys) VeC(Ms) Kss- Q2 Kgg® Q-+ O'QINnd

where we use the notation Mg+, Kg«g+, Kgg+, Kg+g similarly as in Eq. (5.9). We can now use

Proposition A.4 to deduce that the conditional distribution of vec(Xgx)

vec(Yg) is:

vec(Xg- )| vec(Yg) ~ N(M, %), (5.20)

where,
M := vec(M%) + (Kg-s ® Q)(Kss ® Q + 6%Innq) " (vec(Ys — Mg)), (5.21)
i} =: KS*S’* (24 Q- (KS*S X Q)(KSS ® Q + U2INnd)_(KSS* ® 9)7 (522)

where we have kept the pseudo-inverse in the expressions above instead of the regular inverse to
allow for the case of 0 = 0 and degenerate kernel matrices. Thus, in order to make predictions for
X+ from the posterior X|Y s we can sample from the multivariate normal Eq. (5.20) and then

undo the vectorisation with the unvec operator.

Remark 5.4. Note that for matrix-valued GPs we have not gone down the route of deriving
the functional posterior X|Ys in closed form, instead concentrating on deriving the conditional

distributions for point evaluations since we are ultimately interested in simulating predictions from
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the posterior. In principle this should be possible albeit with more complicated expressions than
in the case of predictions for regular GPs, Proposition 2.4. This will be suitable for our purposes

in Chapter 6. ¢

Remark 5.5. Note that the formulae for the posterior mean and covariance, Egs. (5.21) and (5.22),

simplify in the case of noiseless observations, i.e. when ¢ = 0. In particular, one obtains:

M := vec(Mj%) + (Ks-sKgg ® Q97 )(vec(Ys — Mg)), (5.23)

2 = (KS*S* — KS*SKESKSS*) ® Q (524)

This follows from the distributive property of the Kroenecker product together with the property
that (A®B)~™ = A~ ®B™. These simplified formulae allow us to more efficiently sample predictions
since we can work with matrices of smaller dimension. In particular, we can form the Cholesky

decomposition of ¥ more efficiently for Eq. (5.24) by using the property
chol(A ® B) = chol(A) ® chol(B), (5.25)

where chol(A) denotes the Cholesky factor of the matrix A, i.e. A = chol(A)chol(A)”. Note
that even in the case of noisy observations we can make some efficiency gains in computing the
inverse (since o # 0 in this case the pseudo-inverse becomes an inverse) in Egs. (5.21) and (5.22) by
utilising the following result from [144] which exploits the compatibility of a Kroenecker product

plus a constant diagonal term with the eigenvalue decomposition:
A®B+0’I=(Upr®Ug)(Aa ® Ag + o?I)(UkL @ UR), (5.26)

where A = Up AaUY is the eigenvalue decomposition of the symmetric matrix A, and similarly for
B. Note that since A, B are assumed to be symmetric the matrices U, Ug are both orthogonal.
This, together with the fact that the term Aa ® A + 021 is diagonal allows us to easily and
efficiently form the inverse of Eq. (5.26) provided we first compute the eigendecompositions of A

and B. ¢

5.3 Hamiltonian Monte Carlo

As discussed in Remark 2.11 the HMC algorithm, originally introduced as Hybrid Monte Carlo [48],
is a popular and effective method for estimating complex, high-dimensional posterior distributions.
In this section we will briefly introduce the HMC algorithm, which we will utilise in Chapter 6.

We follow the presentations given in [63, 129, 110].
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Metropolis-Hastings Algorithm

To start with we first recall the well-known Metropolis-Hastings (MH) algorithm [108, 71]; the
HMC algorithm being a particular variant of the MH algorithm. The MH algorithm, as with any
MCMC method, constructs a Markov Chain with a unique stationary distribution which coincides
with the required posterior. To be more specific, suppose that we which to estimate the posterior
distribution Eq. (2.61) by obtaining samples from it. The MH algorithm constructs a Markov
Chain {6,,}22, for which as n — oo we have 8,, ~ p(8ly). We can thus obtain samples from
p(@)y) by running the chain for a sufficiently long time and then taking the required number of
samples. Note that we often run the chain for a pre-specified burn-in time to ensure that we have
reached the stationary distribution. For brevity, we will drop y and denote by 7f(8) = p(8)p(y|8).
Thus, the posterior p(8y) o< wf(8).

Let Q(0,,-) be a proposal distribution, which we assume we can sample from, with its own
(potentially unnormalised) density Q(8.,,d0,,) x ¢(0,,0,,)d0,,. The MH algorithm constructs

this Markov chain as follows:
1. choose some initialisation .
2. For n =0,..., N do the following:

(a) given @,,, sample a proposal 8’ ~ Q(8,,-).

(b) Compute the acceptance ratio, a(6,,,80"), given by the following equation:

1(6)4(6,6)

(0)a(0.8) | (520

«(6,0) = min [1,

(c) Generate a number uniformly in [0, 1], i.e. draw V ~ U(0,1).

(d) IfV < a(6,,0") then accept @', i.e. set 8,11 < 0', else reject and set 0,1 < 6,,.

For completeness, these steps are described in pseudo-code in Algorithm 8 in Appendix A.3.2.
Notice that 71(8) /71 (8) = p(8]y)/p(0]y) justifying why we do not need the normalising constant

for the posterior distribution. The transition kernel of the chain formed above follows as,
P(6,,d0,,) = q(6,,0.,,)a(0,,0,,)d0,,, (5.28)

since in order to move from state 8,, to state 6,, we must first propose 8,,, corresponding to the
term ¢(6,,,0,,) above, and then accept this proposal, corresponding to the term «(8,,, 6,,) above.
Using this transition kernel, together with the form of the acceptance ratio one can show that

the chain formed is reversible which is sufficient for 77(-) to be an invariant distribution of the
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chain. For more theoretical details on proving this, together with convergence issues, the reader is

directed to [129].

Remark 5.6. We have yet to specify how to choose the proposals in the MH algorithm above.

There are several well-known classes of proposals [129]; we detail some of these below:

e Symmetric Metropolis Algorithm: Choosing any symmetric proposal density,
4(6,6) = (,0), (5.29)
results in the following simplification of the acceptance probability Eq. (5.27):

«(6,0) = min l1, ' (6) (5.30)

7t(0)

e Random Walk Metropolis-Hastings (RWMH): Choosing a proposal density which

is a function of the difference between points, i.e.
q(6,6) = g(6 —0), (5.31)

yields what is known as a Random Walk Metropolis-Hastings algorithm. Perhaps one of
the most common choices for such a proposal density is a Gaussian, Q(0,-) = N (0, o2I)
for some o > 0. Another commonly used choice, in the case of a Markov Chain with a

scalar state space, is the uniform distribution, Q(0,:) =U(0 — 1,0 + 1).

e Independence Sampler: Choosing a proposal density which does not depend on the

current state, ¢(6, é) = g(é) yields the so called Independence Sampler.

e Metropolis Adjusted Langevin Algorithm (MALA): Consider the following over-

damped Langevin It6 diffusion process:
1
d6, = 5 Vlog 71(8,)dt + AW, (5.32)

where here W, is a standard multi-dimensional Brownian motion. The stationary distri-
bution of this diffusion process can be shown to be the posterior p(8]y). By discretising the
dynamics via an Euler-Maruyama method we obtain the following proposal distribution

which yields the Metropolis Adjusted Langevin Algorithm (MALA):
Y T
QO,)=N|(6+ §V10g7r (6),01), (5.33)

for some (small) step-size § > 0.
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¢

Remark 5.7. The MH algorithm with step-sized based proposals suffers from a trade-off between
the diversity of samples and the acceptance ratio; larger moves are rejected more frequently, while
smaller moves lead to more autocorrelation of the chain. The HMC algorithm also suffers from
this, though this is somewhat mitigated by allowing one to move much more rapidly through the
target posterior distribution, with distant proposals being much more likely to be accepted than

in the MH algorithm. ¢

Hamiltonian Monte Carlo Algorithm

We now briefly motivate and detail the HMC algorithm which is a variation on the MH algorithm
where proposals are made via computing a trajectory specified by Hamiltonian dynamics. By
following such dynamics we are able to propose more distant states, while retaining high acceptance
probabilities (see the trade-offs of MH in Remark 5.7), leading to more efficient exploration of the
so-called typical set [9] where the majority of the probability mass is concentrated.

HMC starts off by introducing an auxiliary “momentum” variable, ¢, which is paired with the
original variable of interest, 8, now viewed as a “position” variable. HMC then proceeds by trans-
lating the problem of sampling from the required posterior distribution to a physical system which
evolves with respect to a Hamiltonian given by the required posterior. Thus, the key ingredient to
being able to utilise Hamiltonian dynamics for MCMC is a way of translating a distribution into
a potential energy function. Once the problem is translated to this physical representation we can
simulate a Markov chain where each iteration involves a randomly sampled momentum followed
by a Metropolis style update using the proposal from the Hamiltonian dynamics.

This translation is achieved by borrowing a concept from statistical mechanics; given a potential
energy function E(x), for the state, x, of our physical system, one has that the associated canonical

distribution [110] over states has the following p.d.f.:
1 E
P(x) = = exp (—<X)) ; (5.34)

where T is the temperature of the physical system and W is a normalizing constant. By inverting
this relationship we can obtain, for a given p.d.f., the corresponding description of a physical system

by choosing the energy to be given as:
E(x) = —log P(x) — log W, (5.35)

where we have set T' = 1.

The Hamiltonian is then introduced as the energy function of the joint state of position and
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momentum, x := (8, ), as follows:

H(0,¢) :=U(0) + K(¢), (5.36)
with the associated joint distribution being:

(0, ) xexp (—H(O,p)). (5.37)

The function U(@) in Eq. (5.36) corresponds to the potential energy of our system and in the
Bayesian context is taken to be

U(0) = —log(n'(8)), (5.38)

while the kinetic energy term K () is typically chosen to correspond to an independent Gaussian
distribution, 7(¢), for ¢:

K(p) = —log(m(p)) = %soTM‘lso, (5.39)

where M is commonly referred to as the “mass matriz” and is usually taken to be diagonal.

Remark 5.8. Note that the choice of Hamiltonian Eq. (5.36) implies that the position and mo-
mentum variables are independent from each other. This is not the only possible choice; for more
details see section 4.2 of [9]. Also note that the marginal distribution of 8 in Eq. (5.37) is by
construction the posterior distribution we require. Thus, HMC samples the joint state, (8, ¢), and

by keeping only the position variables we obtain the required posterior samples of interest. ¢

The time evolution of the joint state (0, ¢) is then given by Hamilton’s equations:

do _om
e d¢ (5.40)
do __on
a 06’
which for the choices of potential and kinetic energies Eqgs. (5.38) and (5.39) above yields:
O M,
dt (5.41)
dp  Olog (71(0))
dt 00 '

In the proposal step of HMC we start from the current joint state, (6, ¢), and propose a new
state by integrating Hamilton’s equations Eq. (5.40) for a fixed amount of time to move along a
trajectory in phase space. Since in general this coupled system of differential equations cannot be
solved analytically HMC instead discretises the system using a leapfrog scheme [110]. This leapfrog

integrator, also known as the Verlet integrator, defines Hamiltonian dynamics with respect to an
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approximation of the original Hamiltonian. As a result, it has the important property of being a
symplectic integrator, i.e. it preserves volumes in phase space. A single step of the leapfrog scheme

is given by the following equations:

i+ e/2) = (1) — £ LUO(D), (5.42)
O(t+¢) =0(t) +€E)aLpK(('D(t+€/2))’ (5.43)
ot +e) =t +e/2)— LU+ o). (5.44)

200

Having laid the foundations for HMC we can now detail the main steps of the algorithm:
1. choose some initialisation for position 6.
2. For n =0, ..., N do the following;:

(a) sample a new momentum from the momentum distribution, ¢, ~ 7(+).
(b) Update the current joint state to (6, @, 1)

(c) Starting from the current joint state, (6,,¢, 1), propose a new state, (8, '),
by evolving via Hamilton’s equations Eq. (5.40). This is done by performing
L leapfrog steps, each of size €, according Egs. (5.42) to (5.44) resulting in an
evolution for time eL.

(d) Negate the resulting momentum ¢’ + (—¢’).

(e) Compute the acceptance ratio, a((0y, ¢, 1), (8',¢")) given by the corresponding

version of Eq. (5.27):

a((0,¢), (0,9)) = min [1,
(5.45)

= min [1,exp (H(B,(p) — H(é,‘;?))} )

where we note that the negation of the resulting momentum from the leapfrog
steps together with the time-reversibility of the leapfrog scheme means the terms

corresponding to the proposal in Eq. (5.27) cancel out.
(f) Generate a number uniformly in [0, 1], i.e. draw V ~ U(0,1).

(8) IV < a((0,,,.1),(0',¢")) then accept the proposal, i.e. set 8,41 < €', else
reject and set 6,41 < 0,,. Technically we should also set ¢,, ,; < ¢ but this will

just be replaced by a random draw of momentum in step (a) above.

For completeness, these steps are given in pseudo-code in Algorithm 9 in Appendix A.3.2.

There are three routes to tuning the performance of the resulting algorithm:
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e The choice of distribution corresponding to the kinetic energy, i.e. the choice of 7(¢). In
the case of an independent Gaussian discussed above this involves tuning the mass matrix
M with an ideal choice being to set the mass matrix to the posterior covariance matrix.
Since this is assumed to be inaccessible, as otherwise we would not need MCMC methods,
[9] suggests computing an empirical estimate of the posterior covariance matrix using an

initial warm-up run of the HMC algorithm with some other mass matrix.
e Tuning the leapfrog step size, €.
e Tuning the number of leapfrog steps L.

In [63] the authors argue that it is optimal and efficient to set € and L so that eL = 1 and then
tuning these two parameters to achieve an approximate acceptance rate of around 65%. A recent
and increasingly popular alternative to manually tuning the leapfrog parameters is to utilise the
NUTS algorithm which adaptively determines L by utilising a recursive algorithm which is able
to stop early by detecting when the trajectory is about to double back on itself (i.e. when a “U-
turn” is about to happen). In the experiments in Chapter 6 we will utilise the NUTS algorithm
implemented in NumPyro. It is also possible to incorporate posterior geometry into the proposal

to yield further gains in efficiency [64].

Remark 5.9. Note that we require the derivatives of the logarithms of both the prior and likelihood
in Hamilton’s equations Eq. (5.41) in order to compute the derivative of log (77(8)). These can
be computed analytically for simple models, however for more complex models we will have to
resort to techniques such as auto-diff to compute these gradients. For the work in Chapter 6 we
utilise a HMC implementation found in the Python package NumPyro which uses the popular JAX

framework [19] to provide auto-diff capabilities as well as efficient linear algebra routines. 4

For more details on HMC the interested reader is directed to the works [63, 129, 110, 9, 10]. In
particular, [9] provides a very accessible and intuitive discussion of the motivation for the use of

Hamiltonian dynamics for MCMC.

5.4 Differential Geometry and Manifolds

5.4.1 Basics of Differential Geometry

In this section we introduce and discuss the essential concepts from differential geometry which we

will require for this thesis. We follow the presentations given in [165, 17].
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Differentiable Manifolds

The focus of differential geometry is the study of differentiable manifolds, which are generalisa-
tions of the concept of curves and surfaces (one and two dimensional objects respectively) to higher
dimensions. An n-dimensional differentiable manifold M can intuitively be thought of as a topo-
logical space which locally resembles R™ and which satisfies certain smoothness properties. In
this thesis, we will especially be concerned with numerical applications; the concept of embedded
submanifolds in a Euclidean space is of special relevance for such applications. In particular, the
Stiefel manifold, which we will introduce in Section 5.4.3 is an example of an embedded submanifold
which will be vital for this thesis.

For the purposes of this thesis we assume the reader is familiar with the definitions of differ-
entiable manifolds and embedded submanifolds. A precise treatment of these concepts is beyond
the scope of this thesis; the interested reader is directed to [17, 153, 92, 77] for a more in-depth
treatment of differential geometry. The reader is also directed towards [2] for a treatment of dif-
ferential geometry specialised to matrix manifold applications. For convenience we include some
additional details regarding these concepts in Appendix A.4, including a definition of n-dimensional

embedded submanifolds of R”*% in Definition A.14.

Tangent spaces

We will require the concept of a tangent space of a differentiable manifold. In particular, we will
require this concept for embedded submanifolds and for quotient manifolds which we will soon
define. We start with the definition of tangent spaces for differentiable submanifolds, which we

adopt from Definition 2.3 in [165]:

Definition 5.4 (Tangent space of a differentiable submanifold). Let M C R"*? be an
n-dimensional submanifold of R"*¢. The tangent space of M at a point p € M, denoted by T, M,

is the space of velocity vectors of differentiable curves passing through p, i.e.

T,M = {(to)|e: T — M, clto) = p}- (5.46)

In the above, I C R is an arbitrarily small open interval with ¢to € I. ¢

Note that it is possible to define tangent spaces for general differentiable manifolds, though we
will not require this concept for the thesis. One can easily show that the tangent space is actually

a vector space with dimension equal to the dimension of the manifold, i.e.

dim T, M = dim M = n, (5.47)
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for all p € M. For different characterisations of tangent spaces and a justification of the dimension
of the tangent space being equal to that of the manifold please see Appendix A.4 and Remark A.14

respectively. Definition 5.4 is illustrated in Fig. 5.1 which is taken from [165, Figure 2.1].

Figure 5.1: Visualization of the tangent space T, /M of a manifold (shown here as a curved surface)
at a point p € M. Note that the tangent vector v = é¢(0) € T, M is the velocity vector of a curve
on the manifold ¢ : I — M. This image is taken from [165].

Tangent spaces for quotient manifolds will be discussed later when we introduce Riemannian

quotient manifolds.

Riemannian Manifolds

Having defined tangent spaces we are now in a position to introduce the concept of a Riemannian

metric on an embedded submanifold, adopting Definition 2.6 from [165]:

Definition 5.5 (Riemannian Metric on a submanifold). Let M be a differentiable sub-
manifold of R"*. A Riemannian metric on M is a family ((-,-),)pem of inner products (-, ), :

TyM x T,M — R that is smooth in variations of the base point p. ¢

A manifold M equipped with a Riemannian metric is called a Riemannian manifold. One can
define the concept of length on a Riemannian manifold as follows: the length of a tangent vector

v € T, M is given by ||v||, := y/(v,v)p. Similarly, the length of a curve on M, ¢ : [a,b] — M, can

b b
L(e) = / 1)yt = / S8 et (5.48)

Having introduced the length of curves on a Riemannian manifold, we are now in a position to

be defined as:

define the important concept of Riemannian distance between two points p,q € M:

Definition 5.6 (Riemannian distance). Let M be a Riemannian manifold. The Riemannian

distance between two points p,q € M with respect to the given Riemannian metric is defined as
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follows:

dam(p,q) = inf{L(c)|c: [a,b] — M piecewise smooth, c(a) = p, c(b) = q}, (5.49)
where we adopt the convention that inf{(} = co. 4

We will refer to the shortest path between two points p,q € M as a geodesic. Note that the
actual definition of a geodesic is slightly more technical than is required for this thesis. As is
remarked in [165, see Remark 1] geodesics can be defined via an IVP of second order. The local
uniqueness and existence of geodesics for any points in a connected component of a manifold then
follows from the well-known existence and uniqueness theorem for IVPs. The interested reader is
directed to [17, sections 5.8, 10.1], and [2, Section 5.4] for more details.

Central to the work in Chapter 6 are the concepts of the Riemannian exponential and the

Riemannian logarithm which we define below, adopting the notation from Section 2.4 in [165]:

Definition 5.7 (Riemannian Exponential). The Riemannian Ezponential is a map which
intuitively maps a given tangent vector v € T, M to the endpoints of a geodesic (which is always
possible due to the local uniqueness and existence of geodesics) that starts from p € M with velocity
v. More formally, let B.(0) C T, M be the open ball of radius € > 0 centered at 0 € T, M. The
Riemannian exponential is the map exp[/,\’1 : B.(0) —» M which maps v to g := exp;,\’l (v) == cp (1),
where ¢, : [0,1] — M is the geodesic which starts from p with velocity v, i.e. ¢p,(0) = p and

Cpu(0)=v.

Provided that € > 0 is small enough one can show that the Riemannian exponential is in fact a
smooth diffeomorphism between B.(0) and an open domain D, C M around p. The Riemannian

exponential is thus invertible and its smooth inverse map is called the Riemannian logarithm:

Definition 5.8 (Riemannian Logarithm). The Riemannian logarithm is the inverse of the Rie-
mannian exponential map. Using the same notation as in Definition 5.7 the Riemannian logarithm
is the map loglj,w : Dp — B(0) which maps ¢ € D, C M to v := (expﬁ/l)_l(q), where v satisfies

pu(l)=q. ¢

The Riemannian logarithm is concerned with the so-called geodesic endpoint problem: given

p,q € M find a geodesic connecting p and gq.

