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Abstract

The development of computationally efficient algorithms for statistical inference of stochas-
tic differential equations has been a long-standing research subject ever since the advent
of stochastic analysis. Recently, there has been an increasing interest in extending these
methods to the statistical study of stochastic partial differential equations. In this thesis,
we are concerned with statistical inference for the linear stochastic convection-diffusion
equation (SCDE) driven by a stochastic forcing term that is spatially a Matérn process.
The approach is based on spectral methods for partial differential equations and ap-
proximates a solution to the SCDE via a Fourier spectral decomposition. The resulting
spectral processes are given by a family of uncoupled Ornstein-Uhlenbeck processes, for
which computationally efficient statistical inference is possible based on the Kalman fil-
ter. We give verifiable experimental results for all statistical problems - filtering, smooth-
ing and parameter estimation - based on simulated data. We further derive a novel weak
solution to the SCDE driven by spatial Matérn noise for spatially periodic boundary
conditions and show that the solution is indeed approximated by the Fourier spectral
decomposition, thereby validating the statistical model. For the heat equation, we gen-
eralize the spectral filtering approach on compact Riemannian manifolds. Experimental
results for this generalization are given on the two-dimensional unit sphere.
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1. Introduction

Statistical inference for dynamical systems that are subject to random forcing has been
an active research area ever since the popularization of stochastic analysis in the middle of
the last century. At the basis of this field lies the filtering problem, the task of estimating
the future state of a stochastic dynamical system based on empirical observations of the
system. Further tasks include the reconstruction of previous states — the smoothing
problem — and statistical inference on the model variables that parametrize the system’s
dynamics.

When the system is purely time-dependent, one represents it as a stochastic differential
equation (SDE). In cases where its dynamics are linear, the filtering and smoothing
problems can be solved efficiently and in closed-form using the methods developed by
Kalman! [1960].

The development of efficient filtering and smoothing algorithms as well as parameter
inference in the more complicated setting of nonlinear systems remains an open research
direction. For an introduction into this field, see for example [Sarkka and Solin [2019],
for recent developments see Mbalawata et al.| [2013], Graham et al|[2019] and Mider
et al.| [2020].

In this work, we are concerned with dynamical systems that are dependent on both
time and space variables, i.e. represented by a stochastic partial differential equation
(SPDE). Compared to the case of SDEs, statistical inference for such space-time pro-
cesses faces two additional challenges.

For one, even in the deterministic case, partial differential equations are notoriously
harder to work with than their ordinary counterparts. In fact, with the exception of
linear equations, there exists no unifying framework for solving SPDEs comparable to
the It6 calculus for SDEs.

The second issue, commonly raised in the field of spatio-temporal statistics, is that
space-time data sets are inherently large and computational efficiency therefore becomes
a yet bigger concern (Cressie and Wikle| [2011]). Even in the linear case, when closed-
form solutions are available in the form of Gaussian processes, naive smoothing and
parameter inference based on Gaussian process regression is of cubic computational
complexity in regards to the size of the data set. This problem is commonly referred to
as the ‘big-N-problem’.

A common way of numerically solving PDEs are spectral methods (see e.g. |Gottlieb
and Orszag [1977]). The basic idea is to seek solutions given by a (finite) sum of basis
functions, weighted by their spectral coefficients. In many situations, such decomposi-
tions transform the problem of solving a PDE into solving a family of ordinary differential
equations for the spectral coefficients.



A recent paper by Sigrist et al.| [2015] makes use of the spectral method based on the
Fourier basis functions to construct a spatio-temporal statistical model motivated by
the stochastic convection-diffusion equation (SCDE) driven by a stochastic forcing term
that is temporally white and spatially a Matérn process. Statistical inference for this
model can be done on the spectral processes in linear time, thereby circumventing the
big-N-problem and showing promising results in an exemplary application. The model
proposed by [Sigrist et al. [2015] will serve as the corner stone of this thesis.