Remark 5.10. It is important to remember that the definition of both the Riemannian exponential
and Riemannian logarithm maps are dependent on the definition of geodesics which, in turn, are
determined by the choice of Riemannian metric; a different choice of metric can yield different

exponential and logarithm mappings. ¢

Remark 5.11. To help illustrate the Riemannian exponential and logarithm consider the following

two examples taken from [17, see Section 10.2]:
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e In the Euclidean space, R?, with the standard inner product, the Riemannian exponential
is given by:

eXpEd (v) =x+v, (5.50)

since geodesics in R? are given by straight lines. Thus, the Riemannian logarithm is given
by:

d
logy (v) =y —x. (5.51)

e On the unit sphere, S, in R? (equipped the standard inner product of R%) the Rieman-
nian exponential is given by:

Sd—l

exp, (v)=cos(||v]])x+ (5.52)

Provided we restrict the domain of exp;fdi1 to contain only those tangent vectors v €
T, S?! with norm strictly less than 7 then we have that the Riemannian logarithm is
given by:

IOgid_l(y) = arccos (xTy) ”y - (xy)x

— (5.53
Y~ Gy)x :
Note that this formula depends on the choice of domain for the Riemannian exponen-

tial and choosing other domains would yield different expressions. For a more detailed

discussion of this example the interested reader is directed to Example 10.21 of [17].

Quotient manifolds

The Grassmann manifold, which will be introduced in Section 5.4.3 and which will play a central
role in Chapter 6, is an example of a quotient manifold. A quotient manifold is a manifold formed
by considering certain points on another manifold to be equivalent, as will be made clear below.
In order to properly define quotient manifolds we will first require several concepts which we
now outline. We call a differentiable manifold G a Lie group when it also has a group structure
which is smooth in the sense that the group operations of ‘multiplication’ and ‘inversion’ are both

I are smooth maps from G x G = G and G — G

smooth, i.e. the maps (¢,h) — ¢g-h and g — g~
respectively.

Let G be a Lie group, let M be a differentiable manifold, and consider a left action of G on M
given by the mapping (g,p) — ¢g-p € M for all (g,p) € G x M. Note that one can also consider
right actions. In this thesis we will always take M to be a matrix manifold and so the operation

W

in the group action can be considered to be the standard matrix product. This left action gives
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rise to an equivalence relation on M defined via,
p~q <= dg € G such that g-p = q, (5.54)

i.e. two points p,q € M are equivalent if and only if there is some g € G which left acts on p to
yield q. The equivalence classes of this equivalence relation are called G-orbits and are denoted by
[p] :==Gp := {g - plg € G}. We denote by M /G := {[p]|p € M} the orbit space, i.e. the quotient
space of M by the (left) action of G. The map II : M — M/G which sends a point p € M
to its G-orbit [p] is called the quotient map. We say the action is free, if every isotropy group
Gy := {9 € Glg - p = p} is the trivial group, i.e. G, = {e}, where e is the identity element of the
group G. Quotient manifolds are manifolds formed from the quotient spaces of such actions, and
can be thought of as the manifold resulting from bundling/quotienting all points in a G-orbit into

one. This is made precise by the Quotient Manifold Theorem from [165, see Theorem 2.9]:

Theorem 5.1 (Quotient Manifold Theorem). Suppose G is a Lie group acting smoothly, freely,
and properly on a smooth manifold M. Then the orbit space M /G is itself a manifold of dimension
dim(M/G) = dim(M) — dim(G), and has a unique smooth structure such that the quotient map
II: M — M/G is a smooth submersion, i.e. it is a smooth surjective mapping with surjective

differential at every point. We call M the total space and M /G is called the quotient space. &

Given any point ¢ in a quotient manifold we call the preimage of ¢ by the quotient map,
II!(g) € M, a fiber and denote it by M, := II"!(¢q). Recalling that II is a smooth submersion
one has that each fiber M, is a closed embedded submanifold of M, which follows via the well

known Implicit Function Theorem.

Riemannian Quotient Manifolds

In this thesis we will be concerned exclusively with quotient manifolds in which the total space M
is a Riemannian manifold. This extra structure on the total space transfers over to the resulting
quotient manifold allowing us to nicely characterise the tangent spaces of the quotient manifold
and to even define a Riemannian metric on the quotient manifold yielding a Riemannian quotient
manifold. This will now be elaborated on. Let M be a Riemannian manifold equipped with a
Riemannian metric (-, )7, Consider a quotient manifold of M given by Theorem 5.1, N := M/G.
Consider a point p € M and its associated tangent space T, M. Since the fiber My, is a closed
embedded submanifold of M and since we have an inner product on 7, M via the Riemannian

metric we can decompose the tangent space T, M as an orthogonal direct sum:

i
M =TyMnp) @ (TPMH(p)) : (5.55)
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We call the tangent space of the fiber the vertical space, V}, := T, M,y and we call its orthogonal
complement the horizontal space, H, := VpJ-. Recalling that the quotient map II is a smooth
submersion, we have that the differential of IT at p is surjective, i.e. dII, : TyM — TN is
surjective. We can thus identify the vertical space with the kernel of the differential, i.e. V, =
ker(dII,), while the horizontal space is isomorphic to the tangent space Tiy,N, i.e. H, = TN
The quotient map is thus a local diffeomorphism and its differential can be used to represent
a tangent vector { € TN by a concrete vector in the horizontal space given uniquely by

(d1(p)|m,)
lift,,(€) == (dII(p)] Hp)_1 [€]. For more details the reader is referred to [17, Section 9.4]. Provided

- [€]. This representation is called the horizontal lift of £ at p and is denoted by

that the equivalence relation and the Riemannian metric satisfy the following relation,

one can define a Riemannian metric on the quotient manifold A via:

(€, Oy = (lift, (€),1ift, (€))p V&, ¢ € TN (5.57)

For a more detailed discussion of this the reader is referred to [17, Section 9.7].

5.4.2 Statistics on Riemannian Manifolds

Since we will be dealing with manifold-valued random variables in Chapter 6 we now briefly
discuss the basics of statistics for data on Riemannian manifolds. In particular, we will discuss
how moments can be generalised from Euclidean spaces to Riemannian manifolds. We follow the
presentation in [58].

We start with the first moment. In the Euclidean setting the sample mean is the standard
point estimate for the “centre of mass” of a set of points. This statistic is perhaps the simplest to

define; for a set of points {x;}¥.; C R? the sample mean is given by:

1 N
=¥ Z:: (5.58)

Note that defining the sample mean via Eq. (5.58) relies on the vector space operation of addition
in Euclidean space. Since Riemannian manifolds are not vector spaces in general, this definition
cannot be directly used for data on a manifold.

Upon first glance it might seem possible to remedy this issue for manifolds embedded in Eu-
clidean space, M C R%, since we can just utilise the vector addition operator of the ambient space

R?. This however also fails since the resulting point often lies outside the manifold M. To see this
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consider Example 1 from [58]: take the unit sphere in R3, $? C R?, and consider the two points
x1 = (1,0,0)7 x5 := (0,1,0)7 € S2. If we average these two points, viewing them as vectors in
R3, we obtain the point X, = (1/2,1/2,0)7 which has norm ||Xz|| = v/2/2 and thus falls out of S2.

To make progress towards generalising the sample mean to Riemannian manifolds we can
consider alternative characterisations of the sample mean in Euclidean space in the hopes that some
of these might be more amenable to generalisation. There are several such alternative definitions

for the sample mean of points {x;}¥.; C R? and we now outline two of these:

1. Algebraic definition: The sample mean can be defined algebraically as the unique point

for which the sum of residuals is zero, i.e. the unique point x such that:

>_(xi—%) =0, (5.59)

is X =Xn.

2. Geometric definition: The sample mean can be defined as the least squares centroid of

the data points, i.e. it minimizes the following sum of squares:
N
(%) = Z |x; — x||?, (5.60)
i=1

over all points x € R%.

Notice that the algebraic definition still relies on the vector space structure of R while the geo-
metric definition only involves a notion of distance between points in R?. Since on Riemannian
manifolds we have a concept of distance between points (see Definition 5.6) we can generalise the
sample mean via this geometric characterisation. This leads to the following generalisation, called

the Karcher mean [79, 83], which is defined as follows:

Definition 5.9. The Karcher mean or Riemannian centre of mass of a collection {x;}~ ; of points

on a Riemannian manifold M, if it exists, is defined as follows:

N

Oy = argminZdM(xi,p)Q. (5.61)
pEM Ty

Note that the Karcher mean defined above is an example of a Fréchet mean [60] which is a
generalisation of the expectation of probability measures to metric spaces.
The Karcher mean will be very useful in the work presented in Chapter 6. As such we now

detail one possible method for estimating it (see Algorithm 1). Since the Karcher mean is a solution
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of a Riemannian optimization problem it is possible to utilize a gradient-descent based approach
for estimating it. For an accessible discussion of Riemannian optimization the reader is directed to
[17]. The key fact such an approach relies on is the fact [79, 165] that the (Riemannian) gradient

of the sum in Eq. (5.61) is given by:

N
—2) “log) (). (5.62)
i=1

This leads to Algorithm 1 for estimating the Karcher mean which is adapted from [165, 126].

Algorithm 1: Riemannian Karcher Mean via gradient descent

Input: set of points {z;}; C M on a Riemannian manifold M, initial guess for the
Karcher mean pg, max number of iterations M, tolerance €
Output: Estimate of the Karcher mean p/'
1 Set p’ = puo ;
2 for n+ 1to M do

3 | Compute op= L SN, logﬁf’(mi) ;
4 Compute a := ||0pl], ;

5 ,u’ — cxpﬁf‘(du) ; // geodesic step
6 if o < e then

7 ‘ return p’ ; // terminate early
8 end

9 end

10 return g/

Remark 5.12. Note that in Algorithm 1 we have chosen to use a step size inversely proportional
to the number of points V. It is possible to instead consider a sequence of variable step-sizes. Also
note that one can adjust the algorithm presented to store all the intermediate points for p’ together
with the corresponding value of the sum in Eq. (5.61). Doing so allows one to use the point which
achieves the lowest value for this sum. As discussed further in Section 6.7 it is often advisable,
as with any gradient-descent algorithm, to run Algorithm 1 for several different initializations and

take the Karcher mean to be the one which achieves the smallest value for the sum. ¢

We can now discuss the second moment. Recall that the sample covariance of a collection of

points x1,...,xy € R? is given by:

N
Sy o= ﬁ S — 5w i — X) (5.63)

On first glance this definition does not seem to be amenable to generalisation to Riemannian
manifolds as it relies on the vector space operations of R, in particular on vector subtraction,

transpose, and matrix multiplication. However, recall from Remark 5.11 that the Riemannian
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logarithm in Euclidean space is given by
log®" (%) = % — x. (5.64)

Thus, we can generalise the sample covariance to Riemannian manifolds by utilising the vector-
space structure of the tangent space, the Riemannian logarithm, and the Karcher mean to define

the Karcher sample covariance of a collection of points {x;}X¥; on a Riemannian manifold M via:

1 N

& M M
B = o 2 logt () o )" (565
i=1

5.4.3 The Stiefel and Grassmann Manifolds

In this section we introduce the Stiefel and Grassmann manifolds which are essential ingredients to
the work which will be presented in Chapter 6. There are countless references detailing properties
of these manifolds; we refer the interested reader to [8, 1, 88, 53, 165, 17] for further details. We

again follow the flavour of presentation given in [165, 17].

Stiefel Manifold
We start our discussion with the definition of the Stiefel manifold:

Definition 5.10 (Stiefel Manifold). For n < d, the (compact) Stiefel manifold, St(d,n), is the

manifold consisting of d x n orthonormal matrices, i.e.
St(d,n) = {X € R*"X"X =1,}, (5.66)

where I,, is the n x n identity matrix. ¢

Remark 5.13. There is also a non-compact Stiefel manifold consisting of the open subset of
matrices of rank n in R4*™. In this thesis when we say the Stiefel manifold we will always refer to

the compact manifold defined here unless stated otherwise. ¢

The Stiefel manifold St(d,n) can be shown to be an embedded submanifold of R¥*™ of dimen-
sion:

n+1)

dim St(d,n) = dn — ™ . (5.67)

For a justification of this please see Appendix A .4.
Note that points X € St(d,n) can be interpreted as orthonormal bases of cardinality n by

taking the columns of X = [x1, ..., X,,] where the {x;}" ; are each vectors in R? satisfying

(xi,%x5) = XZ-TXj = J;;. (5.68)
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Remark 5.14. The Stiefel manifold yields two edge cases which can be recognized as other familiar

mathematical objects:

e Case n = 1: St(d, 1) is the unit-sphere in R?, S9~1. This establishes the unit-sphere as

an embedded submanifold in R? of dimension d — 1.

e Case d = n: St(d,d) = {X € R¥>*4XTX = I} can be recognized as the set of d x d
orthogonal matrices. This matrix manifold is an important example of a Lie group, the

orthogonal group, O(d).

We now collate several important properties/facts regarding the Stiefel manifold. For further
discussion and more detailed proofs establishing these facts the interested reader is directed to

[17, 165].

e Tangent spaces: The tangent spaces of St(d,n) are the following subspaces of R4*":

Tx St(d,n) = {U € R*"XTU 4+ UTX = 0}. (5.69)

e Riemannian metric structure: Endowing R%*" with the standard Frobenius inner
product (U, V) := tr(UTV) allows us to conveniently make St(d,n) into a Riemannian
manifold as a Riemannian submanifold of R4*™, where we take the Riemannian metric for

the Stiefel manifold to be the restriction of the Frobenius inner product to St(d,n).

¢ Riemannian exponential: The Riemannian Stiefel exponential at a base point X €
St(d, n), exp5y, sends a Stiefel tangent vector U € Tx St(d,n) to the endpoint X € St(d,n)
of a geodesic on the Stiefel manifold starting from X with velocity vector U. It thus also

provides an expression for geodesic curves on the Stiefel manifold.

e Riemannian logarithm: The Riemannian Stiefel logarithm at a base point X € St(d, n),
log5y, takes another point X € St(d,n) and finds a Stiefel tangent vector U € Tx St(d, n)
such that the geodesic starting from X with velocity U hits X after moving an arc length of
|U|x. The Riemannian Stiefel logarithm thus provides two useful pieces of information:
the solution to the geodesic endpoint problem of finding a geodesic starting at X and

ending at X and the Riemannian distance between the two given points X, X.

Grassmann Manifold

We can now move on to defining the Grassmann manifold:
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Definition 5.11 (Grassmann Manifold). For n < d, the Grassmann manifold, Gr(d,n), is the

manifold consisting of all n-dimensional (linear) subspaces of RY, i.e.

Gr(d,n) = {X¥ <R dim X = n}, (5.70)

where the notation A < B denotes that A is a linear subspace of the vector space B. ¢

Since each point X € Gr(d,n) is a subspace of dimension n we can represent each point X in
the Grassmann manifold by an orthonormal basis {x;} ; satisfying span({x;}?,) = X. That is
to say, each point X € Gr(d,n) can be represented by a d x n matrix X := [x1, ..., X,] which is
precisely a point on the Stiefel manifold, X € St(d,n). In fact, the Grassmann manifold can be
identified as a quotient manifold of the Stiefel manifold by applying Theorem 5.1 with M = St(d,n)
and G = O(n), i.e.

Gr(d,n) = St(d,n)/O(n) = {[X]|X € St(d,n)}, (5.71)

where the O(n)-orbits are [X] = {XR|R € O(n)}. We are thus bundling all points X, Y € St(d, n)
which are related by Y = XR for some R € O(n) into a single equivalence class [X]. If the
representative X has columns which span a subspace X = span(X) then right acting on X via some
orthogonal matrix R € O(n) preserves the subspace represented, i.e. span(XR) = span(X) = &;
the application of R on the right simply rotates/reflects the orthonormal basis vectors within the
subspace X' onto some other orthonormal basis for the subspace.

Just as for the Stiefel manifold earlier we now collate several important properties/facts regard-
ing the Grassmann manifold. For further discussion and more detailed proofs establishing these

facts the interested reader is again directed to [17, 165].

e Dimension: The dimension of the Grassmann manifold is:

dim Gr(d, n) = dim St(d,n) — dim O(n) = n(d — n), (5.72)

which follows from its quotient structure and Theorem 5.1.

e Tangent spaces: Let X € St(d,n) be a point in the Stiefel manifold. The tangent space
based at X to the Stiefel manifold can be decomposed into the vertical and horizontal
spaces from Section 5.4.1 for the Riemannian metric on St(d,n) given by (A,B)x =
tr(ATB):

Tx St(d,n) = Vx + Hx. (5.73)

The vertical space is:

Vx = {XQQ € Skew(n)}, (5.74)
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where Skew(n) = {A € R"*"|AT = —A} is the set of skew-symmetric n X n matrices.

The horizontal space is:

Hx = {U e R™"|XTU = 0}. (5.75)

The vertical space Vx is the tangent space to the fiber II~1 (X)) where X = I1(X) = [X] and
IT : St(d,n) — Gr(d,n) is the quotient map discussed in Section 5.4.1 for the Grassmann
manifold as a quotient of the Stiefel by O(n). Recalling that the horizontal space at X
is isomorphic to the tangent space based at [X] to the Grassmann manifold allows us to

identify Tix) Gr(d,n) concretely as follows:
Tix) Gr(d,n) = {U € R*"|X"U = 0}, (5.76)

with the understanding that this actually means Tix) Gr(d,n) = Hx where the mapping
between tangent vectors to the Grassmann and vectors in the horizontal space is given by

the horizontal lift map, liftx = (DII(X)|my) "

Remark 5.15. It is important to point out that it is possible to write every tangent vector
U € Tix) Gr(d,n) as U = (I; — XX")V where V € R¥" is arbitrary; this fact will be
very useful in Chapter 6. This is simply orthogonal projection to the tangent space which
is possible once we have a Riemannian structure on the Grassmann manifold. The matrix

(I; — XX is precisely this orthogonal projector. For more details on this please consult

[17]. ¢

¢ Riemannian metric structure: Gr(d,n) can be turned into a Riemannian manifold
by utilising the quotient structure described above to push the metric from St(d,n) to
Gr(d,n) via the quotient map II. Explicitly this means that for all £, € Tix] Gr(d, n) we
have a Riemannian metric via (£, ()ix] = (U, V)x = tr(UTV), where U = liftx (¢) and
V = liftx (¢). We will abuse notation in the rest of the thesis and use the identification
between the horizontal spaces and the tangents spaces of the Grassmann manifold to simply

write: (U, V)x; = tr(UTV) for all U,V € Tixj Gr(d, n) represented via Eq. (5.76).

¢ Riemannian exponential: The Riemannian Grassmann exponential at a base point
X € Gr(d,n), exp§’, sends a Grassmann tangent vector U € Ty Gr(d,n) to the endpoint
Xe Gr(d, n) of a geodesic on the Grassmann manifold starting from X with velocity vector
U. It thus also provides an expression for geodesic curves on the Grassmann manifold. For
an algorithm to compute the Riemannian Grassmann Exponential please see Algorithm 2

which is adopted from [165, Algorithm 9].

e Riemannian logarithm: The Riemannian Grassmann logarithm at a base point X €
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Gr(d,n), logg;{r, takes another point X € Gr(d,n) and finds a Grassmann tangent vector
U € Ty Gr(d,n) such that the geodesic starting from X with velocity U hits X after
moving an arc length of |U||x. The Riemannian Grassmann logarithm thus provides two
useful pieces of information: the solution to the geodesic endpoint problem of finding a
geodesic starting at X and ending at X and the Riemannian distance between the two
given points X, X. For an algorithm to compute the Riemannian Grassmann logarithm

please see Algorithm 3 which is adopted from [165, Algorithm 11].

¢ Riemannian distance: We will have need for computing the Riemannian distance
(see Definition 5.6) between points on the Grassmann manifold. Algorithm 4 provides
a straight-forward method for computing this distance. The algorithm is derived from the

discussion following Algorithm 11 in [165].
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Algorithm 2: Riemannian Grassmann Exponential
Input: Base point X = [X] € Gr(d,n), where X € St(d,n), tangent vector
A € T[X] Gl"(d, Tl)
Output: X := exp§*(A) = [X] € Cr(d, n)
1 usvT P A, with U € St(d,n) ; // (thin) SVD of tangent vector
2 X =XV COS(S)VT -I-USiIl(S)VT ; // cos and sin act only on diagonal entries.
3 return X

Algorithm 3: Riemannian Grassmann Logarithm

Input: Base point X = [X] € Gr(d,n), where X € St(d,n), Y = [Y] € Gr(d,n), where
Y € St(d,n

Output: A :=logy (Y) € Tx Gr(d,n)

¥SR” "L yTX ;

Y., = Y(‘I’RT) ; // ‘Transition to Procrustes representative’

L:= (I - XX7)Y, ;

4 QXVT RESY : // (thin) SVD

5 A= Qarcsin(E)VT ; // arcsin acts only on diagonal entries

6 return A

W N =

Algorithm 4: Riemannian Grassmann Distance
Input: Points & = [X],) = [Y] € Gr(d,n), where X, Y € St(d,n)
Output: The Riemannian distance between X,Y: dg,(X,Y)

1 usvT PP xTy : // (thin) SVD

1/2
2 dGr(X,y) = (ZZZI arccos(sk)2) / ; // here s; are the singular values of XTY, i.e. the
diagonal entries of S

3 return dg,(X,))
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Chapter 6

Grassmann-valued Gaussian
Processes for Probabilistic

Localised Active Subspaces

6.1 Introduction

This chapter contains the contributions for the second project of this thesis which were outlined
in Chapter 1. To help guide the exposition which follows it is useful to keep the following example

in mind: consider a parameterised elliptic PDE:

—V - (k(x;p)Vu(x;p)) = f(x), x€ D:=[0,1]? (6.1)

u(x;p) =0, x€dD. (6.2)

Note that in this problem the coefficient k = k(x, p), and hence the solution v = u(x, p), depends
on a set of parameters p = (p1, ..., pdp)T € R%. When the number of parameters d,, is very large it
would be interesting to see if some sort of dimension reduction is possible for this parameter space.
For complicated parameter to solution maps it is conceivable that such a dimension reduction will
depend on the spatial location x € D. This leads us to consider what we call a localised active
subspace, M(x) € Gr(d,,n), which can be thought of as the collection of directions in R% along
which u(x, p) is most sensitive to perturbations (on average) in p. This concept will be expand on
in more detail in this chapter.

In particular, this chapter is structured as follows. In Section 6.2 we provide a literature

review of related work to that presented in this chapter. In Section 6.3 we provide a review of the
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concepts of optimal ridge approximation and active subspaces. Then in Section 6.4 we motivate
the idea of localised active subspaces. Section 6.5 contains the presentation of our GrassGP model.
We then conduct several numerical examples in Section 6.7 demonstrating the use of our GrassGP
model, including two numerical experiments related to the example problem above in Sections 6.7.2

and 6.7.3.

6.2 Related Work

The main motivation of this chapter stems from the literature surrounding active subspaces. The
early development of active subspaces can be attributed to the work of Samarov [133], while more
recent developments are due to the works of Constantine et al. [33, 35, 34]. There are also several
works which lie at the intersection of the study of ridge functions [121] (see Section 6.3 below) and
active subspaces. Such works include [138, 158, 137, 36].

Ideas of dimension reduction and variable selection are commonplace within the field of statis-
tics. One example which aims to perform dimension reduction via subspace-based methods is the
field of sufficient dimension reduction. This field aims to replace the input vector with their projec-
tion onto a subspace formed from the inputs themselves [37]. In the construction of this dimension
reducing subspace it is vital that no information regarding either the conditional mean, conditional
variance, or in general the conditional distribution of the outputs with respect to the inputs, is
lost. Several methods exist in the literature to estimate these subspaces including sliced inverse
regression (SIR) [96], sliced average variance estimation (SAVE) [44], and contour regression (CR)
[95], among others. For a detailed review of the field of sufficient dimension reduction the reader
is directed to [102].

The idea of considering several different low dimensional subspaces instead of one global active
subspace is not new and has been investigated in [159] where the authors develop a clustered active
subspace method which first locates the “clusters” and then utilises local GP emulators to discover
the localised low dimensional structure. The model we consider in this work sidesteps the need to
consider an additional clustering step at the loss of only being able to consider the same dimension
for the dimension reduction in different parameter regimes.

In [137] the authors introduce the idea of using spatially correlated polynomial ridge functions
for quick estimation of flowfields in computational fluid dynamics applications. A key idea in this
paper is to only compute the ridge functions at a small number of subsampled locations and then
upsample these to new locations by utilising spatial correlations between the full dimensional data.
However, this approach is not always applicable as correlations in the full dimensional data need

not imply correlations after performing the dimension reduction. In this work we side step this
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issue by only exploiting correlations between the projectors themselves.

There has been extensive research into the problem of learning a manifold-valued mapping.
These works include non-parametric methods [162, see also references therein] as well as semi-
parametric methods [139]. The approach we investigate in this chapter is motivated by that taken
in [120] where we utilise a GP instead of a simple linear regression to allow us to more flexibly
discover the spatial dependence of our manifold-valued field. The linear model approach taken in
[120] builds on the work of [150] where the author generalises linear regression to manifold-valued
responses with real covariates via geodesic regression. This work was later expanded to include
multiple covariates in [84].

Other GP based methods for modelling manifold-valued responses have been considered in the
literature. Wrapped Gaussian Processes (WGP) were introduced in [103] to approximate mappings
to Riemannian manifolds via wrapped Gaussian distributions which are defined in terms of normal
distributions on tangent spaces of the manifold. The model we consider in this work is motivated
by WGPs though as the authors of [103, 163] mention the method proposed in [103] is analytically
intractable for manifolds with finite injectivity radius, as is the case here for Grassmann manifolds.
In [163] the authors introduce Gaussian Process Subspace Regression, a Bayesian non-parametric
model for subspace-valued mappings which is at the same time both extrinsic and intrinsic.

There has also been proposals for sampling from distributions on manifolds in other works.
For example in [21] the authors propose a geodesic based HMC approach which can be used to
sample from probability distributions defined on a manifold. In [86, 157] the authors investigate
posteriors for cointegration estimation arising from placing priors defined on spaces related to the

Grassmann manifold.

6.3 Ridge Approximation and Active Subspaces

In this section we provide details for Optimal ridge approzimation of a function f : RY — R as well
as for dimension reduction using the so-called active subspace. Our presentation here follows those
in [36, 138]. We start by first introducing the concept of a ridge function, adopting the definition
from [121]:

Definition 6.1 (Ridge function). A function f : R? — R is called a ridge function if there

exists a matrix M € R®", with n < d, and a function g : R — R such that:
f(x) =gMTx), vxecR% (6.3)

We call the subspace associated with the span of the columns of M its ridge subspace. ¢
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Remark 6.1. As noted in [36] the term ridge function is more commonly used in the situation
where M is a single vector (i.e. the case n = 1). In [121] our definition Definition 6.1 is called a
generalized ridge function, while the term generalized is reserved for models where M depends on

the particular x in [82]. ¢

Remark 62. If f : R? — R is a ridge function for some M € R%**" and g : R® — R then it
is constant along directions which are orthogonal to its ridge subspace, span(M). To see this let

v € (span(M))" C R%. One then has M7v = 0 and so we can compute for & € R and any x € R%:

fx+av) = gM” (x + av)) (6.4)
= gM*x +aM™v) (6.5)
= g(M'x) (6.6)
= f(x). (6.7)

Thus, f only varies along the n directions contained in its ridge subspace, where we have assumed,
without loss of generality, that M is of full column-rank. In particular, we can assume that M has
orthonormal columns, i.e. M € St(d,n) and take N € St(d,d — n) to be a matrix whose columns
are an orthonormal basis for (span(M))". By concatenating the columns of M and N into a
single matrix G := [M, N] € R%*? we have that G € O(d) i.e. G is an orthogonal matrix. Thus,

GGT =1, and so we have MM7” + NN7 = I,; allowing us to decompose f as follows:
f(x) = f(GG'x) = f(MM”x + NN”x) = f(My + Nz), (6.8)

where y := M%x € R" and z := NTx € R?¥ ™. Thus, we can view the pair (y,z) as a space

decomposition and there is no redundancy or degeneracy in replacing x with (y,z).

Optimal Ridge Approximation

Having introduced ridge functions we can now introduce the (optimal) ridge approximation problem
as follows. Let f : R — R be a function we are interested in approximating by a ridge function
and equip its domain with a probability measure encoded by a p.d.f. p: R — [0,00). The p.d.f.
serves the role of modelling any uncertainty we might have in the inputs to f (which typically
represents some simulation model) which is a common modelling decision in the field of uncertainty

quantification [148].

Remark 6.3. To illustrate the role of p more clearly, one can recall the example introduced in
Section 6.1: we might be interested in estimating the parameter vector p based on noisy observa-

tions of the solution u. To capture our uncertainty in the parameter vector p we can model it as
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being random with some associated density p. ¢

Given this function f and p.d.f. p the ridge approximation problem is to find a ridge function
which minimizes the L?(R, p) (see Remark 2.1) approximation error, i.e. the problem is to find

g:R" = R and a full rank M € R¥*™ which minimizes the following error:

1
2

1£() = g )| L2 ga ) = (/ (f(X)—g(MTX))zp(X)dX> : (6.9)

Rd

As noted in [36] we can now restrict our attention to matrices M € St(d,n) since if M € R¥*™ is of
full column-rank we can utilise a thin QR factorization with the triangular R factor representing
some invertible change of coordinates in the domain of g. We now let N € St(d,d — n) be an
orthogonal basis for the complement of span(M) and introduce the coordinates y := M”x and
z := NTx as in Remark 6.2. The p.d.f. now yields joint, marginal, and conditional densities on
the coordinates y,z of the subspaces span(M) and span(IN) respectively. Following the notation

in [36] we denote these densities as follows:
e 7(y,z) := p(My + Nz) (joint density),
o (y) := [pa 7(y,z)dz (marginal density),
e 7(zly) := 7(y,z)/n(y) (conditional density).

Using the conditional density above allows us to write the conditional expectation of f given active

coordinates y as [36] follows:

M) = B(fly. M) = [ f(My + Na)n(aly)da (6.10)

As noted in [36] the ridge function g(M7”x; M) satisfies, by construction:

/Rdw (9(y;M) — f(My + Nz))7(z|y)dz = 0, (6.11)

for all y for which 7(y) > 0. From this it follows as a consequence of Pinkus’ Theorem 8.3 [121]

that §g(M7Tx; M) is the unique optimal ridge approximation for the norm Eq. (6.9).

Remark 6.4. A key point which is emphasized in both [138, 36] is the orthogonal invariance
associated with M, i.e. we are only interested in the particular subspace M represents and not in

the particular choice of basis represented by a given M € St(d,n). To see this Constantine et al.
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first note that the conditional density is invariant upon replacing M with MQ for any Q € O(n):

MQQ"MTx + Nz)
QM) = A 12
m(zly = Q"M x) T p(MQQ"MTx + Nz)dz (6.12)
~ p(MM”x + Nz) (6.13)
[ p(MMTx + Nz)dz )
= n(zly = M'x). (6.14)
In a similar manner it is then shown that:
Q"M x;MQ) = G(M"x; M). (6.15)

From these we finally get that the optimal ridge function g depends only on the subspace span(IM)
as remarked. This can be encapsulated by searching for a subspace in the Grassmann manifold
(see Definition 5.11), M € Gr(d, n), as opposed to searching for a particular basis representation

M e St(d,n). 4

Active Subspaces

It is important to note that so far all we have established is that g is the optimal ridge approximation
for f given a particular choice of ridge subspace M = [M] € Gr(d,n). An important question
is how one can estimate a good choice for this subspace given a limited computational budget for
evaluating f and perhaps its gradients. This leads us to consider the so-called active subspace
[33, 36] derived from gradient information of f as a particular choice for the subspace M. We note
that in this thesis we will be exclusively concerned with the active subspace as opposed to ridge
approximation.

We now present a brief discussion of the active subspace following the presentations in [33, 138].
Suppose the function f is now assumed to be differentiable and Lipschitz continuous, and consider

its gradient:

Vf(x):= : : (6.16)

Note that Lipschitz continuity of f implies that ||V f(x)|| < L for all x € R? for some L > 0, where
| - || is the standard Euclidean norm on R?. This allows us to define the expectation of the outer

product of the gradient of f with itself as the following matrix C € R%*%:

C = Ex~, [(VA(X)(VF(X))T] =/ (V) (VF(x)) p(x)dx. (6.17)

R4
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The matrix C is symmetric and positive semi-definite since:
vIiCv = /Rd (vIVf(x))2p(x)dx >0, Vv eR% (6.18)
It thus has a real eigenvalue decomposition with non-negative eigenvalues:
C=WAWT, (6.19)

where A := diag({\;}_,) contains the eigenvalues, \; > --- > \g > 0, and W € O(d) contains
the corresponding normalised eigenvectors as its columns.
The following result adopted from [33, Lemma 3.1] quantitatively describes the relationship

between the gradient of f and the eigendecomposition of C:

Lemma 6.1. The expected squared directional derivative of f with respect to the eigenvector w;

is equal to the corresponding eigenvalue, i.e.

Exp [(VF(X))wi)?] = / (VI Twp()dx = A, i=1,..d  (6.20)

Rd

Note that Lemma 6.1 implies that if any of the eigenvalues are zero then the directional deriva-
tive of f with respect to the corresponding eigenvector is zero almost everywhere in the support of
p- Since f is continuous it follows that f is constant along the direction specified by the eigenvector
for the parameter values of interest (specified by the support of p). This is precisely the information
which we can utilise to find a suitable subspace M where most of the variation in the function
occurs. This observation leads us to the following idea from [33]: split the eigendecomposition of

C into two groups as follows:

A= N , W:(M N), (6.21)

where A; = diag({\;}";) with n < d, and M contains the corresponding first n eigenvectors
associated with A;. Due to the ordering of the eigenvalues of C the subspaces represented by M
and N split the domain of f into two sets span(M) and span(N): perturbations of the inputs of
f in span(M) change f more than perturbations in span(N) on average. The subspace span(M)
is called the active subspace while span(N) is called the inactive subspace. Let y := mTx €

R™ and z := N7x € R4 ™, as in Remark 6.2, be the coordinates in the active and inactive

subspaces respectively. We will refer to y and z as the active and inactive coordinates respectively.
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The theorem below, adopted from [138, 33|, links the active subspace with the optimal ridge

approximation § given in Eq. (6.10):

Theorem 6.1. Assuming C has the eigendecomposition Eq. (6.19) which is partitioned according

to Eq. (6.21) we have that the optimal ridge approximation error on choosing the ridge subspace

M = [M] where M is as in Eq. (6.21) can be bounded as follows:

N|=

1£(-) = g(MT )| 12 ra ) < Cltr(A2))2, (6.22)

where C' > 0 is a constant that depends on p. ¢

Thus, a criterion for choosing n in the partition to determine the active subspace can be
based off the decay of the eigenvalues of C. As is noted in [33] each element of the matrix
C involves d-dimensional integrals. When we are in the scenario where d is large and we wish
to perform dimension reduction using the active subspace it is thus infeasible and/or costly to
assemble C via, for example numerical integration, due to the infamous curse of dimensionality.
The approach adopted in [33, Algorithm 3.1] is a Monte Carlo method for approximating C and
its eigendecomposition which we present in Algorithm 5. This algorithm assumes that we have a

means to compute the gradient of f.

Algorithm 5: Active subspace estimation via Monte Carlo

Input: Number of Monte Carlo samples N, function f, p.d.f. p

Output: Approximate eigendecomposition containing information on the active subspace
Sample N ii.d. samples {x;}¥, from the p.d.f. p;

Compute Vf(x;) fori=1,..., N ;

Form the following Monte Carlo approximation to C:

W N =

N
Cr %Z(Vf(xi))(Vf(xi))T (6.23)

)
5 Compute the eigendecomposition C=WAWT.
6 return W,f\

Remark 6.5. Asnoted above Algorithm 5 assumes we have a means of computing the gradient of f.
The active subspace can be estimated even when we do not have a means of computing gradients.
For example Algorithms 1.2 and 1.3 in [33] use local and global linear models respectively to
perform this estimation. For ridge approximation methods have also been proposed which do
not require the ability to compute gradients. These include methods based on finite differences
[32, 54], as well as methods performing finite differencing via compressed sensing [59] and low-rank
recovery [154]. Other methods utilise variable projection (VP) [67] to form a polynomial ridge

approximation [74]. In this thesis we will assume that we always can compute gradients either
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analytically, via automatic-differentiation or via some adjoint method. ¢

Remark 6.6. A useful heuristic when working with Algorithm 5 is to look for spectral gaps; a
gap between successive eigenvalues indicates that the estimated active subspace is accurate. For a

more detailed discussion on this the interested reader is directed to Chapter 3 of [33]. ¢

For further details on active subspaces the interested reader is directed to [33] and the references
contained therein. More recently, in [62] the authors proposed a fully Bayesian gradient-free
supervised dimension reduction method based on GPs which draws inspiration from the AS method

described in this section.

6.4 Localised Active Subspaces

In the discussion in Section 6.3 it was assumed throughout that there is a single global active
subspace of the input space of the simulation model, f, responsible for most of the variability in
the outputs. As noted in Chapter 1 this assumption does not always hold in practice, especially
when dealing with highly complex models which can exhibit diverse behaviour across different
parameter regimes; a key example of such behaviour includes phase transitions. This observation
leads us to instead consider localised active subspaces where we allow the subspace to vary as
a function of some (or all) of the inputs to our simulation model. In this section we outline a
possible approach for estimating localised active subspaces based on the approach outlined above
in Section 6.3.

Suppose we decompose the original input space R? into a Cartesian product R = R™ x R
where m,d, € N are such that m + d, = d, i.e. we consider decomposing the original mapping f
as f : R™ x R% — R. The input to the function f will now be the pair (s,x) where s € R™ and
x € R%. We will view s as the parameters upon which our localised active subspace depends on,
i.e. we are interested in studying how the active subspace for the remaining R% variables varies
as a function of s. As was assumed in the discussion of active subspaces in Section 6.3 we now
assume f is differentiable and Lipschitz continuous with respect to the second argument x € R%
and we assume that we have some p.d.f. p: R% — [0,00) for these inputs. Denote the gradient

with respect to the second argument as follows:

Vxf(s,x) = : . (6.24)

9
awﬁp (S, X)

We can similarly define the s-dependent expectation of the outer product of the gradient of f (with
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respect to x) with itself as the following parametrised matrix C(s) € R *dr:
C(s) := Exnp [(Vxf (s, X)) (Vx (5, X)) ] = /de(fo(s,X))(fo(s,X))Tp(X)dX- (6.25)
Similarly as in Section 6.3 this matrix admits an eigendecomposition:
C(s) = W(s)A(s)W(s)T, (6.26)

where A(s) := diag({\:i(s )}z 1) contains the s-dependent eigenvalues, Ai(s) > --- > Ag,(s) > 0,
and W(s) € O(d) contains the corresponding normalised s-dependent eigenvectors as its columns.

We can again partition the eigendecomposition of C(s) into two groups:

A(s) = : W(S)=<M(s) N(s)>, (6.27)

where A;(s) = diag({A;(s)}?_; with n < d,, and M(s) contains the corresponding first n eigen-
vectors associated with Aj(s). We call the subspace span(M(s)) the localised active subspace
associated to f. The cut-off for the active subspace dimension n can again be chosen based off
the decay of the eigenvalues of C(s). Note that in principle this dimension can be s-dependent
however for the purposes of this thesis we will make the assumption that it remains constant for
all s values of interest.

When we are in the regime of a large number of parameters d;, upon which we wish to perform
dimension reduction we again cannot directly compute the matrix C(s). We can again turn to
a Monte Carlo approach to estimate this matrix, and hence the localised active subspace. This

analogue of Algorithm 5 is presented in Algorithm 6.

Algorithm 6: Localised active subspace estimation via Monte Carlo

Input: Number of Monte Carlo samples N, function f, p.d.f. p, location s

Output: Approximate eigendecomposition containing information on the localised active
subspace at s

Sample N i.i.d. samples {x;}¥; from the p.d.f. p;

Compute Vy f(s,x;) fori =1,...,N ;

Form the following Monte Carlo approximation to C(s):

W N =

C(s) = (VS (5, %)) (Ve f (5, %:)) " (6.28)

an

b

5 Compute the eigendecomposition C(s) = W (s)A(s)W(s)7.
6 return W(s), A(s)

We can thus utilise Algorithm 6 to approximate the localised active subspace at any points
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{s; }2?:1 of interest. However, when we are in the scenario of a limited computational budget
Algorithm 6 will only be able to compute this localised active subspace at a small number of
locations (small k). This motivates the following idea which underlies the work in this chapter:

given our limited computational budget we first estimate the localised active subspace at a small

k

number of locations yielding the collection {M(s;)}}

_, of representatives of these subspaces, i.e.
M(s;) represents a subspace, [M(s;)], which is a point on the Grassmann manifold Gr(d,,n). If
we now want to obtain an estimate for the localised active subspace at some new point s we can fit
a probabilistic model to approximate the mapping from s to the localised active subspace, i.e. we
can view the computed pairs {(s;,[M(s;)])}¥_, as evaluations of some subspace-valued mapping
P :R™ — Gr(dp,n) and fit a probabilistic model using these observed evaluations to allow us to
predict the value at the new location s. For this purpose we develop a probabilistic model based on
GPs which we can use to interpolate a field of Grassmann-valued response variables. This model

is presented in Section 6.5 and we then present two numerical examples illustrating the model’s

use in approximating localised active subspaces in Sections 6.7.2 and 6.7.3.

6.5 Grassmann Valued Gaussian Processes

In this section we will derive a probabilistic model based on GPs which can be used to interpolate
a field of Grassmann-valued response variables. To be more specific we will develop a probabilistic
model capable of approximating a subspace-valued mapping, P : D — Gr(d, n) where D is a subset
D C R* for some k € N. Since Gr(d,n) is not a Euclidean space we cannot directly apply GPs
to model the mapping P. We instead exploit the Riemannian geometry of Gr(d,n) to allow us
to apply a GP based model to a linear tangent space of the manifold. In particular, under the
assumption that the dispersion of the response variable on the manifold is not too large, we can
map the response via the Grassmann logarithm, logg;’(r, to the tangent space Ty Gr(d, n), perform
interpolation on the linear tangent space via a GP model and then map back to the manifold via
the Grassmann exponential map, exp%r. One important question which remains is which point on
the manifold X € Gr(d,n) shall we choose to anchor the tangent space at? In this thesis we will
take X to be the Karcher mean of the observed response variables. This will be motivated in the

derivation below.
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6.5.1 Problem Formulation

We assume we have a dataset consisting of N € N observations of a Gr(d, n)-valued mapping, i.e.

we assume we are given a dataset:
Dy = {(s:, Wi)}iily, (6.29)

where {s;}¥, C D are our N input points and the {W;}}¥., C Gr(d,n) are the corresponding
observations of {P(s;)}Y,, i.e. W; = P(s;). Each of the Grassmann-valued observations can be
represented using a matrix in the Stiefel manifold via W; = [W;], W; € St(d, n) as is explained in

Section 5.4.3. Thus, the dataset can be represented more concretely as:
Dy = {(si, Wi 1L, (6.30)

Our problem is now to learn a probabilistic model for the unobserved map P from the dataset Dy .