Contribution We investigate the statistical properties of the SCDE’s Fourier spectral
approximation as proposed by [Sigrist et al.|[2015]. In contrast to previous work, we
derive the spectral processes in the framework of It6 calculus. In particular, it will be
shown that the spectral processes are given by uncoupled complex Ornstein-Uhlenbeck
processes (theorem . We prove that these have similar properties to their real-
valued counterparts (lemmata and , which results in easily obtainable temporal
convergence statements of the proposed model to a stationary process (corollary .

Furthermore, we give verifiable experimental results for all statistical problems - fil-
tering, smoothing and parameter estimation - based on simulated data. Our statistical
model follows the approach given in |Sigrist et al.| [2015], albeit with slight differences,
including our choice to retain a complex-valued formulation of the spectral processes.
Other small-scale discrepancies, e.g. differing prefactors, are pointed out at appropriate
times throughout the models derivation in sections [3.2] and [3.3]

Our results (section show that the spatio-temporal process can be efficiently
estimated based on noisy and discretely sampled observations using the Kalman filter
and -smoother for the spectral processes. It further shows that even simple Bayesian
inference schemes can recover model parameters. This fills a gap in the current literature,
in which only the models predictive power has been examined.

The second part of the thesis is concerned with solving the stochastic convection-
diffusion equation. As the equation is linear, this can readily be done in the framework
of weak solutions. We obtain a novel weak solution of the SCDE with spatially periodic
boundary conditions, driven by a stochastic forcing term that is temporally white and
spatially a Matérn process (theorem [4.3)). For this, we make use of a recent result by
Borovitskiy et al. [2020] that generalizes the Matérn covariance function for Riemannian
manifolds. Our result shows that the Fourier spectral decomposition converges in the
L?-sense to the weak solution of the SCDE as we let the number of basis functions go
to infinity (corollary [4.3)).

We further investigate the weak solutions long-time behavior as it converges to a
stationary generalized Gaussian process (proposition and derive the spectral density
of the corresponding stationary Gaussian process (corollary .

Besides validating the statistical model, these novel results open up easily obtainable
generalizations and future research directions. A noteworthy example of high practical
importance is an application of the spectral filtering approach for the stochastic heat

equation on the sphere (section [5.2.1).



Outline The outline of this thesis is as follows. Chapter 2 introduces all necessary
theory for the later chapters. This includes reviewing some basics concepts that we
assume the reader is familiar with, such as tools from Fourier analysis and the Kalman
filter. More attention will be given to the specifics of complex valued stochastic processes
and -It0 integrals, the spectral representation theorem for stationary processes and the
framework of weak solutions to linear SPDEs.

The following chapter is concerned with the Fourier spectral approximation of the
SCDE. After deriving the model based on the spectral representation theorem, the
properties of its spectral processes will be investigated and experimental results will
be presented. A considerable part of the chapter is devoted to the derivation of the
spectral Kalman filter, an improvement of the original Kalman filter based on some of
the advantageous properties of the discrete Fourier transform.

In chapter 4, we provide the aforementioned weak solution to the SCDE. Its first
section will derive a spectral representation for stationary processes defined on periodic
domains. This will allow us to reframe the problem in section 4.2 and derive its weak
solution as well as investigate its convergence behavior to a stationary process.

Lastly, chapter 5 provides some details on possible generalizations of the proposed
model and future search directions. In particular, it includes first experimental results
for the spectral filtering method applied to the stochastic heat equation on the unit
sphere.



2. Preliminaries

This chapter reviews and introduces some basic theory that we will need for later chap-
ters. We begin by revisiting tools from Fourier analysis, in particular Fourier spectral
decompositions and the discrete Fourier transform.

Next up, we take a look at complex valued processes and their It6 integrals. In
particular, we introduce the spectral representation of stationary processes, which will
play a key factor in motivating the filtering scheme in chapter three.

The last two sections are concerned with stochastic dynamical systems, both in the
purely temporal as well as the space-time case. In the former case, we revisit the fil-
tering problem for stochastic differential equations. For the latter case, we introduce a
framework of solving linear stochastic partial differential equations, which will allow us
to give a rigorous interpretation of our proposed filtering method.