We now outline in detail the steps we take to obtain our probabilistic model.

Remark 6.7. To help link this statistical problem to an application it is again useful to recall
the example introduced in Section 6.1. The dataset Dy for this example will be the set of tu-
ples {(x;, M;)}¥; where M; is the lower-dimensional subspace representing the localised active
subspace for the p-dependence of the solution w of the parametrised elliptic PDE at the spatial

location x;. ¢

6.5.2 Lifting of the Dataset to the Tangent Space

We will utilise the Riemannian geometry of the Grassmann manifold described in Section 5.4.3 to
lift the dataset Dy to a tangent space to the manifold.
We start by computing the Karcher mean (see Definition 5.9), Wy, of our observed response
variables:
N
Wy = argmin chr([Wi], [X])2, (6.31)
X]eGr(d,n) i—1
where dg, : Gr(d,n) x Gr(d,n) — R is the Riemannian distance on the Grassmann manifold (see
Definition 5.6). We will utilise the Karcher mean as our anchor point X = Wy to anchor our
chosen tangent space. This is a sensible choice for the anchor point under the assumption that the
dispersion of the observed response variables on the manifold is not too large. In what follows we

will assume X = Wy unless otherwise stated.

We now utilise the Riemannian Grassmann logarithm to lift the response variables to the
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tangent space Ty Gr(d,n) via:

U; = log§* ([Wi]), i=1,..,N. (6.32)

This yields our lifted dataset:

Dy = {(s:, U)}Y,. (6.33)

6.5.3 Gaussian Process Model on the Tangent Space

Having lifted our dataset to the linear tangent space Ty Gr(d,n) we can now start building our
GP model on this space. As discussed in Section 5.4.3 we can concretely represent tangent vectors
to the Grassmann manifold via matrices in the horizontal space associated to the tangent space.

Thus, we can view each U; as a d x n matrix, U; € R¥*"™ which satisfies the constraint:

xXTu; =0, (6.34)

where here X € St(d,n) is an element of the Stiefel manifold which represents our anchor point’s
equivalence class, i.e. X = [X].
In order to build a GP model for the lifted dataset Dy in Eq. (6.33) we are thus faced with

two problems:
1. The lifted response variables, {U;}}¥ |, are matrix-valued.

2. The lifted response variables are not free to vary in R4*™, but are instead required to

satisfy the constraint given by Eq. (6.34).

The first problem above can be solved by working with matrix-valued GPs, which we described in
Section 5.2. The second problem is more nefarious since it is can be difficult to utilise GP models
for data constrained to lie in a closed subspace of a vector space. Luckily, we can again exploit the
geometry of the Grassmann manifold and parametrise the tangent vectors U; using Remark 5.15
which allows us to write:

U, = (I, - XXT)V,, V; eR¥>", (6.35)

where each V; is arbitrary and is thus allowed to vary freely in R®*"™. We will thus build a GP
model for the {Vi}évzl and then simply project them to the tangent space using the projector
(Is — XXT) via Eq. (6.35), i.e. we introduce the random matrix-valued function V : D — RX"

and stipulate that it follows the matrix-valued GP,

V ~ Mat GP(u, k, Q). (6.36)
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We can then transfer this random function to the tangent space Tx Gr(d,n) via:
U(s) := (I; - XXT)V(s), (6.37)

yielding a random function U : D — Ty Gr(d,n). Note that this is simply an instance of the

well-known reparametrisation trick [85].

6.5.4 GrassGP Model

We are now in a position to introduce and define what we call a Grassmann-valued Gaussian

Process:

Definition 6.2 (Grassmann-valued Gaussian Process). Let D C R¥ be an subset. For a
given positive definite kernel function k : D x D — R, a positive semi-definite parameter covariance
matriz Q@ € R¥* and a function pu : D — R¥" we say that a random Grassmann-valued
function P : D — Gr(d,n) is a Grassmann-valued Gaussian Process (GrassGP), if it has the

following form:

P(s) = expfy) (U(s)), VseD, (6.38)
where X € St(d,n) is a representative of the anchor point X = [X] € Gr(d,n) and the random
function U : D — Tj, Gr(d, n) has the form:

U(s) = (I - XXT)V(s), Vse D, (6.39)
where the random function V : D — R4*™ follows the matrix-valued GP distribution:
V ~ Mat GP(u, k, Q). (6.40)
We write:
P~ GrGP(u,k,Q,X), (6.41)

to denote the Grassmann-valued Gaussian Process with mean function p, kernel function k, pa-

rameter covariance matrix €2 and anchor point [X]. ¢

The GrassGP model will be used as our prior model for the dataset Dy as will be expanded
on in Section 6.6 below. Due to the GP structure on the fixed tangent space we expect this prior

to be able to flexibly capture a wide range of input-output dependency structures.
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6.6 Inference using GrassGP model

In this section we describe how to utilise the GrassGP model as a prior to perform Bayesian
inference to learn the unknown function P from the dataset Dy. Any Bayesian inference requires

the specification of the following two ingredients:
e A prior distribution - this will be our GrassGP model.

e A likelihood - this will be detailed in Section 6.6.1 below.

6.6.1 Choice of Likelihood

A crucial ingredient in any Bayesian inference is the choice of likelihood. Our GrassGP model
essentially specifies a prior over the tangent vectors {U;}Y, where each Uj is specified in terms
of the corresponding W, via Eq. (6.32). Since each U, lies in a Euclidean space it is sensible to
specify a likelihood stipulating that we observe each tangent vector with i.i.d. Gaussian noise, i.e.

the likelihood has the following form:
pWi, ... Wy |Uy, .., Uy, o) = [ [ pWi|Us, 0), (6.42)

where each p(W;|U;, 0) is as follows:

- , (6.43)

U; — logSh (W) |12
p(Wi|U;) o exp (— | gy ( )HX)

and where ¢ > 0 is a parameter specifying the noise level.
Note that the Riemannian norm || - || x on the tangent space Ty Gr(d, n) is simply the Frobenius

norm and is given by:
|A|% =tr(ATA), VA € Ty Gr(d,n),VX € Gr(d,n). (6.44)

Remark 6.8. Note that the likelihood specified by Egs. (6.42) and (6.43) is equivalent to stipu-
lating:

log$ (W;) "< MW (U, 14,0°1,), i=1,..,N, (6.45)
i.e. that each tangent vector is distributed as i.i.d. matrix normal random variables located at the

observed U; with noise level given by o. 4

Remark 6.9. Note that a naive approach to performing inference for subspace-valued response
variables would be to simply consider Stiefel representatives of the subspace as elements of the

ambient Euclidean space of real-valued matrices and simply introduce a likelihood in this space.
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However, this would not guarantee that we produce valid projectors on the Grassmann manifold.
As such we adopt the approach described here of introducing the likelihood on the tangent space
of the Grassmann manifold and then transferring the tangent vectors to the manifold via the

Riemannian exponential map. ¢

We also note that the introduction of stochasticity into our problem is justified for the following

reasons:

e The computation of our dataset of localised active subspaces via Algorithm 6 relies on a

Monte Carlo approach introducing uncertainty into the dataset.

e When we lift the dataset to the tangent space we choose one particular anchor point
X € Gr(d,n), in this thesis we take this to be the Karcher mean. Due to the fixed
choice of tangent space it is possible that we introduce some model-misspecification via
distortions for points which are not close enough to the Karcher mean. This introduces

further uncertainty into our model which can be captured via a Gaussian likelihood.

6.6.2 The Full Bayesian Model

In this section we will specify the full Bayesian model which we will use to learn the unknown
Grassmann-valued function, P, from the dataset Dy. Before we can present this model we must
first clearly list all the unknown parameters which are required to fully specify both the prior and

likelihood:

e Prior mean function, u: in this work we will always take g = 0 identically. This is a

sensible choice when working with GP based priors.

e Prior kernel function, k: in this work we will take the kernel function to be from a fixed
parametric family, {ke}e, parametrised by the vector £. We will specify the particular
family used for each example in Section 6.7. Thus, the unknown parameters related to the
kernel function are specified by the vector £ and will be modelled via a hierarchical prior

which will be specified for each example presented in Section 6.7.

e Prior parameter covariance matrix, €2: this matrix parameter will be modelled via
some parametric form; usually as a diagonal matrix. The particular form, together with

its hierarchical prior, will be specified for each example presented in Section 6.7.

e Prior anchor point, X = [X]: as described in Section 6.5.2 this will be taken to be
the Karcher mean of the observed response variables X = Wy, where Wy is specified by

Eq. (6.31).
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e Likelihood noise level, o: this will either be fixed to a constant or will be modelled
directly by specifying a hierarchical prior on o. The particular value or prior will be

specified for each example in Section 6.7.

We can now describe the full Bayesian model we are proposing:

0,2, £ ~ p(o)p(Q)p(L), (6.46)
P= expgg] (U)|{£,9} ~ GrGP(0, ke, 2,X), (6.47)
logi W) l{Ui, 0} "% MN (U, 1y, 0%1,), i=1,... N, (6.48)

where the {U;}YY, are defined via U; = loggé] (P(s;)) for i = 1,..., N and p(0), p(2), p(€) are
specified hierarchical priors for the unknown parameters, i.e. we are postulating that the observed
response variables {W;} | in Eq. (6.29) are modelled as being drawn from the Bayesian model
specified by Egs. (6.46) to (6.48).

Thus, given the dataset Dy we wish to obtain the posterior {o, €, £}|Dx corresponding to
the Bayesian model Egs. (6.46) to (6.48) and using this posterior distribution we wish to make
predictions for P(8) at unobserved test points § € D. The procedure for making predictions will

be explained in Section 6.6.3 below.

6.6.3 Prediction

In this section we will describe how to make predictions with our probabilistic model for new
unobserved test points. Let § be a new input point in D. We wish to make a prediction for
P(8). Provided we can sample from the marginal posterior distribution {2, £}|Dx we can make a

prediction for P(S) as follows:
1. Sample hyper-parameters, €2, £, from the marginal posterior distribution, {2, £}|Dy.

2. Make a prediction for P(8) from the Grassmann-valued GP, Gr GP(0, k¢, Q, X), with the

sampled values of €2, £, conditioned on the dataset Dy .

We will utilise HMC to obtain samples from the hyper-parameter posterior distributions needed
for step 1 above. Generating predictions from the Grassmann-valued GP in step 2 proceeds as
follows. Since P has the form given by Eq. (6.38) where U is specified by Egs. (6.39) and (6.40)

with = 0 and k = k¢ we can view U itself as a matrix-valued GP as the following result states:

Proposition 6.1. If U : D — Tix) Gr(d, n) is given by Eq. (6.39) where

V ~ Mat GP(0, ke, 2, X), (6.49)
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then U is itself a matriz-valued GP:
U ~ Mat GP(0, ke, 2x), (6.50)
where Qx is the following matriz:
Qx = (I; - XXQ(1,; — XXT)7T. (6.51)

¢

Proof of Proposition 6.1.
This follows from Definition 5.3 together with properties of the Matrix Normal distribution pre-
sented in Section 2.3.1. In order to show that U follows the matrix-valued GP given by Eq. (6.50)

we must show, via Definition 5.3, that for any N € N and for any S := {s;}Y.; C D we have:
vec(Ug) ~ N(0,Kss @ 2x), (6.52)

where Ug, Kgg are defined similarly as in Eq. (5.9), with the kernel function k = ke. Since U(s)
is given by an affine transformation of the matrix-valued GP, V| via Eq. (6.39) we have, again by
Definition 5.3, that:

Vs ~ MN(0,92,Kgg). (6.53)

Noting that Ug = (I — XXT)Vg we have, via Proposition 5.1,
Us ~ MN (0, (I; — XX")Q(I; — XX")" Kgs) , (6.54)

ie. Ug ~ MN(0,02x,Kgss) and so Eq. (6.52) holds as required. [ |

We can thus make predictions from the Grassmann-valued GP by first making predictions for
U(8) from the matrix-valued GP Eq. (6.50) as outlined in Section 5.2. This prediction can then be
pushed onto the Grassmann manifold to yield a prediction for P(8) via the Grassmann Riemannian

exponential map, P(§) = expg(r (U(s)).

Remark 6.10. Note that the parameter covariance matrix Qx in the distribution of U, Eq. (6.50)
is singular since the matrix (I; — XX”) is an orthogonal projection onto the tangent space
Tix) Gr(d,n). Thus, we are in the special case of a positive semi-definite covariance matrix for
the resulting multivariate normal distribution and so we must used the pseudo-inverse in the con-

ditioning formula as detailed in Section 5.2. ¢
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6.7 Numerical Experiments

In this section we will present some numerical experiments demonstrating the use of our GrassGP
model. In Section 6.7.1 we will consider a low-dimensional example which we will use to both
demonstrate and visualise the performance of our GrassGP model. Then in Sections 6.7.2 and 6.7.3
we will present two high-dimensional examples which illustrate the use of our GrassGP model for
studying localised active subspaces as described in Section 6.4 for a parametrised ODE and PDE
respectively.

The code for these numerical experiments is available online’.

6.7.1 Visualisation of GrassGP Model
Dataset Description

In this section we will present a numerical experiment which will be used to both demonstrate
and visualise our GrassGP model. This example is adopted from an example presented in [163,
(see Section 6.1)] which was used to visualise the GP based subspace regression model the authors
Zhang et al. considered. This example involves learning perhaps the simplest case of a subspace-
valued mapping, P : D — Gr(2,1), where D is a subset of R. As the authors Zhang et al. note,
such a mapping is the simplest type of Grassmann-valued function mapping a real number to a
1-dimensional linear subspace of the plane, R?. Note that a 1-d linear subspace of the plane, i.e. a
line, can be uniquely identified by the angle made with the positive z-axis, 6 € [0, 7). We can thus
identify Gr(2,1) with the unit circle in the plane, S*, by treating antipodal points as equivalent.
This equivalence is illustrated in Fig. 6.1. The low dimensions involved allow us to easily plot such
a mapping which will allow us to visualise the performance of our Bayesian model more easily.

In particular, we will apply our GrassGP model to learn the following function:

P:[0,1] — Gr(2,1),

(6.55)
s = P(s) = [v(s)],
where the unit vector v(s) is defined via,
cos(2ms)
v(s) = . (6.56)
sin(27s)

Note that P(s) indeed lies in Gr(2,1), since the vector v(s) lies on the unit circle in R? for all

s €0,1].

I4+https://github.com/YanniPapandreou/grassgp
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R2 X e Gr(Z, 1)

Figure 6.1: Illustration of equivalence of Gr(2,1) with the unit circle in the plane S*. The red ray
denotes an element, X', of Gr(2,1), i.e. a 1 dimensional subspace of the plane. This subspace can
be uniquely identified with two antipodal points on the unit circle S'. By treating these antipodal
points as equivalent we get a unique representation of X’ via an angle 6 € [0, 7).

Remark 6.11. Note that the mapping Eq. (6.55) can be equivalently viewed as the following

mapping:

a:[0,1] — [0, ), (6.57)

s als) := (2rs) mod T,

where we represent the point P(s) € Gr(2,1) by the angle the subspace makes with the positive
x-axis in the plane, a(s) € [0, 7), where we treat antipodal points as equivalent. Thus, this function
corresponds to a line in the plane which is being rotated about the origin with an angular velocity

of 2. ¢

We will use our GrassGP model to learn this function given N = 14 observations of P(s) at

equally spaced locations, {si}}il, between 0 and 1 inclusive, i.e. our dataset is:

Dia = {(s5, P(s0)) 1121 = {(s4, [v(sa)]) }i1, (6.58)

where s; = 0,514 = 1. We augment the observed dataset D14 with an additional 26 points to yield

a test dataset,

Dio = {(s{, P(s1))}i21 = {(s], V(1)) }i2y, (6.59)

which will be compared with predictions made from the model. Note that we first generate the test
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dataset Eq. (6.59) and then take every other 3rd point to obtain our training dataset Eq. (6.58).
Thus, the testing dataset also contains training points where we expect the prediction errors to

be smaller. Figure 6.2 shows the training and test datasets Eqgs. (6.58) and (6.59) in various

representations.
1st component of P(s) 2nd component of P(s)
1.00 - 1.00 A —— test data
® train data
0.75 1 0.75 1
0.50 4 0.50
0.25 4 0.25 4
0.00 0.00
—0.25 A —0.25
—0.50 —0.50
~0.75 4 -0.75 4
—— test data
-1.004 @ traindata —1.00 4
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
s s
Plot of s vs a(s) Datasets plotted on S representation of Gr(2, 1)
—— test data © testdata
301 e traindata 1.0 4 o8 —¢ % train data
® L * anchor point
x
2.5 1 x N
0.5 - * -
[ ]
2.01 °
x
1.5 >~ 00 o
. ¢
[ ]
1.0 4 o
=051 ° ®
x ) °
0.5 o L
~1.0 LI o m ©
0.0 1
0.0 0.2 0.4 0.6 0.8 1.0 -1.0 -0.5 0.0 0.5 1.0
s X

Figure 6.2: Plots of train and test datasets in various representations. Top row: plots of the
components of P(s). Bottom row: (left) plot of a(s), where «(s) is the angle the subspace P(s)
makes with positive x-axis, (right) plot of datasets on the unit circle representation of Gr(2,1)
together with the anchor point.

Experiment Parameters

We now detail the various choice we make for the unknown parameters described in Section 6.6.2
for this experiment. Note that anything not specified explicitly is assumed to be the same as

described in Section 6.6.2.

e Prior kernel function: We choose to work with the family of Squared Exponential (SE)

kernels:

1
tu(ov) = exp (gl o). (6.60)

parameterised by the length scale, £ > 0. We place a log-normal hierarchical prior on the
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length scale:

¢ ~ Log N(0,0.5%). (6.61)

e Prior parameter covariance matrix: We will use the following parametric form for
Q € R?x2;

Q:=(oo")OL, (6.62)

where o € R?, L € R?*2 and ® denotes the Hadamard product between matrices, i.e.
the element-wise product. The vector o = (01,02)7 can be interpreted as controlling the
overall variance of the components of the 2 x 1 random matrix-valued GP, V, specified
in Eq. (6.40), while L can be viewed as determining the correlation structure between the
components of V. We place i.i.d. log-normal hierarchical priors on the components of o

and we place a LKJ distribution (see Definition 5.2) on L, i.e.

1,02 K Log N (0, 1),
(6.63)
L ~ LKJ(2,1).

Note that, as mentioned in Definition 5.2, modelling L ~ LKJ(2, 1) is equivalent to placing

a uniform prior for the correlation matrix L.

e Prior anchor point: As described in Section 6.6.2 the anchor point will be taken to
be the Karcher mean of the observed data. Due to the low dimensions involved we can
adopt a “brute-force” approach to computing the Karcher mean. This approach will be

described below and pseudo-code for it is presented in Algorithm 7.

e Likelihood noise level: Since this example is intended for visualisation purposes and the
observed dataset will be simulated exactly we fix the likelihood noise level to be o = 0.01,

a non-zero, albeit small value, chosen for numerical stability.

Brute-force computation of the Karcher mean

Since we can identify Gr(2,1) with the interval [0, 7), representing the angle a given subspace,
W € Gr(2,1), makes with the positive x-axis we can express the Karcher mean (see Eq. (6.31))
as a minimisation problem over this angle § € [0, 7). To be more precise, if we denote by x(6) :=
(cos(f),sin(6))T we have:

Wy = argmin(S(0)), (6.64)
0€l0,m)
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where S(6) is defined as follows,
N
5(0) = ZdGr(P<Sj)7 [x(0))*. (6.65)

We can thus compute the Karcher mean via a “brute-force” approach as follows: we discretise
the interval [0, 7) using m € N equally spaced points, {0;}7, C [0, 7). For each 6§ = ; we compute
the sum, S(#), in Eq. (6.64) and store the resulting value. The Karcher mean is then given by
W = [x(6;)] where k € {1,...,m} is the index which achieves the lowest result for the sum in
Eq. (6.64). Note that we compute the Riemannian Grassmann distance using Algorithm 4. The

algorithm is presented in Algorithm 7 in pseudo-code.

Algorithm 7: Brute-force computation of the Karcher mean for points on Gr(2,1)
Input: Points {W;}¥, C Gr(2,1) and number of grid points, m € N, to discretise [0, )
Output: Karcher mean Wy of the points {W;}¥

1 8={};
2 for i + 1 to m do

3 S; =0

4 0; = %’fr ; // Grid point in [0,7)

5 for j < 1to N do

6 dj = dgar (P(Sj)7 [X(ez)]) ; // Compute Grassmann distance via Algorithm 4
7 S; +— S; + d?

8 end

o | S« SULS)
10 end
11 k := argmin(S) ;

i=1,....m

12 return [x(0y)]

Using Algorithm 7 for large enough m allows us to obtain the following plot of 6 vs S(#) shown
in Fig. 6.3.

Figure 6.3 allows us to identify the anchor point for our observed data with the point in Gr(2, 1)
with 8 = 0, i.e. we have:

Wy = [e1], (6.66)

where e; = (1,0)7 is the first standard basis vector of R2.
It is helpful to view this on the unit-circle representation of Gr(2, 1) which we include in Fig. 6.4.
This plot shows clearly that the Karcher mean represents a midpoint subject to the constraint that

the observed data points lie on the unit circle.

Remark 6.12. The brute force approach taken to compute the Karcher mean here cannot be
applied to Gr(d,n) for general d,n € N. Instead one can use a gradient descent algorithm to
attempt to solve the minimisation problem Eq. (6.31). One version of this algorithm is presented

in Algorithm 1 in Section 5.4. Noting that the loss surface S(6) shown in Fig. 6.3 contains several
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® value of 5(6) for anchor point
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Figure 6.3: Plot of § vs S(#) showing the location of the minimum, and hence the location of the
anchor point, in red.

training points
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Figure 6.4: Plot of observed points with the Karcher mean on the circle representation of Gr(2,1)

local minima indicates that any gradient based procedure for solving Eq. (6.31) can easily get
stuck; it is thus advisable to run the algorithm for several different random initialisation points

and choose the one which obtains the lowest value. ¢
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Fitting the model

In order to fit the model we utilise HMC, as described in Section 5.3, to obtain samples from
the hyper-parameter posterior distribution corresponding to the training dataset Eq. (6.58). We
initialise the HMC sampler with the Maximum a Posteriori (MAP) estimate which is obtained
using NumPyro’s built-in SVI support. The HMC sampler is then run for I = 7000 iterations with
an additional burn-in period of I, = 2000 iterations. We thin the resulting chain by 2 to obtain
I = 3500 samples from the hyper-parameter posterior distribution. Figure 6.5 shows traceplots
and autocorrelation plots for the resulting samples for ¢, 1, 02, and the off-diagonal components of
L, ie. Lio, Lo;. Note that the diagonal components have been omitted since they are constrained
to be 1 as L is a correlation matrix. From the traceplots in Fig. 6.5 we observe good mixing of the
chains while the autocorrelation plots show a drop to acceptable levels of autocorrelation after a
lag of at most 20. The split Gelman-Rubin diagnostic [63] was also computed to be 1.0 for these

five hyper-parameters, giving us further evidence for convergence of the HMC.

In-sample performance

To assess the in-sample performance of our model we took the resulting values for the in-sample
subspace angles, {a(s;)}}2,, obtained from each sampled hyper-parameter values from the HMC
and plotted a density plot of them together with the training and test values of a(s). Figure 6.6

shows the resulting plot. We can see from this plot that we obtain acceptable in-sample performance

for our model with the HMC samples clustering closely around the training data.

Remark 6.13. Notice that at the endpoints s = 0, 1 in Fig. 6.6 the density plot reveals the presence
of some samples which seem to completely miss the true data. However, these two clusters at each
endpoint have a separation of around m, which is consistent with the fact that the true signal
should have a(0) = «(1) = 0. These points are equivalent in terms of subspace angle and so the

edges of Fig. 6.6 should be thought of as being “glued” together. ¢

To get a more quantitative assessment of the in-sample performance we then compute, for each
training point, the Karcher mean, M;, of the resulting points in Gr(2,1) corresponding to the

sampled hyper-parameters from the HMC:

I

M; := argmin ngr(P(j)(si), X]), i=1,..,14, (6.67)
X]eGr(2.1) 1=

where here {Pj(sl)}j_:l are the points on Gr(2,1) generated from the model during the training
phase corresponding to P(s;). We then compute the Riemannian Grassmann distance between M;
and P(s;):

Ei = dGr(Mi,P(Si)), (668)
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Figure 6.5: Diagnostic plots for HMC sampler (Section 6.7.1). Left column: Traceplots for the sam-
pled hyper-parameters. Right column: Autocorrelation plots for the sampled hyper-parameters.
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Figure 6.6: Plot of s vs a(s) showing the in-sample results from the HMC sampler (Section 6.7.1).
The training points are plotted in red, while the test data is plotted as the dashed black line.

as a measure of the in-sample accuracy of our model. Table 6.1 presents summary statistics of the
resulting in-sample errors {E;}14,. From this table we can see that we achieve low errors overall
indicating a high in-sample accuracy.

Table 6.1: Statistics for in-sample errors (Section 6.7.1).

Errors

mean 0.000726
std  0.000502
min  0.000000
25%  0.000302
50%  0.000726
75%  0.001149
max  0.001451

Predictive performance

We now use our model to make predictions for the test dataset Eq. (6.59) as described in Sec-
tion 6.6.3. To assess the resulting predictive performance of our model we include a plot of the
predictions for the tangent vectors {U(s})}#2, in Fig. 6.7. From this plot we can see that our
model accurately tracks the tangent vectors for the test dataset Eq. (6.59). Notice that the first
component of the tangent vector is constant and the model predicts this with very small uncer-
tainty overall. For the varying second component we can see from the figure that the uncertainty
drops near the train data points, {s;}12;, as is to be expected. We also include in Fig. 6.8 a den-

sity plot of the corresponding predictions for the subspace angles, {a(s})}2,, obtained from each

sampled hyper-parameter value from the HMC. This plot is analogous to Fig. 6.6 but now for the
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test dataset Eq. (6.59) and using the GP predictions from the model. We can see from this plot
that we obtain acceptable predictive performance for our model with the predictions clustering
closely around the test data.

For a more quantitative assessment of the predictive performance we compute, for each test
point, the Karcher mean, M;, of the predictions made by the model for P(sF) for each sampled
hyper-parameter from the HMC. Since for each sampled hyper-parameter we use a GP-based model

to make predictions we have two versions of errors:

e Errors between the Karcher mean using the mean GP predictions (i.e. the mean of the GP

posterior for each sampled hyper-parameter).
e Errors between the Karcher mean using the actual predictions from the GP.

To indicate the level of uncertainty in the predictions we also compute a proxy for the standard

deviation of our predictions via the following formula:

> da(PO(s7), My), i=1,...,40, (6.69)

where p(j)(s;‘ ) denotes the predictions (either the mean GP prediction or the actual prediction
as appropriate). We illustrate these errors together with the associated uncertainties in Fig. 6.9.
From this plot we can see that the error remains small overall with spikes at around s = 0.3,0.7.
These spikes of inaccuracy can be seen to correspond to the sharp jumps in the second component
of the true tangent vectors at the same locations in Fig. 6.7. This is perhaps due to the fact that
we are using the squared-exponential family of kernels in our model which cannot deal with such
sharp jumps. Also note that the uncertainty depicted by the shaded regions drops to practically
zero at the training points which are depicted with the vertical dashed green lines. We also include

in Table 6.2 a table of summary statistics for these two types of errors.

Table 6.2: Statistics for predictive errors (Section 6.7.1).

Errors (using mean) Errors (using predictions)

mean 0.192035 0.193057
std 0.288104 0.288085
min 0.000000 0.000000
25% 0.001149 0.001149
50% 0.074869 0.076441
75% 0.264218 0.266577
max 0.969547 0.972691
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Figure 6.7: Predictions for tangent vectors U(s) for the dataset Eq. (6.59). The solid red curves
show the averaged mean prediction, i.e. the average of the mean GP predictions for each sampled

posterior hyper-parameter. The shaded blue region gives a 95% credible region over the GP
predictions for each sampled posterior hyper-parameter.
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Figure 6.8: Plot of s vs a(s) showing the resulting predictions for the test dataset Eq. (6.59). The
training points are plotted in red, while the test data is plotted as the dashed black line.
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Figure 6.9: Plot of errors against s using both the GP predictive mean and predictions (Sec-
tion 6.7.1). The shaded regions depict a measure of uncertainty given by the error plus 1 standard
deviation computed via Eq. (6.69) for both the predictive mean and predictions respectively. The
vertical dashed green lines indicate the locations of the training data.
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6.7.2 Localised active subspaces for a parametrised ODE
Dataset Description

In this section we will present a numerical experiment which will be used to demonstrate the
methodology for analysing localised active subspaces presented in Section 6.4. This example is

motivated by Example 5.1 in [34]. We consider the following parametrised second-order ODE:

5 (@) futein)) = @), we 1) (6.10)

u(0;p) = u(1;p) = 0. (6.71)

The logarithm of the coefficient k = k(x;p) of the differential operator in Eq. (6.70) is given by

the following truncated Karhunen-Loéve (KL) (see Theorem A.4) type expansion:

dp
log k(73 ) := Y pryeepn(e), (6.72)
k=1

where p = (p1,...,pa,)” € R% and the pairs {(v, ¢r(x))};2, are the eigenpairs associated with

the correlation operator corresponding to the Matérn-1/2 covariance function:

c(z,y) =exp (B 'z —yl). (6.73)

We take the length scale in Eq. (6.73) to be 8 = 1. We choose to truncate the KL expansion of the
field at d, = 100 terms, which implies that our parameter space is R'% with associated p.d.f. p
being a standard multivariate normal density function, i.e. the parameter vector p ~ N1go(0,I10p)-

The function of interest for which we want to apply the localised active subspace methodology
described in Section 6.4 is u(z; p), i.e. we are interested in investigating if we can perform localised
dimension reduction for the p-dependence of u(z;p) as a function of the location x in the ODE’s
domain. In particular, we are interested in the leading eigenvector of the x-dependent matrix
C(z) € R100x100;

Cz) = /R (Vpula: p))(Vpu(z; ) pla) b, (6.74)

which corresponds to the matrix given by Eq. (6.25). Thus, we are interested in learning the
mapping P : [0,1] — Gr(100,1) which maps = € [0,1] to the localised active subspace P(z) €
Gr(100, 1) given by the leading eigenspace of Eq. (6.74). We will utilise our GrassGP model to
learn this function given N = 10 observations of P(z) at equally spaced locations, {z;}12,, between

0 and 1, i.e. our training dataset is:

Dy = {(xi, P(x:)) }i25. (6.75)
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We augment the observed dataset D;p with an additional 30 points to yield a test dataset,

Dy = {(7, P(«}))}id1, (6.76)

which will be compared with predictions made from the model. Note that we first generate the test

dataset Eq. (6.76) and then take every other 4th point to obtain our training dataset Eq. (6.75).

Remark 6.14. In order to compute P(z) to obtain the training and test datasets we will approx-
imate this matrix and its leading eigenspace via the Monte Carlo approach given in Algorithm 6
with 300 Monte Carlo samples from the p.d.f. p. We compute the gradient Vyu(z; p) by solving

an adjoint problem associated to the BVP from Eqs. (6.70) and (6.71). ¢

Figure 6.10 shows a plot illustrating how the localised active subspace drifts from P(zf) as we
move along the ODE’s domain [0,1]. This plot show the Riemannian Grassmann distance (see
Definition 5.6) between the first test (and train) point P(zj) and the rest of the train and test
points respectively. We can see that there is a substantial, yet smooth, change in the localised

active subspace as we move from one end of [0,1] to the other.

Grassmann distantance from P(x;)

—— test data
@ train data
0.30

0.251

2 0.201

0.151

dar (P(x), P(X,

0.10 1

0.05 1

0.00 1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 6.10: Plot illustrating the evolving localised active subspace by plotting the Riemannian
Grassmann distance between P(z) and the train and test datasets Egs. (6.75) and (6.76) respec-
tively against x.

Remark 6.15. In Example 5.1 of [34] the authors apply the global active subspace methodology to
study a linear function of the solution of a parametrised elliptic PDE. In our example we have, for
simplicity, restricted the dimension of the PDE to 1 dimension, i.e. we consider an ODE instead,
noting that our model can be easily extended to PDEs, as we will see in Section 6.7.3. Further,
instead of studying a linear function of the solution we instead investigate the parameter depen-

dence at different points in the ODE’s domain. We also consider Dirichlet boundary conditions
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instead of the mixed Dirichlet and Neumann conditions considered in the example from [34]. ¢

Experiment Parameters

We now detail the various choices we make for the unknown parameters described in Section 6.6.2
for this experiment. Note that, as in Section 6.7.1, anything not specified explicitly is assumed to

be the same as described in Section 6.6.2.

e Prior kernel function: As in Section 6.7.1 we again choose to work with the family of
Squared Exponential (SE) kernels Eq. (6.60) parametrised by the length scale, £ > 0. We

again place a log-normal hierarchical prior on the length scale:

¢ ~ Log N(0,0.5%). (6.77)

e Prior parameter covariance matrix: We depart from the choice in Section 6.7.1 and

use the following parametric form for £ € R100%100;

Q = diag ({w]}12)., (6.78)

i.e. we model 2 as a diagonal matrix where the diagonal entries control the overall variance
of the components of the 100 x 1 matrix-valued GP. We place i.i.d. log-normal hierarchical
priors on the {w;}199, i.e.

Wiy ..oy W100 lfl\ji LOgN(O, 1) (679)

The choice of a diagonal matrix for € reduces the computational burden in the HMC
sampler which helps speed up the inference, which is vital due to the high dimensions

involved in this example.

e Prior anchor point: We will again take the anchor point to be the Karcher mean of
the observed data. Due to the higher dimensions involved we can no longer adopt the
“brute-force” approach taken in Section 6.7.1. We instead use the gradient descent based
approach given by Algorithm 1 to estimate the Karcher mean. This algorithm was run for

several random initialisations which had little effect on the resulting anchor point.

e Likelihood noise level: We again decide to fix the likelihood noise level to a small, albeit
non-zero value, o = 0.001. We use a smaller value than in Section 6.7.1 since the scale in
the resulting tangent vectors of our dataset are now smaller due to the larger dimensions

involved.
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Fitting the model

In order to fit the model we again utilise HMC to obtain samples from the hyper-parameter
posterior distribution corresponding to the training dataset Eq. (6.75). We again initialise the
HMC sampler with the MAP estimate which is obtained using NumPyro’s built-in SVI support.
The HMC sampler is then run for I = 7000 iterations with an additional burn-in period of I, =
5000 iterations. We note that we had to use a longer burn-in period than in Section 6.7.1 in
order to achieve convergence of the sampler. We again thin the resulting chain by 2 to obtain
I = 3500 samples from the hyper-parameter posterior distribution. Figure 6.11 shows traceplots
and autocorrelation plots for the resulting sample for ¢, w,ws, w3, and wy. We exclude the plots
for {w;}1%% as they exhibited similar behaviour as the first four parameters. From the traceplots
in Fig. 6.11 we observe good mixing of the chains while the autocorrelation plots show a drop to
acceptable levels of autocorrelation after a lag of at most 20. The split Gelman-Rubin diagnostic
was also computed to be 1.0 for all the hyper-parameters, except for the kernel length, ¢, which

had a value of 1.01. These values give us further evidence for convergence of the HMC.

In-sample performance

To assess the in-sample performance of our model we again compute the Riemannian Grassmann
distance between the training points and the Karcher mean of the resulting points in Gr(100, 1)
corresponding to the sampled hyper-parameters from the HMC as was computed for the example
in Section 6.7.1. Table 6.3 presents summary statistics for the resulting in-sample errors (this is
analogous to Table 6.1 for the previous example). From this table we can see that we achieve low

errors overall indicating a high in-sample accuracy.

Table 6.3: Statistics for in-sample errors (Section 6.7.2).

Errors

mean 0.001124
std  0.001175
min  0.000401
25%  0.000493
50%  0.000711
75%  0.001068
max  0.004300

Predictive performance

We now use our model to make predictions for the localised active subspaces contained in the test
dataset Eq. (6.76) as described in Section 6.6.3. As in Section 6.7.1 we again use the Riemannian

Grassmann distance as a measure of predictive performance. As was done previously we compute
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Figure 6.11: Diagnostic plots for HMC sampler (Section 6.7.2). Left column: Traceplots for
the sampled hyper-parameters. Right column: Autocorrelation plots for the sampled hyper-
parameters.
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this distance for both the GP posterior predictive mean and the posterior predictions. Table 6.4
contains summary statistics for these two types of errors. From this table we again see that we

achieve low errors overall indicating a high predictive accuracy.

Table 6.4: Statistics for predictive errors (Section 6.7.2).

Errors (using mean) Errors (using predictions)

mean 0.026329 0.026338
std 0.009333 0.009321
min 0.014288 0.014143
25% 0.018784 0.018884
50% 0.025607 0.025556
75% 0.030288 0.030296
max 0.054694 0.054689

6.7.3 Localised active subspaces for a parametrised PDE
Dataset Description

In this section we present a numerical experiment similar to the one in Section 6.7.2 but for the

following parametrised elliptic PDE:

=V (k(x;p)Vu(x;p)) = f(x), x€D:=]0, 1]27 (6.80)

u(x;p) =0, x€ID. (6.81)

Note that this is simply a 2-dimensional version of the parametrised second-order ODE Eq. (6.70).
Here the logarithm of the coefficient x = k(x;p) of the differential operator in Eq. (6.80) is again

given by the following truncated Karhunen-Loéve (KL) type expansion:

dP
log k(x; ) i= > prykepr(x), (6.82)
k=1

where p = (p1,...,pa,)” € R% and the pairs {(yx, ¢x(x))};2; are the eigenpairs associated with

the correlation operator corresponding to the 2-dimensional Matérn-1/2 covariance function:

e(x,y) = exp (B~ Ix —yll) - (6.83)

We take the length scale in Eq. (6.83) to be § = 1. We choose to truncate the KL expansion of
the field at d,, = 100 terms, which implies that our parameter space is again R'%? with associated
p.d.f. p being a standard multivariate normal density function, i.e. the parameter vector p ~
N100(0, I100).

As in the experiment in Section 6.7.2 the function of interest for which we want to apply the
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localised active subspace methodology is u(x; p). Thus, the experimental setup is almost identical
to that in Section 6.7.2 but now we are interested in learning a mapping from the unit-square to
Gr(100, 1), i.e. we wish to learn a mapping P : [0, 1]> — Gr(100, 1). Owing to the strong similarities
between this experiment and the one in Section 6.7.2 we will simply highlight any differences in
the modelling choices and then present the results.

Our GrassGP model will be utilised to learn this function given N = 25 observations of P, i.e.
our training dataset is:

Das = {(x, P(x:))}72,. (6.84)

We augment the observed dataset Dy5; with an additional 75 points to yield a test dataset,

Diop = {(x}, P(x)) 21 (6.85)

We note that we use the same Monte Carlo approach given in Algorithm 6 to compute these
datasets as outlined in Remark 6.14. These train and test locations are illustrated in Fig. 6.12.

Figure 6.13 illustrates how the localised active subspace drifts from the value at the bottom-left-
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Figure 6.12: Plot illustrating the train and test locations for the numerical experiment in Sec-
tion 6.7.3.

most test point xj as we move along the PDE’s domain [0, 1]2. This plot shows the Riemannian

150



Bayesian Uncertainty Quantification for PDE Models Chapter 6

Grassmann distance between P(x{) and the rest of the test data points as a contour plot. This
plot corresponds to Fig. 6.10 for our 2-dimensional PDE. We again see that there is a substantial,

yet smooth, change in the localised active subspace as we move along the unit square.

Grassmann distantance from P(x’[))

0.48

0.40

0.24

0.08

0.00

Figure 6.13: Plot illustrating the evolving localised active subspace by plotting the Riemannian
Grassmann distance between P(x() and the test dataset.

Experiment Parameters

Due to the similarity with the experiment in Section 6.7.2 we make the same choices for the
unknown parameters required for our GrassGP model. The only difference is that we use a larger
likelihood noise level of o = 0.01 for this example to help with numerical stability and convergence

of the HMC chain.

Fitting the model

In order to fit the model we again utilise HMC to obtain samples from the hyper-parameter
posterior distribution corresponding to the training dataset Eq. (6.84). We again initialise the
HMC sampler with the MAP estimate which is obtained using NumPyro’s built-in SVI support.
The HMC sampler is then run for I = 7000 iterations with an additional burn-in period of I, = 5000
iterations. We again thin the resulting chain by 2 to obtain I = 3500 samples from the hyper-
parameter posterior distribution. Figure 6.14 shows traceplots and autocorrelation plots for the
resulting sample for £, w1, ws, w3, and wy. We exclude the plots for {w; }2% as they exhibited similar

behaviour as the first four parameters. From the traceplots in Fig. 6.14 we observe good mixing

of the chains while the autocorrelation plots show a drop to acceptable levels of autocorrelation
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after a lag of around 10. The split Gelman-Rubin diagnostic was also computed to be 1.0 for all

the hyper-parameters. These values give us further evidence for convergence of the HMC.

In-sample performance

To assess the in-sample performance of our model we again compute the Riemannian Grassmann
distance between the training points and the Karcher mean of the resulting points in Gr(100, 1)
corresponding to the sampled hyper-parameters from the HMC as was computed for the examples
in Sections 6.7.1 and 6.7.2. Table 6.5 presents summary statistics for the resulting in-sample errors
(this is analogous to Tables 6.1 and 6.3 for the previous examples). From this table we can see

that we achieve low errors overall indicating a high in-sample accuracy.

Table 6.5: Statistics for in-sample errors (Section 6.7.3).

Errors

mean 0.020501
std 0.006538
min  0.012895
25%  0.015060
50%  0.017789
75%  0.024757

max  0.038437

Predictive performance

We now use our model to make predictions for the localised active subspaces contained in the test
dataset Eq. (6.85) as described in Section 6.6.3. As in Sections 6.7.1 and 6.7.2 we again use the
Riemannian Grassmann distance as a measure of predictive performance. As was done previously
we compute this distance for both the GP posterior predictive mean and the posterior predictions.
Table 6.6 contains summary statistics for these two types of errors. From this table we again see

that we achieve low errors overall indicating a high predictive accuracy.