2.1. Review - Tools from Fourier Analysis

Many key concepts in this thesis involve tools from Fourier analysis. For example,
they play a role in representing stationary stochastic processes by their spectral decom-
positions or in solving differential equations by transforming differential operators to
algebraic operations in the frequency domain.

We shortly summarize some of these tools and their essential properties. For a detailled
introduction to the underlying theory, we refer to |Stein and Shakarchi| [2003]. For more
details on the discrete Fourier transform, see e.g. Briggs and Henson| [1995].

Definition 2.1 (Fourier Transform). Let d € N and f € L'(RY) be an integrable
function. Its Fourier transform is defined as

F()(w) = f(w) := (2m) SO exp(—iw Dt (2.1)
The Fourier transform is a linear operator whose inverse, when it exists, is given by
f6)y =71 (He) = y fw) exp(iw - t)dw. (2.2)

The inversion formula holds whenever f is integrable. For example, this is the case when
f lies in the Schwartz space of rapidly decreasing functions, though more general cases
exist and we shall from now on assume that our functions are ’nice enough’ such that
the inversion formula holds.

In cases where f is a periodic function, the Fourier transform is not well defined.
Instead, a decomposition likening is given by the Fourier series.



Definition 2.2 (Fourier Series). Let f be a periodic function on [0, L]?. If existent, its
Fourier series decomposition is given by

ft1, ..., tq) = Z a; exp<2m' <€t1 + ..+ jztd>>, with

jez2 (2.3)
s = 1/ f(t tq) exp| —2mi j—lt + o+ jfdt dty...dt
i=Ta o 1y tg Thtt+ Tl 1..-atg.

The j-th Fourier basis function, corresponding to the j-th spatial wave §; := 2m (%, ..., %),
is defined by

¢j(t1, ..., tq) == exp <2m' <‘7£t1 + e+ ‘?td))

One can show that the Fourier basis functions form an orthonormal basis in the space
of square-integrable functions:

Theorem 2.1. The family (¢;);cza are an orthonormal basis of the Hilbert space
£2([0, L]%) of square-integrable functions equipped with the scalar product

(h,g) 2 ::/ h(t1, oo td)g(te, .. tq)dty...dtg.
[0,L)¢

In particular, for any h € £2([0, L]%), it holds (with convergence in regards to || - || )

h = Z Oéj(]ﬁj.

JEZ4

The pointwise convergence of the Fourier series as defined in is in general not
trivial, but holds, for example, if f is continuous and its Fourier coefficients (a;);cza are
absolutely summable. Again, we shall assume that the periodic functions of our concern
are 'nice enough’ such that a Fourier series representation exists.

Let us further remark that it is common to represent functions of bounded domain as
periodic functions of unbounded domain by extending their domain 'mod period length’.

If f is a real-valued function, it is easy to see that its Fourier coefficient oy is real-
valued as well. In fact, in this case the Fourier series expansion can be substituted
by the cosine-sine-decomposition which makes use of real coefficients only, but we will
not be concerned with that representation.

Lastly, the discrete Fourier transform takes these concepts to the discrete domain. It
can be regarded as the numerical approximation of both the Fourier transform f and
the Fourier coefficients («;);, based on evenly gridded samples of the function f.

Definition 2.3 (Discrete Fourier Transform). Let f = (f_N/2+1, - fN/Q) be a vector
of complex numbers for an even number N € N. Then its discrete Fourier transform



(DFT) F is a N-periodic complex-valued vector given by

N/2
(@) = F = % S fuexp(—2midn). (2.4)
n=—N/2+1

The inverse discrete Fourier transform (IDFT) of a complex vector F' = (F _N/241s e F N/Q)
is given by

N/2

(@ '(F)n= >  Frexp(2mifn) (2.5)
k=—N/2+1

and satisfies the inverse relations:

Jn = [(I)_l((l)(‘f))]m

Note that the DFT operator is linear and represented by the symmetric matrix

& NxN
® = 1 exp (—27rzﬁn)_N/2+lgk’nSN/2 e CM Y. (2.6)

It can be shown that the Fourier basis functions satisfy the following orthogonality
property in n:

N/2 | 7
Z exp(QW%n) exp(—QWi%n) _ {N 1fl (k—1) mod N =0,
n=-N/2+1 0 else.