Table 6.6: Statistics for predictive errors (Section 6.7.3).

Errors (using mean) Errors (using predictions)

mean 0.055704 0.055698
std 0.016808 0.016811
min 0.037917 0.038006
25% 0.044399 0.044290
50% 0.049517 0.049505
5% 0.063978 0.064007
max 0.118090 0.118115
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6.8 Discussion

In this chapter we have provided a review of the concepts of optimal ridge approximation and active
subspaces and then motivated the idea of localised active subspaces where the dimension reducing
subspace smoothly varies as a function of some of the input parameters. We then presented a
probabilistic model based on GPs which can be used to interpolate a field of Grassmann-valued
response variables and hence can be used to efficiently approximate the localised active subspace
at novel locations. This model was then demonstrated using a simple numerical example involving
low dimensions, while two higher-dimensional examples involving a parameterised ODE and PDE
demonstrated the model’s utility in estimating localised active subspaces.

Several possible avenues for future work present themselves. The first would be to consider
other models for modelling Grassmann-valued response variables than the model considered here
and apply these models to the estimation of localised active subspaces. Another avenue would
be to extend this model to also be able to perform localised optimal ridge approximation, i.e. to
estimate a function f : R™ x R% — R by a ridge function with a parameter dependent ridge

subspace, f(s,x) ~ g(M(s)Tx).
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Chapter 7

Conclusion and Future Work

In this final chapter we summarize the contributions made in this thesis and also discuss potential

avenues for future work.

7.1 Contributions

The novel contributions of this thesis can be separated into two areas which we now summarise.
In Chapters 3 and 4 we investigated the recently proposed StatFEM model and analysed its
associated discretisation error yielding new perspectives on inference in the context of Bayesian
UQ for PDE models. In particular, in the case of spatial elliptic BVPs we were able to prove in
Section 3.4 that the StatFEM prior converges to the true prior as a function of the mesh width, with
respect to the Wasserstein-2 distance, at a rate which matches the underlying deterministic FEM
method. We were then able to extend this to show that given noisy observations of linear quantities
of interest, the resulting posterior approximation is also controlled at the same rate. In both
scenarios, the choice of the Wasserstein distance was vital in allowing us to compare the mutually
singular true and StatFEM priors/posteriors respectively. As outlined both in Sections 2.3.6 and 3.4
this mutual singularity prohibits the use of the more commonly used probability discrepancies such
as the KL divergence or Hellinger distance. We then presented our work towards extending the
error analysis for the StatFEM method from elliptic to parabolic PDEs. This work, while still
at an early stage, presents several avenues for future work which will be summarized below. We
finally presented several numerical experiments on a number of illustrative FEM test problems
demonstrating both the theoretical results for the spatial case, as well as possible extensions and
scenarios which explore the limits of our theory where some of our assumptions no longer hold.
In Chapter 6 we reviewed the concepts of optimal ridge approximation and active subspaces

which motivated the idea of localised active subspaces. We then introduced a fully Bayesian prob-
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abilistic model based on GPs, called GrassGP, which can be used to estimate localised active
subspaces by interpolating a field of Grassmann-valued random variables. The idea of lifting the
response variables to a particular tangent space was crucial to the derivation of this model and
is applicable to problems beyond the GrassGP framework where one might be interested in inter-
polating response variables on some other Riemannian manifold. Several numerical experiments
were then presented, the first of which allows us to easily visualise the GrassGP model, while the

others demonstrated its potential in estimating localised active subspaces.

7.2 Potential Future Research Directions

The work presented in this thesis suggests several avenues for potential future work which we now
outline.

In Section 3.4 we proved in Theorem 3.4 that in the posterior case linear quantities of interest
are also controlled at a rate of O(h?), i.e. W(€yiy, lyty) < O(h?), where we recall that 7y, 7y, are
the true and StatFEM posteriors respectively, and ¢ is a bounded linear functional on L?(D). It
will be interesting to see if this theorem can be extended to the full posterior, something which the
numerical experiments in Chapter 4 seem to suggest is possible. Another interesting avenue would
be to see if similar error bounds can be proven for approximations other than FEM. This seems
likely since much of the analysis in Section 3.4 relied on the existence of bounds on the underlying
deterministic numerical method. In a similar vein, the generalisation of these results to other prob-
ability divergences such as Wasserstein-p distances, for p > 2, would have interesting implications
such as allowing even more control over other features of the distribution such as quantiles and
extrema. This would be especially important for applications involving risk-assessment.

Our efforts to extend the error analysis of the StatFEM method from elliptic to parabolic PDEs
also yields several avenues for future work as outlined in Section 3.5.3. Chief among these potential
directions would be extending the analysis to the error between the covariance terms which might
allow an analogue of Theorem 3.3 to be proven for the time-dependent case. Further, in light of
the increasing trend of incorporating noisy observational data into our statistical pipeline, it will
be interesting to investigate if it is possible to derive error bounds for a Kalman-filter like scheme
for the StatFEM framework as outlined in [50].

In Chapter 6 we motivated the concept of localised active subspaces and then suggested one
methodology for estimating such subspaces via a Bayesian probabilistic model based on GPs. One
important avenue of future work would be to extend this model to be able to perform localised
optimal ridge approximation as well, i.e. to be able to approximate a function f: R™ x R% — R

by a ridge function with a parameter dependent ridge subspace, f(s,x) ~ g(M(s)?x). Further, as
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noted in our literature review for this project in Section 6.2, other models exist in the literature for
modelling Grassmann-valued response variables. It will be interesting to consider the use of such
models for the estimation of localised active subspaces and to compare their performance for this
task. We also note that while the two projects presented in this thesis were separate in their focus
it will be interesting to investigate the use of localised active subspaces in the context of StatFEM

for PDEs with large numbers of parameters of interest.

7.3 Closing Remarks

Studying the effects of numerical discretisation error on inference as well as new methodologies
for performing dimension reduction remain areas of great importance in the field of Bayesian
Uncertainty Quantification, especially in relation to PDE-based models. This thesis has attempted
to provide new perspectives on these two areas. Despite the focus on PDE/ODE-based models
in this thesis it should be noted that the analysis used, and the methodologies presented in this
thesis can extend well beyond such models and can help in the study of complex models from other

domains.
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List of Notation

Calculus

o> Classical partial derivative written in multi-index notation
D> Weak derivative written in multi-index notation

v Gradient operator

V-v Divergence of a vector field v : R? — R?

oD Boundary of a bounded, connected, and open domain D
Differential Geometry

T,M Tangent space of a differentiable manifold M at a point p € M
((*,*)p)pem Riemannian metric for a manifold M

da(+,+) Riemannian distance for a Riemannian manifold M

expé\/l Riemannian Exponential map

log]{)\" Riemannian Logarithm map

lift, (¢) Horizontal lift of £ at p

St(d,n) (compact) Stiefel manifold of d x n orthonormal matrices
expy Riemannian Stiefel Exponential map

10g§(t Riemannian Stiefel Logarithm map

Gr(d,n) Grassmann manifold of all n-dimensional (linear) subspaces of R?
expg}(r Riemannian Grassmann Exponential map

r

logg;( Riemannian Grassmann Logarithm map

Functional Analysis
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(-,+)x Inner product on a vector space X

X, Y, & Calligraphic upper-case Latin letters denoting normed spaces and/or Hilbert spaces
L(X,Y) Set of all bounded linear operators from & to )

X' (Topological) dual of the normed space X

Af Adjoint of a linear operator A € L(X,))

tr(A) Trace of a linear operator A

LP(D) Space of p-integrable measurable functions on D

L>°(D) Space of (essentially) bounded functions on D

C(D) Space of continuous functions on D

C™(D) Space of continuous functions on D with n continuous derivatives
C>(D) Space of infinitely differentiable functions on D

C(D) Set of functions v € C*°(D) with compact support

CP (D) Subset of C™(D) containing functions with bounded and uniformly continuous partial

derivatives up to order n
WkP(D) Sobolev space of integral or fractional order k
H*(D) Sobolev space W*2(D) of integral or fractional order k (with p = 2)
H}(D) Space of function in H'(D) which are zero on the boundary D
H'/2(9D) Trace space

H}(D) Space of functions in H'(D) whose trace on the boundary 9D is the function g in the trace

space
H~1(D) Dual space of H}(D)
Linear Algebra
x,y  Boldfaced lower-case Latin letters denoting vectors in R?
A M Boldfaced upper-case Latin letters denoting matrices of arbitrary, but finite, dimension
A~ Generalized (pseudo) inverse of a matrix A

det(A) Determinant of a square matrix A
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tr(A) Trace of a square matrix A

A(U) Image of a subset U C X under an operator A : X — Y

im(A) Image of a linear operator A : X — ) between two vector spaces
ker(A) Kernel/null-space of a linear operator A : X — ) between two vector spaces
® Outer product for vectors/Kroenecker product for matrices

vec Vectorisation operator

unvec Inverse of the vectorisation operator

O(d) Orthogonal group of d x d orthogonal matrices

Sets of Numbers

N The set of natural numbers, N = {1,2, ...}

Z The set of integers

Ny The set of non-negative integers, No = NU {0}

R The set of real numbers
Probability
T4 Indicator function of a set A

p, v Lower-case Greek letters denoting (probability) measures
B(£) Borel sigma-algebra of £

P(€) Set of Borel probability measures on (€, B(£))

Xyp  Pushforward of the measure p1 by the measurable function X

X,Y Upper-case Latin letters denoting random variables

3—’; Radon-Nikodym derivative of y w.r.t. v

E Expectation

E. Expectation with respect to a measure u

\% Variance

\'P Variance of a random variable with respect to a measure p

I'(u,v) Set of couplings between two probability measures p, v
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* Centered measure associated with a probability measure p

1
N (p, 02) Univariate normal distribution with mean p and variance o2
N(p,¥) Multivariate normal distribution with mean vector g and covariance matrix 3
MN (M, U, V) Matrix Normal Distribution with parameters M, U, V

GP(m, k) Gaussian process with mean function m and covariance function k

Mat GP(p, k, Q) Matrix-valued Gaussian Process with mean function p, kernel function k, and

parameter covariance matrix €2
KL(y || v) Kullback-Leibler divergence from the probability measure p to v
Wo(p, v), W(p,v) Wasserstein-2 distance between two probability measures p, v

dp(-,+) Procrustes distance between covariance operators
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Appendix A

Additional Background Material

A.1 Analysis

In this section we introduce and discuss any additional concepts in functional analysis which will
be helpful for this thesis. We will focus on concepts which are especially relevant for the field
of Functional Data Analysis (FDA) and for the study of PDEs and FEM. For a more in-depth

treatment of functional analysis the reader is referred to [87, 43, 13].

A.1.1 Basics of Functional Analysis

Recall that a metric on a set V can be defined as follows:

Definition A.1 (Metric/Metric Space). A metric on a set V is a function d : VxV — R

satisfying the following properties for all z,y,z € V:
1. Positivity: d(z,y) > 0.
2. Symmetry: d(z,y) = d(y, z).
3. Triangle Inequality: d(z,z) < d(x,y)+ d(y, 2).
4. Separating: d(z,y) =0 < z =y.

If d is a metric we call the pair (V,d) a metric space. A function d is called a pseudometric if it

satisfies all of the above properties except Item 4. ¢
Recall that a norm on a (real) vector space V can be defined as follows:

Definition A.2 (Norm/Normed Vector Space). A norm on a (real) vector space V is a

function || - || : V' — R satisfying the following properties for all z,y € V and for all scalars o € R:

1. Triangle Inequality: ||z + y|| < |lz|| + ||y]|-
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2. Absolute Homogeneity: ||azx| = |o|||z]|-
3. Positive Definiteness/Separating: ||z|| =0 = z = 0.
A vector space equipped with a norm, (V,|| - ||), is called a normed vector space. ¢

Remark A.1. A norm provides a notion of distance turning the vector space V into a metric
space. In particular, the function d : V' x V' — R defined via d(z,y) := ||z — y|| can be shown to be

a metric. ¢

Recall that a bounded linear operator A : X — ) between two normed spaces X,) can be

defined as follows:

Definition A.3 (Bounded linear operator). A linear operator A : X — ) between two normed

spaces X, is said to be bounded if there is some constant C' > 0 such that for all z € X we have:

[Az|ly < Cllz]lx- (A1)

Recall that an inner product on a (real) vector space V can be defined as follows:

Definition A.4 (Inner Product/Inner Product Space). An inner product on a (real) vector
space V is a function (-,-) : V x V — R satisfying the following properties for all z,y,w € V and

for all scalars o, 8 € R:

1. Symmetry: (z,y) = (y,z).

2. Linearity: (az + Sy, w) = a(z,w) + By, w).

3. Positive Definiteness: (z,z) > 0 with equality if and only if =0 € V.
A vector space equipped with an inner product is called an inner product space. 4

Note that the definition of norms and inner products can be generalised to a vector space over
a general field IF; a commonly used generalization being for complex vector spaces (F = C). In this

thesis we will exclusively be concerned with the case of real vector spaces.

Remark A.2. An inner product defines a norm on V via ||z|| := 1/(z,z). Thus, any inner product
space can be trivially made into a normed space. A norm defined via an inner product in this way

satisfies the important and well-known Cauchy-Schwarz Inequality:

[z, )| < llzllllyll, Va,yeV, (A-2)

with equality if and only if x and y are linearly dependent. ¢
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Remark A.3. It is important to note that not every normed space is an inner product space. A
simple way to see this is to recall that the parallelogram law holds in any inner product space,

(V,{-,-)), with the associated norm |z|| = \/{z, ), i.e. the following holds for all z,y € V:
20l2l* + 2llyl* = llz + yl1* + |z — yl*. (A3)

We can use this fact to find a normed space which is not an inner product space. For example,

consider the plane, R2, equipped with the 1-norm:
2
o]l :=> " lal. (A.4)
i=1

This is not an inner product space since the parallelogram law does not hold: take z = (—1,—1)7

and y = (—1,1)T in Eq. (A.3). We obtain:

2/j2[I$ + 21yl = 16, (A.5)

lz + 9} + llz = yli =8, (A.6)

and so the parallelogram law does not hold for the normed space (R, || - ||;). Thus, no inner

product gives rise to the || - ||; norm. ¢

Two important definitions are those of Banach and Hilbert spaces. These can be defined as

follows:

Definition A.5 (Banach Space). A normed vector space (X, ] - ) is called a Banach space if
it is complete with respect to its norm, i.e. if every Cauchy sequence in X converges to some point

in X. ¢

Definition A.6 (Hilbert Space). An inner product space (H, (-,-)) is called a Hilbert space if it

is complete with respect to the norm induced by its inner product. ¢

Note that any Hilbert space is automatically a Banach space.

A.1.2 Fractional Sobolev Spaces

In this section we define fractional Sobolev spaces. We follow the presentation in [45].
We start off by defining the fractional Sobolev spaces, W#P?(D), for fractional exponents, s,

restricted to the interval s € (0,1). We then extend the definition to all exponents s > 1.

Definition A.7 (Fractional Sobolev Space, case s € (0,1)). For any p € [1,00) and for
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s € (0,1), we define the fractional Sobolev space, W*P(D), as follows:

W*P(D) := {u € LP(D) | ((x, y) MX)““’”) € LP(D x D) } , (A7)

I —y[>+®

i.e. W*P(D) is an interpolated Banach space “between” the spaces LP(D) and W1P(D), endowed

with the following natural norm:

1
P |U(X)_U(Y)|pd d ’ A

s, = ) 8

o (”“'WD>+/D b [yl .

where the term,

[u]wsr (D) = (/D u(x)_u(y”pdxdy>; , (A.9)

p llx—yldtsr
is the so-called Gagliardo semi-norm of u.4

This definition cannot be extended to the case s > 1 (for details on this see the discussion
following Proposition 2.2 in [45]) and we instead have to consider the following modification to

define fractional Sobolev spaces for exponents s > 1:

Definition A.8 (Fractional Sobolev Space, case s > 1). Let p € [1,00) and s > 1 with s ¢ N.
We write s = m+o0, where m € N and o € (0,1). We define the fractional Sobolev space, W*P (D),
as the space consisting of equivalence classes of functions in the integral order Sobolev space (see
Definition 2.2), u € W™P(D), whose weak derivatives, D*u, with |a| = m, belong to the fractional

Sobolev space WP (D) defined in Definition A.7, i.e.
W*P(D) :={u € W™P(D)|D% € W?P(D) for any multi-index e such that |a] =m}. (A.10)

This space is also a Banach space equipped with the following norm:

lullwenoy = { alBymamy + 3 1Dulyeni | - (A.11)

|ae|=m

Note that if s = m is an integer then the space W*P(D) coincides with the usual integral order

Sobolev space W™P?(D) (see Definition 2.2). ¢

Note that Definitions A.7 and A.8 were both adopted from Section 2 of [45]. As with integral
order Sobolev spaces, in the special case of p = 2 the fractional Sobolev spaces turn out to also be
Hilbert spaces and we denote them via the notation H*(D) := W*2(D). We will also abbreviate
the norms and Gagliardo semi-norm of the spaces H*(D) to || - ||s,[]s respectively.

Remark A.4. There is an alternative formulation of fractional Sobolev spaces via Fourier trans-

forms. The two notions can be shown to be equivalent. For more details see Section 3 of [45] and
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Sections 1.11.3-1.11.5 of [161]. ¢

A.2 PDEs and FEM

In this section we include any additional relevant concepts from PDE and FEM theory which are

helpful for this thesis.

A.2.1 Additional Concepts from PDE Theory
The Riesz Representation Theorem

The Riesz Representation Theorem is an important theoretical tool in functional analysis and for

completeness we include the theorem below (adopted from Theorem 1.57 in [101]).

Theorem A.1 (Riesz Representation). Let H be a Hilbert space with inner product (-,-) and
let £ € H' be a bounded linear functional on H. There exists a unique uy € H which represents ¢,
i.e.

(ug,x) = (x), Ve H. (A.12)

The Lax-Milgram Lemma

The Lax-Milgram Lemma [91] is an important theoretical tool in the existence and uniqueness
theory for PDEs. Before presenting the lemma we will first include, for completeness, definitions
of the terms bounded and coercive for a bilinear form. These definitions are adopted from Definition

1.58 in [101].

Definition A.9 (Bounded bilinear form). Let X,Y,Z be three real vector spaces. A bilinear

form a: X XY — Z is said to be bounded if there exists some o« > 0 such that,

la(z, y)llz < ellzllxllylly, VeeXyeY. (A.13)

¢

Definition A.10 (Coercive bilinear form). Let X be a real vector space. A bilinear form

a: X x X — Ris said to be coercive if there exists some § > 0 such that,

a(z,x) > Bllzl%, VreX. (A.14)
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We can now present the Lax-Milgram Lemma (adopted from Lemma 1.59 in [101]):

Lemma A.1 (Laz-Milgram). Let H be a real Hilbert space with norm || - || and let £: H — R
be a bounded linear functional on H. Let a : H x H — R be a bilinear form that is bounded and

coercive. There exists a unique u; € H such that a(ug, ) = ¢(z) for all z € H.4

Weyl’s Law

A well known-result regarding the asymptotic properties of the eigenvalues of the elliptic differential
operator £ given in Eq. (2.27) is Weyl’s law which is presented below (adopted from Lemma 1 in
[39]):

Lemma A.2 (Weyl’s Law). Assuming Assumptions 2.1 and 2.4 hold we have that the eigenvalues

{Ai}$2; (in non-decreasing order) satisfy,
Cri?ld < N\ < Cui?4, VieN, (A.15)

where Cj, C,, > 0 are constants (which depend on k and D). 4

Fractional powers of elliptic differential operators

In the additional details for the proof of Theorem 3.3 we will require the notion of fractional powers
of the elliptic differential operator, £, given in Eq. (2.27). We follow the presentation in [39].
Denoting by {e;}$2, the set of orthonormal eigenfunctions of the operator £ with corresponding
(in nondecreasing order) eigenvalues {\;}2; we can define the fractional power operator £° for

s > 0 via the spectral representation:

L= Xlp e)r2pyei, Vo€ D(LY), (A.16)

=1

where Z(L°) is the domain of £® defined as:

D(L?) = {g& € L*(D)

Z )\125 <g0, 6i>%2(D) < 0 } . (A17)

=1

We will denote by H§ := 2(£5/2) C L*(D). This is itself a Hilbert space with inner product
given by (¢, ¥)s.c 1= (L£3/2p, L3/?¢) 12(p) [15, 39]. We denote the corresponding norm by || - |[s ..

Note that due to the spectral representation Eq. (A.16) we have:

<§07’¢}>s,[, = Z)‘f“oaei>L2(D)<w76i>L2(D)a v@ﬂb € HZ (A18)

i=1

We will further denote by Hg := L?(D) and for s > 0, we will denote the dual space of Hz by
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H* = (H)" after identification via the inner product on L?(D) which is continuously extended

to a duality pairing, yielding the following norm on HZS:

2

Pl —s,c = (Z )‘i_s<90vei>%2(D)> : (A.19)
i=1

An important fact regarding these Hilbert spaces is that under our Assumptions 2.1 and 2.4

we have that H}: = H(D) and Hi C H*(D) for all s > 0 [39, Lemma 2].