From this it follows that the IDFTs matrix representation is given by
=N

The DFTs computational costs of O(N?) associated with its matrix formulation can be
drastically improved upon by the Fast Fourier Transform (FFT), whose computation
of the DFT is of complexity class O(N log(NN)). Due to its computational advantages
we shall from here on assume the FFT as a black-box DFT solver. For more details on
the FFT, see (Cooley and Tukey| [1965], whose work popularized the FFT algorithm, or
chapter 10 of |Briggs and Henson| [1995] for a detailled introduction.

The DFT-IDFT pair easily extends to multiple dimensions. In particular the two-
dimensional case will be of interest to us. Given f = (f m)n,m forn = —%4—1, s %, m =

—& +1,..., %, the DFT is given by

1
®frs = Fii = 177 S fumexp(—2mi(£n + 4rm)) (2.7)



The sequence F},; is N-periodic in k£ and M-periodic in [ and it is easy to see that the
DFT-IDFT properties and matrix representations extend to the multidimensional case.
Of further interest is the special case where f is a real-valued vector. We then have

Fri=F k1

In that case, only the following % + 2 Fourier coefficients of the DFT F = ® f need
be computed

Fo,0, Eny2,05 Fony2s Fvjene € R

F, =F_ € C, fork=1,..., 8 -1

kM/2 = F—kM/2 or ]%[ 2.8)
Fro=F_ko €C, fork=1,...,5 -1
Fyy=F_p-1€C, fork=—-N+41,. Yi=1.,4_1

and these are uniquely defined by N M real quantities.



2.2. Stochastic Processes and Stochastic Integration

We start this section off by introducing complex-valued stochastic processes, as they
require special attention compared to their real-valued counterparts. Following this, we
review integration in regards to stochastic processes, in particular for complex-valued
Wiener processes and processes whose covariance functions are of bounded variation.
Lastly, these concepts come to a use in showing proving the spectral representation
theorem for stationary processes.

2.2.1. Review - Stochastic Processes

Let (2, .#,P) be a probability space and (E, £) a measurable space. A stochastic process
X = (X(¢))ter is a family of random variables

Xt):Q—FE, teT
w— X(t)(w).

If X (t) is square-integrable for each ¢t € T', we denote the mean- and covariance function
(or kernel) of X by

m(t) := E[X (¢)]
k(s t) := Cov[X(s),X(t)], s,teT.

IfT = R‘i, one speaks of a X as a random function or a continuous (time) stochastic process.
Likewise, if T'= N or T' = Z, one speaks of a discrete (time) stochastic process. In situ-
ations where the context is clear, we shall simply write (X (¢)); or X. Unless specified
otherwise, we assume that (F,&) = (R, B(R)), where B(-) denotes the standard Borel-
o-algebra.

If (E,€) = (C,B(C)), we call X complez-valued. These processes require some addi-
tional attention, especially in regards to their second order moments. We shall therefore
give them a short introduction, based on [Lapidoth [2009], chapters 17 and 24.

Definition 2.4 (Complex-valued Stochastic Process). A complex-valued stochastic pro-
cess Z is a process

Z(t) = X(t) + Y (t),

where X,Y are two real-valued processes. Its mean function is defined as E[Z(t)] =
E[X (t)] +¢E[Y (t)] and we denote it by m(t). Its second order momenta are given by the
covariance- and pseudo-covariance function, respectively defined by

k(s,t) := Cov[Z(s), Z(t)] :==

(2.9)



Note that the covariance function is conjugate symmetric, meaning that k(s,t) = k(t, s)
for all s,t € T, whereas the pseudo-covariance remains symmetric as in the real-valued
case.