H!'*™*(D)-regular

In the additional details for the proof of Theorem 3.3 we will require the notion of H!'*®(D)-
regularity of the differential operator, £, associated with the elliptic BVP from Eqgs. (2.27) and (2.28),
where we recall that we are considering g = 0 for the boundary condition. This definition is adopted

from Definition 4 in [39]:

Definition A.11 (H'™*(D)-regular). Assume that Assumption 2.4 holds and that D has a
Lipschitz continuous boundary 9D. Let 0 < a < 1 and £ be the second order differential operator
in Eq. (2.27). The elliptic problem associated with £ is said to be H*®(D)-regular if the restriction
of £ : H}(D) — H{(D) to HY(D) N H'**(D) is a continuous map to H; '™ = (H;)’, and if
further the data-to-solution map £~ : f — £~!f is a bounded linear operator as a mapping from

H' to HY(D) N H'™t(D). ¢

A.2.2 Additional Concepts from FEM Theory
Orthogonal projection onto V},

We will have need for the L?(D)-orthogonal projection onto the finite dimensional space V;, from

Section 2.2.2. Following the notation in [39] we denote this by
My, : L*(D) — Vj. (A.20)

As the authors Cox and Kirchner note we can uniquely extend this orthogonal projection to a
bounded linear operator IIj, : H~1 — V.
Galerkin discretisation of £

Following the notation in [39] we denote by Ly, : Vi, — V}, the Galerkin discretisation of the elliptic

differential operator £ given in Eq. (2.27). This is defined as follows:
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Definition A.12 (Galerkin discretisation of L). The Galerkin discretisation of L is the

operator Ly, : V}, — V}, defined via the following equation:

(Lnen, Yn)r2(p) = (LenYn) a1 (Dyxui (D): VP, ¥n € Vi, (A.21)

where () -1 (pyxmi(p) 15 the duality pairing between H(D) and H~'(D). 4

Remark A.5. Note that one can also define fractional powers of L; via a spectral approach
similar to the case for £ (see Eq. (A.16)). Since Ly, is a self-adjoint linear operator between finite
dimensional vector spaces this is done in the same way as defining fractional powers of symmetric
matrices: there exists an orthonormal eigenbasis of V}, consisting of eigenvectors {e; };, of Ly

together with their corresponding eigenvalues {A; 5 }:=,. We can then define L§ for s € (0, 00) via:

Lipn =3 _ A p{en eindrzpyein, Yeon € Vi, (A.22)

i=1
where we note that due to the finite-dimensional nature of V}, there is no restriction on the domain
of Lj as opposed to the case of L. ¢
H!(D)-stable
The following definition (adopted from [39]) will be useful in Appendix B.2:

Definition A.13 (H'(D)-stable). We say that Il is H'(D)-stable if there exists a constant
Cn > 0 such that,

Ik ||z Dy 1 (D) < Cm, (A.23)

for all h > 0 sufficiently small. ¢

A.3 Probability Theory

In this section we include any additional relevant concepts from probability theory and inference

which are helpful for this thesis and not included in the main text.

A.3.1 Additional Background Material
Probability space
A probability space is a triplet (€2, F, u) consisting of:

e a sample space, 2, which is the set of all possible outcomes,

e a sigma algebra, F, which is the set of all allowable events (subsets of ),
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e a probability measure, u : F — [0, 1], which quantifies the probability (measure) of events

EcF.

An event E € F will also be referred to as a measurable set.

Conditional probability

Given a probability space (2, F, 1) and an event B € F with u(B) > 0 we define the conditional

probability measure given the event B, u(:|B), as follows:

n(ANB)

p(AB) = M,

VA e F. (A.24)
This function, u(-|B) : F — [0,1], is itself a probability measure and it can be thought of as
quantifying how the probability of events change once we know the event B has happened. This

definition, and its consequences will be expanded on in Section 2.3.3.

Mean and Covariance of Random Variables

The expectation of X with respect to the probability measure u, assuming it exists, will be denoted
by E,(X) and is given by:

E,(X) = /Q X (w)dp(w), (A.25)

where the integral above is to be interpreted appropriately according to the nature of the space &
in which the random variable takes values (see the discussion on Bochner and Pettis integrals in
Section 2.3.4).

When the probability measure with which we are taking the expectation with respect to is clear
we will drop the u and just write E(X).

The mean of a random variable, assuming it exists, is the expectation of the random variable
with respect to its law, i.e. the mean of an £-valued random variable, X, is the element m € &
such that m = E(X), where the expectation is with respect to the law px (see Remark 2.8).

When € is a finite dimensional vector space the covariance of an £-valued random variable X

assuming it exists, is the matrix cov(X) € £ ® £ given by:
cov(X) =E[(X —E(X))® (X —E(X))]. (A.26)

If Y is another £-valued random variable then we denote the covariance between X and Y by the

following matrix:

cov(X,Y) = E[(X —E(X))® (Y — E(Y))]. (A.27)
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Remark A.6. In the common case where £ = R?, for some d € N, it is common to denote the
random variables above as random vectors, X,Y € R%. In this common scenario the mean of X
is the vector m € R? whose i-th entry is the mean of the i-th component of X, i.e. m; := E(X;).

Further, the covariance between X, Y, corresponding to Eq. (A.27) is the d x d matrix given by:
cov(X,Y) :=E [(X - E(X))(Y — E(Y)")] (A.28)

and thus the ij-th entry of cov(X,Y) is simply the covariance between the i-th entry of X, and
the j-th entry of Y, ie. cov(X,Y);; = cov(X;,Y;). Similarly the covariance of X is simply
cov(X) = cov(X, X). ¢

Remark A.7. If X,Y are two independent random vectors then cov(X,Y) = 0. The reverse

implication is not true in general. ¢

We will sometimes also refer to the moments (both centered and uncentered) of a probabil-
ity measure v. This is to be interpreted as the corresponding moment of a random variable X

distributed according to the law v, i.e. X ~ v.

Properties of the multivariate normal distribution

We now collate several useful properties of the multivariate normal distribution which will be useful

throughout the thesis.

Proposition A.1 (Adopted from Theorem 1.2.6 from [109]). If X ~ Ny(u,X), A € R™*4 js q

fixed deterministic matriz, and b € R™ s a fized deterministic vector then,
Y =AX+b~ N, (Ap+b,AZAT), (A.29)

i.e. an affine transformation of a multivariate normal random vector remains multivariate normal.

¢

Proof of Proposition A.1.
The fact that Y is multivariate normal follows directly from Definition 2.7 and the following

computation of the inner product of Y with an arbitrary fixed deterministic vector a € R™:

(a,Y)=(a,AX +Db) (A.30)
= (a,AX) + (a,b) (A.31)
= (ATa,X) + (a,b). (A.32)

Since X is a multivariate normal random vector and A is deterministic it follows that (AT a, X) is
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a univariate normal random variable with mean a” Ay and variance a”’ AXATa. Thus, using the

well known transformation properties of the univariate normal distribution we have:

(a,Y) ~N(al' (Ap+b),al AXATa). (A.33)

Since a is arbitrary we have Y ~ N, (Ap + b, ATSA) as required. |

Proposition A.2 (Adopted from Theorem 1.2.7 from [109]). If X ~ Ny(p, X) then the marginal
distribution of any subset of k < d elements of X is itself a k-dimensional multivariate normal
distribution. In particular, if X, w, 2 are partitioned as follows:

X4 My Y X2

X — , “ = s E = 5 (A.34)
Xy o o1 Moo

where X1, uy € R¥, and 21, € R¥** then Xy ~ Ni (i, 211). ¢

Proof of Proposition A.2.

Follows directly from Definition 2.7. For more details see proof in [109, Theorem 1.2.7]. |

Remark A.8. Note that Proposition A.2 implies that if X ~ ANy(u,X) then X; ~ N (i, Xii)
for i = 1,...,d, i.e. the components of a multivariate normal random vector are each marginally
normally distributed with mean and variance given by the appropriate entries of u, 3. Note: the

reverse implication is not true in general. For a counter example please see below. ¢

Counter example for Remark A.S.
We now present a counter example adopted from [122] which demonstrates that the reverse im-
plication in Remark A.8 is not true in general, i.e. that a collection of univariate normal random
variables need not be jointly multivariate normal. Let X ~ N(0,1) and W ~ Bernoulli (3) be
independent random variables. Let Y be a random variable defined as follows:

X, it W =0,

Y = (A.35)
X, W =1

Due to the symmetry of the standard normal distribution we have that —X ~ A(0,1). This allows
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us to compute the cumulative distribution function of Y as follows:

P(Y <y)=P(Y <y|W=0)P(W =0)+P(Y <y|W=1PW=1) (A.36)
:%IP’(XSy|W:O)+%IE”(—X§y|W:1) (A.37)
:%ngw+%m—xgw (since X 1L W) (A.38)
= LB(y) + 50 () (4.39)

where ®(-) is the cumulative distribution function of the standard normal distribution. Thus,

Y ~ N(0,1). Now note that V = X +Y has the following form:

2X, if W =0,
V.= (A.41)
0, iW=1,

i.e. V is an equal mixture of a point mass at 0 and a A/(0,4) random variable. Thus, the vector X :=
(X,Y)T has components which are both normally distributed while the vector is not multivariate-

normal. [ |

As is discussed in Remark A.7 if two random variables are independent then the covariance
between them, provided it exists, is zero and the converse is not generally true. The converse
however holds for multivariate-normal random vectors as the following proposition (adopted from

[109]) shows:

Proposition A.3. If X ~ Ny(p,X) and X, u, X are again partitioned as in Eq. (A.34) then the
subvectors X1, Xso are independent if and only if the off-diagonal term in the covariance of X is
zero, i.e. 319 = 0. Note that 15 = cov(Xq, X2) so this is equivalent to saying that the subvectors

are independent if and only if the covariance between them is zero. ¢

Proof of Proposition A.S3.

This is a well known result and one can consult the proof of Theorem 1.2.8 in [109]. |

A key property of the multivariate normal distribution which will be of great use in this thesis
is the existence of closed-form expressions for its conditional distributions. This is presented in the
following classical result, which can be found in [109, Theorem 1.2.11] as well as in [52, Proposition

3.13]:

Proposition A.4. Let X ~ Ny(p,X) and partition X, 0,2 as in Eq. (A.34). Let 3, be a
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generalized (pseudo) inverse of Yoo, i.e. a matriz satisfying

390355 X09 = X, (A.42)

Then the conditional distribution of X1 given Xo is:

X1 X ~ Ni(pt1.9, Z11:2), (A.43)
where,
Poig = py + B12355(Xo — py), (A.44)
o= 211 - D105, 501, (A.45)
¢

The proof of this result is presented below after a few remarks.

Remark A.9. In the special case of the submatrix Xy being non-singular, i.e. X5, = X5 one
can replace the pseudo-inverse in Egs. (A.44) and (A.45) with the regular inverse. This special
case is more widely known, and its proof is slightly more straightforward. In Chapter 6 we will
have need for the more general result presented in Proposition A.4 since we will be dealing with

the case of degenerate multivariate and matrix normal distributions (see Section 5.1). ¢

Remark A.10. Since the matrix normal distribution (Definition 5.1) is defined in terms of the
multivariate normal distribution we can utilise Proposition A.4 to condition normally distributed

matrices on their sub-matrices. This observation will be useful in Chapter 6. ¢

Proposition A.4 will allow us to discuss how we can condition GPs (see Section 2.3.5) on
observational data as well as make predictions with GPs, both of which will be essential tools in
Chapters 3 and 6 and Section 3.5.

The proof of Proposition A.4 will require the following supporting result adopted from [109,

Lemma 1.2.10] and [52, Proposition 2.16]:

Proposition A.5. Let the dxd covariance matriz, 3, which is non-negative definite, be partitioned

as in Eq. (A.34), then the following holds:

(a) ker(Xgq) C ker(X12), (A.46)
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Proof of Proposition A.5.
The following proof is adopted from the proof of Lemma 1.2.10 in [109]. We start with showing
(a). Let z € ker(Xg2). Since X is non-negative definite we have, for all y € R* and for all o € R

that wTZw > 0 where w € R? is defined as follows:

W= ) (A.48)
az
Expanding this into the partitions yields:

Y11 Y2 y
(yT azT> =yI'Sy + 2ay! B0z + o’z Toyz (A.49)

o1 Yo oz
=yI'Sy + 20yT 2152 (since 399z = 0) (A.50)
> 0. (A51)

Since this holds for all y € R* we can choose to take y = 315z which yields:

ZT2212112122 + 20&(2122)T(212Z) Z 0 (A52)
(Elgz)TEn(Elgz) + 20((212Z>T(212Z) Z 0 (A53)
(212Z)T(211 + 2aIk)(212z) 2 0. (A54)

Note that we have utilized the fact that X9, = Efg in the above. As this holds for all « € R we
can deduce that 15z = 0, i.e. z € ker(X13). Thus, (a) holds as required.
Part (b) follows from noting that ker(212)+ C ker(X22)t, where W+ denotes the orthogonal

complement of W, together with the well known fact:

ker(M)t = im(MT), (A.55)

where we have also used the fact that ¥ and hence X595 are symmetric. |
We can now prove Proposition A .4.

Proof of Proposition A.J.
The following proof is adopted from the proof of Theorem 1.2.11 in [109]. From Proposition A.5

we have im(Xs1) C im(X92) and so there exists a matrix B € RE=F)xk guch that:

31 = X9sB, (A.56)
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i.e. we have 315 = BTX5,. Thus, we can compute:
21535500 = BT 25,55, 59 = B3y = 245, (A.57)
If we now let,
I, —X.30
A | 12522 (A.58)
0 Id—k;
we have from Proposition A.1 that Y = AX is distributed as follows:
Y = AX ~ Ny(Ap, ASAT). (A.59)
We now simplify the mean and covariance terms above:
Hy — Xi2¥oop
Ap= |t TR (A.60)
[2P)
I, —3X.%5 b b
ASAT = 12 MR AT (A.61)
0 | P o1 X
_ [ B2 iz — i, Na AT (A.62)
31 DI
Yo O I 0
_ (A.63)
o1 Mo =399 Ig—k
312 0
_ (A.64)
o1 — Mga¥pn¥o1 X
3. 0
— |7 , (A.65)
0 3

where in the covariance computation we have used Eq. (A.57) together with its transpose to simplify

the off-diagonal terms in the intermediate steps to zero. Noting that AX is equal to

ax X TeEnXe

X27

(A.66)

and utilising Proposition A.3 we can deduce that X; — 3;235,X5 is independent from X5. Thus,

the conditional distribution of X; — 3;935,X5 given Xy is the same as that of X; — 312355, X0
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which implies, using Proposition A.2, that we have:

(X1 — 21235,Xs) [Xo ~ Ni(py — Z1oE5 19, B11.2), (A.67)
rearranging yields:
X1 |Xo ~ Ni(p + 12255 (X2 — py), Bii1:2), (A.68)
ie.
X1 X ~ Ni(pt1.9, B11.2), (A.69)
as required. (]

Conditioning of Gaussian Measures

As mentioned in Section 2.3.5 it is possible to obtain the conditional distribution of a Gaussian
measure on a Hilbert space in a similar manner to Proposition 2.4 for GPs. This is presented in

the following result taken from [146, see Theorem 6.20].

Theorem A.2 (Conditioning of Gaussian measures). Let H = H1 @ Ha be a separable Hilbert
space with projectors I1; : H — H;. Let (x1,22) € Hi ® Ha be an H-valued Gaussian random

variable with mean m = (mqy,ms) and positive definite covariance operator C. Define

Cij = E(z; —my) ® (z7 — my). (A.70)

Then the conditional distribution of x1 given o is Gaussian with mean

m' = mi + C126521 (1‘2 — mg), (A71)

and covariance operator

C' =C1 — C12C5' Co. (A.72)

Note that the posterior mean and covariance operator Egs. (A.71) and (A.72) are the analogues
of the posterior mean and covariance function Egs. (2.76) and (2.77) respectively, and they share a

similar structure due to the link between GPs and Gaussian measures discussed in Section 2.3.5.
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A.3.2 Additional Concepts from Probability Theory and Inference
The Feldman-Hajek Theorem

An important result in the theory of Gaussian measures is the Feldman-Héjek Theorem. For

completeness we include this theorem below (adopted from Theorem 5.25 in [123]):

Theorem A.3 (Feldman-Hdjek). Let = N (p1,%1), v = N(p2,X2) be two Gaussian measures

on a Hilbert space H. The following statements hold:
1. The Gaussian measures p and v are either singular or equivalent.
2. They are equivalent if and only if the following conditions hold:
(a) im(21)Y? = im(2/?) = Hy,
(b) w1 — p2 € Ho,
(c) The operator T := (E;1/22§/2> (2;1/225/2)T — I, where I is the identity on H,

is a Hilbert-Schmidt operator on Hy.

¢

Remark A.11. Note that the spaces im(Eg/z) in Theorem A.3 are the Cameron-Martin spaces
associated with the Gaussian measures A (p;,%;) on the Hilbert space H. The Cameron-Martin
space is an object of deep significance to the theory of Gaussian measures. For more details on

such spaces the interested reader is directed to [146, 123]. 4

The Karhunen-Loéve Theorem

One very useful representation of stochastic processes is the so-called Karhunen-Loéve expansion
which is given by the theorem of the same name. This theorem allows certain stochastic processes
to be expanded via an eigendecomposition of their covariance function and was independently
discovered in [80, 99]. For completeness, we include the theorem below adopting the presentation

from [148, Theorem 11.4]:

Theorem A.4 (Karhunen-Loéve). Let U : D — R be a zero-mean, square-integrable stochastic
process with a continuous and square-integrable covariance function, k(x,y) := cov(U(x),U(y)).

Then we have the following expansion in L*(D),
oo
U= Zntn, (A.73)
n=1

where the {152, are a set of orthonormal eigenfunctions for the covariance operator Ky as-

sociated with the covariance function via the relation Eq. (2.69), while the {Z,}5%, are random
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variables given by the equation,

Zy, 2:/DU(X)1/Jn(X)dX~ (A.74)

Furthermore, the random variable {Z,}52 1 are mean zero and have the following covariance struc-

ture,

E(ZmZy) = AmOmn, (A.75)
where {A,}52, are the corresponding non-negative eigenvalues associated with the eigenfunctions
{n}S2, and Oy is the Kronecker delta. 4
MCMUC algorithms

For completeness we include here in Algorithms 8 and 9 pseudo-code for the MH and HMC algo-

rithms described in Section 5.3.

Algorithm 8: Metropolis-Hastings

Input: unnormalised target density 7'(8), proposal density ¢(8, é), initialisation for 6,
number of MCMC iterations IV

Output: samples {0, }Y_,

for n < 0 to N do

Sample 8" ~ q(0,,,+) ; // proposal

Sample V ~ U(0,1) ;

if V < min [1 w} then

=

W N

» 71(604)q(6,0")
‘ 0n+1 — 6 ; // accept
else
‘ 0,414 0, ;// reject
end

© w0 ;A

end

return {0, } N

1 n=1

o
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Algorithm 9: Hamiltonian Monte Carlo

11
12
13
14
15
16
17

Input: unnormalised target density 71(8), together with its gradients (either analytically
or via auto-diff), momentum density (), number of leapfrog steps L, leapfrog

step-size ¢, initialisation for 8y, number of MCMC iterations N

Output: samples {6, }V_,
for n <~ 0 to N do

(0",¢") < (On, nt1) ;
for / + 1 to L do
@ — ¢ + 55 logni(6') ;
/ / F) .
0 0 —|—6%K(<p’) ;
¢ — @ + §aplogn(6) ;
end
o' (—¢)
Sample V ~ U(0,1) ;
: ; (0w (")
lf V S min |:1, m then
‘ 0n+1 — 0 ; // accept
else
‘ 0,41 0, ;// reject
end

end

return {0, }_;

Sample momentum ¢,,,; ~ 7(+) ; // random momentum
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A.4 Differential Geometry and Manifolds

In this section we include any additional relevant concepts from differential geometry which are

helpful for this thesis and not included in the main text.

A.4.1 Additional Background Material

As mentioned in Section 5.4 an n-dimensional differentiable manifold M can intuitively be thought
of as a topological space which locally resembles R™ and which satisfies certain smoothness prop-
erties. This intuition is made precise by stipulating that for every point p € M, there exists a
coordinate chart, x : D, — R™, which bijectively maps an open neighbourhood around p, D, C M,

to an open neighbourhood around z(p), D together with the important extra property that

z(p)>

charts are compatible in the sense that the coordinate change between two charts x, z,
zoi ' :E(DyNDy) = x(DpND,), (A.76)

is a diffeomorphism provided their domains of definition overlap.