An easy calculation shows that the variance and pseudo-variance functions can be
written as

Var[Z(t)] :=

,t) = Var[X (t)] + Var[Y (¢)]
Var*[Z(t)] = t (2.10)

t
(t,t) = Var[X ()] — Var[Y ()] + 2iCov[X (t), Y (1)].

We may also consider complex-valued random vectors, whose second-order statistics, in
line with the previous definition, require special care:

Definition 2.5 (Complex-valued Random Vector). A complex-valued random vector is a
vector Z = (Z1, ..., Zx)", where Z;, i = 1, ..., k, is a complex-valued random variable. We
define its mean by E[Z] = (E[Z1], ..., E[Zk])" and its covariance and pseudo-covariance
matrices via

Kzz = E[ZZ"] - E[Z]E[Z]" = [Cov[Z;, Zjlh<ij<k

K7, = E[ZZT] _ E[Z]E[Z]T = [Cov*[Z:, Zj]]1§i7j§k- (2.11)

Let Z be another complex-valued random vector. Then we define the cross-covariance
and pseudo-cross-covariance matrices of Z and Z as

K, 5 = E[ZZ"| - E[Z|E[Z)" = [Cov|Zi, Z;|l1<i j<k

Z . ; (2.12)
K} = E[ZZ"] - E[Z|E[Z]" = [Cov*[Zi, Zi])1<ij<.

Likewise to the real-valued case, we call Z and Z uncorrelated or orthogonal if

The generalization of Gaussian vectors and -processes to the complex case is straight-
forward:

Definition 2.6 (Complex-Valued Gaussian Vector). A vector Z = (Zy, ..., Z)), with
Zj = X; +iYj for all j, is called a (k-dimensional) complex Gaussian vector if

(Xh Y17 "'7Xk:7 Yk?)

is a 2k-dimensional Gaussian vector. If k =1 and X,Y %J\/’(O, %), we call Z = X +1iY
standard complex Gaussian and denote it by Z ~ CN(0,1). It is a special case of a
proper complex Gaussian, which we will define below.



It can be shown that, just like in the real case, any complex linear transformation of
a complex Gaussian vector or the sum of two independent complex Gaussians remains
complex Gaussian.

Recall that a Gaussian process (X (t)): is a stochastic process such that (X (¢1), ..., X (tx))
is a Gaussian vector for any ty, ..., tx. Accordingly, we define:

Definition 2.7 (Complex Gaussian Process). A complex Gaussian process is a process Z
such that [Z(¢1), ..., Z(tr)] is a k—dimensional complex Gaussian vector for any ¢1, ..., t.

Whereas Gaussian processes are uniquely defined by their mean- and covariance func-
tion, this is not necessarily true in the complex case:

Example 2.1. Let X,Y be two independent, real-valued Gaussian processes with mean
zero and identical covariance function x(s,t). Define the processes 77, Z5 via

Zi(t) == X(t) +iY (t)
Zo(t) :== X (t) +iX(1).

It is immediate that both are complex-valued Gaussian processes with identical covari-
ance function given by

E[Z1(s)Z1(1)] = E[X () X ()] + E[Y (s)Y (1)] + i (E[Y (s) X ()] — E[X ()Y (£)])
)

= E[Z2(s) Z2(1)].
On the other hand, the pseudo-covariance function of Z; is given by
E[Z1(s)Z1(t)] = E[X ()X ()] — E[Y (s)Y ()] + i (E[Y () X ()] + E[X ()Y (2)])
=0,
whereas for Z5 we have
E[Zy(s)Z>(t)] = E[X ()X (¢)] — E[X (s) X ()] + i (B[X () X (¢)] + E[X (s) X (£)])
= 2ik(s,t)
# 0.

This example shows that, contrary to the real-valued cased, a complex Gaussian process
is not uniquely represented by its mean and covariance function. It therefore motivates
the following definiton of properness.