Remark A.12. Standard concepts of multivariable calculus apply to the coordinate change map-

1

ping, x o £~ 1, since it maps between open domains of R™. The reader is referred to [2, Section

3.1.1] for further details. 4

Embedded Submanifolds

For completeness we include a definition of n-dimensional embedded submanifolds of R**¢, adopt-

ing Definition 2.1 from [165]:

Definition A.14 (Embedded Submanifolds of R"*?). Let D C R™ be an open domain in R".
A parameterisation is a bijective differentiable function f : D — f(D) C R™*? with continuous
inverse such that its Jacobi matrix Df, € R("**" has full rank n at every point z € D. A
subset M C R"t4 is called an n-dimensional embedded submanifold of R™t4, if for every p € M,
there exists an open neighbourhood Q € R"+¢ such that Dy:=MnNQC R+ is the image of a

parametrisation from some open domain D, C R™,
f: Dy — f(Dsz) =D,. (A.TT)

¢

Remark A13. If f: D 5> MNQand f: D — MNQ are two parametrisations with f(zo) =
f(#0) = p € MNQNQ then one can show that (f_1 of) NN Q) = QN Q) s a
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diffeomorphism between open sets in R™. Thus, one can view parametrisations f as the inverses

of coordinate charts z. ¢

Embedded submanifolds can alternatively be characterised via equality constraints as the fol-

lowing theorem from [165, see Theorem 2.2] describes:

Theorem A.5 (Embedded submanifolds via equality constraints). Let Q2 be an open subset
of R*t4. Let h : Q — R? be a differentiable map and let co € R? be defined such that the differential

Dh,, € RA*(+d) has full rank d at every point p € Q with h(p) = co. Then, the preimage,

h~ (co) = {p € Q|h(p) = co}, (A.78)

is an n-dimensional submanifold of R"t¢. ¢

Note that this fact follows from the well known Inverse Function Theorem from classical mul-
tivariate calculus. A simple application of the above theorem is to apply it with the function
h:R3 — R, given by h(x) = ||x||3 — 1, to show that the unit sphere S? = h=1(0) is a 2-dimensional
embedded submanifold of R? = R2*1. Here || - ||2 is the standard Euclidean norm in R3. We will

see a further use of this theorem in Section 5.4.3.

Tangent spaces

The tangent space of an embedded submanifold can also be characterised with respect to both in-
trinsic and extrinsic coordinates on the manifold as the following two theorems from [165, Theorems

2.4, 2.5] describe:

Theorem A.6 (Intrinsic Characterisation of Tangent Space). Let M C R"* be an n-
dimensional submanifold of R"*4, D C R™ be an open domain and f : D — f(D) C M be a
parametrisation of M. Then, for x € D with p = f(x) € M one has that the tangent space at p is

given by the image of the differential of f at x i.e.

T,M = im(Df,). (A.79)

¢

Theorem A.7 (Extrinsic Characterisation of Tangent Space). Let Q C R"t4 h:Q — R?
and cy € R? be as in Theorem A.5, and let M := h™'(co) C R"T%. Then, the tangent space at a

point p € M is given by the kernel/null space of the differential of h at p i.e.

T, M = ker(Dhy). (A.80)
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¢
Remark A.14. 1t is an immediate consequence of Theorems A.6 and A.7 that the dimension of
the tangent space 1, M as a vector space is equal to the dimension of the manifold, i.e.

dimTyM = dim M = n, (A.81)

forallp e M. ¢

Stiefel Manifold

As mentioned in Section 5.4 the Stiefel manifold is an embedded submanifold of R™*¢, This can
be shown by applying Theorem A.5 with the function h : R4*™ — Sym(n) defined via h(X) =
XTX —1,,, where Sym(n) = {A € R"™*"|AT = A} is the linear space of symmetric n x n matrices.

This theorem also justifies the dimension of St(d,n) given in Eq. (5.67).
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Appendix B

Proofs and Additional Details

In this chapter we include any proofs not included in the main thesis body together with any

additional details required for the proofs of the thesis.

B.1 Additional Proofs for Chapter 2

In this section we include any proofs of results from Section 2.3 not included in the main body of

the thesis.

Proof of Proposition 2./.

This proof is adopted from the proof of Theorem 3.1 in [78]. The fact that the posterior is
given by Eq. (2.75) can be established by first working out the distribution of a finite-dimensional
approximation of the posterior via evaluating the posterior on a set of m € N test locations D}, :=
{x%,...,x},} C D. This can be obtained by first noting that based on Definition 2.12 the vector of
function evaluations at the test and observation locations, (f(x}), ..., f(x%,), f(X1), ..., f(x,))T €
R™*™ has the following multivariate normal distribution under the GP prior Eq. (2.73):

* K~ K*

Mn-‘rn 9 9 (Bl)
m (K97 K
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where,

m 1= (1), ... m(x,))T € RY, (B.2)
m* = (m(x}),...,m(x:))T € R™, (B.3)
K = {(xi,%,) 15y € RPT, (B.4)
K* = {h(xt, %)} 7" € R, (B.5)
K™ = (h(x], X))} € R, (B.6)

Since the observational noise, €, is independent from the GP prior we have that the joint distri-
bution of the observations, y, with the function evaluations at the test locations has the following
multivariate normal distribution:
Noin , . (B.7)
m (KT K+ 0%1,
We can now utilize Proposition A.4 to deduce that the conditional distribution of (f(x}), ..., f(x%,))
given y is:

N (10, 30), (B.8)

where the posterior mean vector and covariance matrix are given by:

m:=m* +K*(K +0¢%L,) ' (y — m), (B.9)

= K" - K*(K +0°L,) {(K*)T. (B.10)

Note that since o > 0 the matrix K 4 ¢I,, is non-singular so we can replace the pseudo-inverse in
Proposition A.4 with the regular inverse.

Since Eq. (B.8) holds for any arbitrary number of test locations it follows from the Kolmogorov
Extension Theorem [49, Theorem 12.1.2] together with Definition 2.12 that the full posterior

distribution of fl|y is indeed given by Eq. (2.75) as required. |

B.2 Additional Proof Details for Chapter 3

In this section we include additional details for the proofs of the main theoretical results of Chap-
ter 3 not included in the main thesis body.

We will require the following additional notation, adopted from [39], for the proofs below. Let
O be a parameter set and consider mappings A, B : © — R. We will write A(8) < B(#) to denote

the relation that there exists some constant C' > 0, independent of § € ©, such that A(§) < CB(6)
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for all # € ©. Given another parameter set ® and mappings A4, B : © x ® — R we will denote by
A0, ) S, B(8, ) the relation that for all ¢ € ® there exists a constant C, > 0, independent of
6 € ©, such that A0, ¢) < C,B(8,) for all § € © and ¢ € ®. Finally, we will use the notation
A(0) = B(#) when both A(f) < B(#) and B(#) < A(f) hold. The notation A(8, ) ~, B(0, ) is

similarly defined.

Additional details for proof of Theorem 3.5.
We rewrite the FEM solution operator L, ' following the notation in [39] as L;! := L; 'II,
where L; : V;, — Vj is the Galerkin discretisation of the differential operator £ with respect
to V3, (see Definition A.12), and II;, : H~1(D) — V}, is the unique extension to H~!(D) of the
L?(D)-orthogonal projection onto Vj, (see Eq. (A.20)).

We start by verifying the statement given in the proof of Theorem 3.3 in the main thesis body
that our setting and assumptions satisfy the assumptions required for the use of part of Proposition

4 in [39).

e The form of the differential operator L, together with Assumption 2.4 satisfy Assumptions
1.I-II from [39].

e Assumption 2.1 implies Assumption 2.1 from [39] (see comment following Assumption 2 in

[39]).

e Assumption 2.5 guarantees Assumptions 3.1I-I1T from [39] (see comment after Assumption

4 in [39]).

e That I, is H'(D)-stable (see Definition A.13) follows from Assumption 2.5 (see comment

in proof of Theorem 3 from [39]).

e We have that Assumption 3.I from [39] holds with 6y = 1/2,6; = 2. This follows from
Assumptions 2.1, 2.4, and 2.5 together with the choice of FE basis functions (using Lemma

11 from [39])).

e Finally, Assumptions 2.1 and 2.4 show that £~! is continuous as a mapping from L?(D)
to H*(D) N H¢(D). This means that £ is H?(D)-regular, see Definition A.11 (i.e. with
a = 1). Thus, we can take a as in (62) from [39] to be o = 1 (this follows from using

Lemma 10 from [39])

For completeness, we will now provide additional, explicit, details of how to obtain the (9(h2_d/ 2_6/)
bound for the covariance contribution here. These steps closely follow the steps taken in the proof

of Proposition 4 from [39].
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Let B := £~ — ﬁ;l =Lt~ L;lﬂh be the difference of solution operators. Thus, we need to
bound || E||gs. To this end, let n € (0,1) and rewrite E as follows (as is done in the proof of [39,

Proposition 4]):

E=L7'-L;',

= (c-0-m— L;“‘mnh) Ly, 4 £707m (£77 = L;L,) .

In rewriting E as above we have used the property that HhL;ﬁ = L;ﬁ for all 5 > 0 which
holds since L;ﬁ maps into V3.

Thus, we can bound ||E||gs as:

s = (2070 - 570 om0 (e )|
HS HS

= E1 + EQ.

We bound each of F;, F5 separately, starting with E;. To this end, let ¢y > 0 be chosen to be

sufficiently small so that 2 — d/2 > 4e.

B = |(e 0 -t rm) ziem

<= — L T e | Ly s

We start with bounding || L, "II,||zs. Now, Assumptions 2.1 and 2.4, together with the fact that

we are using a conforming FE method (see Remark 2.7) allow us to use (81) from [39] to obtain:

”L}?thHHS S(n,n,D) max{h?ﬂ—d/Q’ 1}7 (Bll)

provided that n # d/4. Note: since we are interested in obtaining bounds for sufficiently small h
it would be ideal if 2n —d/2 >0 = n > d/4. Since n # d/4 is required we can set n = d/4 + g,
where € is as above. (Note: since 4eg < 2 — d/2 we have d < 4n < 2+ d/2. This, together with
d € {1,2}, implies that n € (1/4,3/4) C (0,1) as required.)

Remark B.1. In order to use (81) from [39] we need to check that all the assumptions of Remark 6,
Lemma 1 and Assumption 3.II from that paper are satisfied. The use of a conforming FE method
deals with Remark 6, Assumptions 2.1 and 2.4 deal with Assumptions 1.I-II, and Assumption 2.5

implies Assumption 3.IIIT holds (see comments after Assumption 4 from [39]). 4

We now bound the term [|[£~1~7) — L;(lfn)HhHLz. To bound this term we will use Theorem 1

from [39]. In order to use this theorem we must check various assumptions and requirements from
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that paper are satisfied. For completeness and clarity we do that here:

e Assumptions 1.I-II are covered by the form of the differential operator £ together with

Assumption 2.4.
e Assumption 2.1 is covered by Assumption 2.1 (comments after Assumption 2 in [39]).
e Assumption 3.IT is covered by Assumption 2.5 (comments after Assumption 4 in [39]).
e II, is H!(D)-stable follows from Assumption 2.5 (comment in proof of Theorem 3 in [39])

e That Assumption 3.I holds with 8y = 1/2,6; = 2 follows from Assumptions 2.1, 2.4,

and 2.5 together with the chose of FE basis functions (using Lemma 11 from [39]).

e Finally, Assumptions 2.1 and 2.4 gives us £~ ! is continuous as a mapping from L?(D) to
H?(D) N H(D). This means that £ is H?(D)-regular as in Definition 4 from [39] (i.e.
with @ = 1). Thus, we can take « as in (62) from [39] to be a = 1 (this follows using
Lemma 10 from [39]).

We thus obtain:

o A P [ Py 1 P

= £~ — L, " 0| e,

where ' :=1—d/4 — eg. We can now use Theorem 1 from [39] with parameters 8 = 8',0 = ¢’ :=
0,6 = 0" :=0 (note: since 5/ =1—n and n € (0,1) we have B’ > 0 and so all the inequalities on

the parameters are satisfied) to obtain:
1L — L, P Tyl Ser ey B8 =2 (B.12)

for arbitrary € > 0 and all h > 0 sufficiently small.

Thus, for sufficiently small h > 0, we can combine Egs. (B.11) and (B.12) to obtain:
E, 5(6’,60:R,D) hmin{2—d/2—250—e’,2}7 (B.13)

for arbitrary € > 0.
We now move on to bounding Fs. After rewriting Fy (as is done in the proof of Proposition 4

from [39]) we have:

B = et e

< [[(em — ) £-0=20)

-
Lo 17" s
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Note that, due to the spectral properties of £, we have that [|[L™™|gs < oo for any m > d/4.
Since n = d/4 + o > d/4 we thus have that ||L77||gs < oo (and is independent of h).

We can now again use Theorem 1 from [39] with parameters 8 = 8" :=n, 0 = ¢” := 0,
0 = ¢" := min{2 — 41,1 + a} in order to bound the remaining term. We must check that these
parameters satisfy the requirements of Theorem 1. We check only the non-trivial ones, i.e. that
0" > —1, and 28" +§" > 0.

To start, note that d < 4n < 24+ d/2 = —d/2 <2 —4n < 2 —d. Since d € {1,2} we thus
have 2 —4n <2—-d <1< 14 a =2 and so 6” = 2 — 4n. This immediately shows that §” > —1.

We now move on and compute:

28" +68" =2n+2—4n

=2-2n>0,

since n € (0,1). The parameters thus satisfy all the requirements and so we have, for arbitrary
€’ > 0 that:

Ey <

~(e”€e0,k,D

) pmin{267 40" —¢"2,246"} (B.14)

Now note that since §” = 2 — 4n we can compute:

1+a+d" =4—4n

:4—d—460
d
4—d+ - -2
> +2
2
d
>2—§—460
= min{2 — d/2 — 4ep, 1 + a}. (B.15)

Recalling the definitions of 8”,§”,n we have:

By S pu,p) WHET0/2 20 22087 (B.16)

Recalling Eq. (B.13) and using Eq. (B.15) we can conclude that:
hmin{2—d/2—e,2} — hQ_d/2_€, (Bl?)

||E||HS S(e,a,n,D)

for sufficiently small h > 0 and any € > 0 (by adjusting €, €,€” > 0).

The mean contribution to the Wasserstein-2 distance will still be bounded by O(h?) and so
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we conclude that the bound on the Wasserstein-2 distance is of order O(h?~%/2=¢) for sufficiently

small h > 0 and any € > 0. Relabelling the dummy variable € with €’ gives us what we require. W

Additional details for Theorem 3.2. We now provide additional details regarding Theorem 3.2. To
start we will show that in the case of A € [0, 1] solutions drawn from the true prior lie almost
surely in the fractional Sobolev Space H 2=(1=N8=< for all € > 0. We will require the following
supporting lemma;

Lemma B.1. If f ~ N(0, K), where K satisfies Assumption 3.1, then it holds that f € HZ(P)\)%%/,
P-a.s., for all € > 0. (Note: we are assuming that A € [0,1] and so K is also assumed to share the

same eigenfunctions as L as described in Assumption 3.1.) 4

Proof. The proof of this is similar to the proof of Proposition 2.3 in [15]. Under Assumption 3.1

we can use the Karhunen-Loéve theorem (see Theorem A.4) to formally represent f as follows:

f = Z(jej, (B18)

JEN
where the {(;};en are mean-zero, uncorrelated random variables with covariance structure given
by E[CZCJ} Nj ij-
Remark B.2. Note that this implicitly uses the fact that the eigenfunctions of K are the same as

those of £ and that Ke; = pje;. 4

We now introduce, for any N € N, the truncated random forcing:
N
=Y Ges. (B.19)
j=1

We can now compute, for any s > 0:

E[llfn]2 ] = ZA (fny€i)2(py

_jEN

N
=E |2 A7G
_j:1
N
=D A"
j=1

Now, using the spectral properties of the eigenvalues of £, (see Weyl’s Law Lemma A.2) together
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with Assumption 3.1 we have:

N
E(IFn1125c] = DA 0
=1

If we now let s = %(1 —A) + €, for € > 0, we can compute:

N
el 5 (14 o Ha)
1

(1= E ¢
By taking N — oo, we can conclude that, for all ¢ > 0 we have f € L? (Q; HL(1 M3 ) and so

w—(1-X) 4 —¢

feH, , P-a.s., as required. [ |

Using this lemma gives us that draws from the true prior, which can be expressed as £~ f, lie

: 7(17)\)%75

almost surely in Hz for all ¢ > 0. We now note that under Assumptions 2.1 and 2.4

Q-2 ¢-¢

we have that the Hilbert space Hz_ is actually a subset of the fractional Sobolev space

H2~ (=3¢ a5 discussed in Appendix A.2. Thus, solutions drawn from the true prior lie almost
surely in H2-(1-V%-¢ a5 required.

We now outline how the Embedding Theorem for fractional Sobolev spaces (see Theorem 2.1)
together with Corollary 2.1 can be used to argue that H2~(1-N%-¢ ig 4 subset of C(D) for an

appropriate choice of ¢’ in the three cases:
e d=1and A €[0,1],
e d=2and ) € (0,1],
e d=3and X € (2/3,1].

Corollary 2.1 gives us that H2~(1=2%~¢ is a subset of C(D) provided 2s > d where s :=2 — (1 —
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A)4 — ¢, This is equivalent to:

2s >d
4—(1—=Nd—2¢ >d
2¢ <4—(1-=XNd—d

2 < 4— (2 \)d.

We now consider the cases d = 1,2,3 separately. In the first case of d = 1 note that for any
A € ]0,1] it is possible to choice €’ > 0 such that 2¢’ < 24+ A and so no further restriction on A is
required.

In the second case of d = 2 we will show that it is necessary to restrict A to the interval (0, 1].
To see this note that:

25 >d 422 2¢ < 2.

Thus, in order to be able to choose ¢ > 0 such that 2¢’ < 2\ we will require that 2\ > 0 and so
we must exclude A = 0.

In the third case of d = 3 we will show that it is necessary to restrict A to (2/3,1]. To see this
note that:

2s>d L2 2 < 30— 2.

Thus, in order to be able to choose € > 0 such that 2¢ < 3\ — 2 we will require that 3\ —2 > 0
i.e. A > 2/3. Thus, we must restrict A to the interval (2/3,1] in order to insure that draws from

the true prior lie almost-surely in C'(D). |

B.3 Additional Proofs for Chapter 5

In this section we include any proofs of results from Chapter 5 not included in the main body of

the thesis.

Proof of Proposition 5.1.

This follows from Definitions 2.7 and 5.1. We can compute:

vec(Y) = vec(AXB + C) (B.20)
= vec(AXB) + vec(C) (B.21)
= (BT @ A) vec(X) + vec(C), (B.22)

where we have used standard properties of the vectorisation operator, vec, and the Kroenecker

207



Bayesian Uncertainty Quantification for PDE Models Chapter B

product, ®. Since X ~ MN 4,(M, U, V) we have via Definition 5.1 that

vec(X) ~ Ngn(vec(M), V @ U). (B.23)

Thus, using Proposition A.1 together with the above computation yields:

vec(Y) ~ Nk (BT @ A) vec(M) + vec(C), (BT @ A)(V o U)(BT @ A)T) (B.24)

= Npui(vec(AMB + C), (BTVB) ® (AUAT)), (B.25)

where we have simplified the mean and covariance terms using standard properties of the vec-
torisation operator and Kroenecker product. Thus, Y ~ MN,,, x(AMB + C,AUAT B?TVB) as

required. |

208



Appendix C

Additional Implementation Detalils

for Experiments

In this chapter any additional implementation details for the numerical experiments in this thesis

which are not included in the main thesis body are presented.

C.1 Additional Details for Experiments in Chapter 4

Remark C.1. In both the StatFEM prior and posterior the n, x n, matrix Kz, = fhK]:);
appears. This is the covariance matrix for the random load vector f = Fj f. The ij-th element of

this covariance matrix is given by:

K= [ [ oitoksxy)es (v)axdy. (1)

For a covariance function ky which is globally supported, the covariance matrix, Kz, , is dense
as can be seen from expression Eq. (C.1) above. As such, it can be very difficult to efficiently
compute and assemble the entries of this matrix. We thus employ an approximation of this matrix,
by interpolating the covariance function k; with the finite element basis functions, as suggested
by [65], i.e. denoting the non-boundary nodes of the FE triangulation by {x;},, we approximate
kg by,

zn

~ ) o)k (ke x0)0i(y)- (C.2)

k=1
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Using this interpolation of k; we can approximate the entries of K, by,

(K, )ij ~ Z_ by (i, 1) /D /D :(X)on (X0 (¥ )or(y) dedy

zn

- kél kf(Xk,xz)/D%(X)%(x)dx/D i (¥)eu(y)dy

Moy

= > k(e x0) Mg M,
k=1

= (MCM");;,

i.e. we can approximate:

Kz, ~MC;M7, (C.3)

where Cy € R™*™« is the covariance matrix corresponding to evaluating k¢ on the non-boundary
Lz

nodes, {x;},“,, of the FEM triangulation, and M is the mass matrix introduced in Section 2.2.2.

This approximation will improve as h gets smaller. ¢

Remark C.2. Since all of the true and StatFEM priors and posteriors are Gaussian measures,
and since we are interested in demonstrating a bound on the error between the respective priors
and posteriors for the Wasserstein-2 distance the expression Eq. (2.86) will be useful. Focussing
on the covariance contribution in Eq. (2.86), note that this is difficult to compute explicitly for
the measures in this thesis. For two GPs v; ~ N (0,%;), i € {1,2} we approximate the covariance
contribution by fixing a fine reference grid {ii}f\;l, computing the covariance matrices, C; =
{k; (X, il)}fxl:l, corresponding to the covariance operators, ¥;, evaluated on this reference grid,
where k; is the covariance function associated with ¥; respectively, and finally approximating the

Wasserstein distance as follows:

W2(N(0,51),N(0,55)) = tr(21) + tr(Da) — 2tr\/ £1/ 25,5172

~ tr(Cy) + tr(Cy) — 2tr\/C/2C,oCl/2, (C.4)

¢

Remark C.3. Let m,, m;, denote the means of the true and StatFEM prior (or posterior) respec-
tively. The mean contribution to the Wasserstein-2 distance is ||m, —mu||2(p). This contribution
can be easily approximated by utilising a modern FEM package such as FEniCS [5, 100], which we

use in this thesis. ¢
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