Definition 2.8 (Properness). A proper complex random vector Z is a random vector
such that K3, = 0. A proper complex process Z = (Z(t)); is a process such that
(Z(t1), ..., Z(tx)) is a proper complex random vector for all 1, ..., .

As hinted at before, properness comes in particularly handy in the context of Gaussian
variables, as seen in the following lemma.

10



Lemma 2.1. Let Z = X + iY be a k-dimensional, proper complex Gaussian vector.
Then Z is uniquely defined by its mean m and covariance matrix K and we write
Z ~ CN(m, K). Its density function is given by

1

et () P (= m) KTz = m). (2.13)

fz(z) =

It further holds that

(X.Y) ~ Ny <(§§EZ;> , % @f Eg }S{%D > . (2.14)

Proof. See |Lapidoth| [2009], proposition 24.3.12. for the first claim and the proof of
proposition 24.3.7. for the second claim. O

Note that the process Z in example is a proper Gaussian process and can therefore
be defined via its mean- and covariance function. Additionally, it is a special case in
the sense that its covariance function is real-valued, which does not generally have to be
true - it holds if and only if Cov|[X(s),Y (t)] = Cov[X (¢),Y (s)] for all s,¢.

Proper complex vectors possess properties resembling those of Gaussian variables, in
particular:

Lemma 2.2. 1. A k—dimensional complex random vector Z is proper if and only if
a”Z is proper for all a € CF.

2. Let Z be a k-dimensional proper random vector. Then AZ is proper for any
A € Cmxk,

3. Let Zy ~CN(mq, K1), Z2 ~ CN(maz, K3) be two independent, proper complex
Gaussian vectors. Then for any A, As € Cm*k Z = A1Z4 + AaZ, is proper
complex Gaussian with

Z ~ CN(Alml + Aameg, AlKlAi{ + AszAg) (215)
Proof. See [Lapidoth| [2009], propositions 17.4.2 and 17.4.3. O

Remark 2.1. Let m € CF be a complex vector and K € C*** be a hermitian matrix
with Cholesky decomposition K = LL*”. We can then draw a sample z of the proper
complex Gaussian vector Z ~ CN(m, K) by drawing (x,y) from the 2k-dimensional
Gaussian vector (X,Y) ~ Nox(0, 1 E), E denoting the unit matrix, and setting

z=m+ L(x + iy).

We finish this paragraph by defining the complex counterparts of two of the most
fundamental stochastic processes - discrete time white noise and the Wiener process. A
discrete time Gaussian white noise is a real-valuled process w = (i, )nen such that

Ui, ~ N(0,1)

. (2.16)
E[wnim,] =0, for all n # m.

11



Its complex counterpart is a process w = (W )nen such that

W — wl,n + in,n
n — 9
V2
where w1, wy are independent discrete time Gaussian white noise processes.
A Wiener process or standard Brownian Motion (w(t));e(o,00) i & centered Gaussian

process with covariance function E[w(s)w(t)] = min(s,t). It has almost surely continu-
ous trajectories t — w(t) and normally distributed increments

(2.17)

w(tiv1) — w(ti) ~ N(0, g1 — ).

that are independent for all 0 < t; < to < ... < tp,n € N,i € {0,...,n — 1}. Likewise to
the discrete white noise case, we define complex Wiener process (Brownian motion) as
the complex-valued process given by

w1 (t) + 1wo (t)
ﬁ 9

where w1, ws are independent Wiener processes. It follows from example [2.1] that com-
plex Brownian motion is a proper complex Gaussian process.

The issue of continuous time white noise, often times treated as the formal derivative
of the Wiener process, will be addressed in sections and

w(t) =

2.2.2. Review - Stochastic Integration

This sections reviews integration in regards to stochastic processes. We first consider
the case in which the integrator is a stochastic processes whose covariance function is of
bounded variation, which will be of use for us in the spectral representation of stationary
processes.

We also review basic properties of the Itd integral, in particular the complex-valued
case and show that it defines a proper complex Gaussian process for deterministic inte-
grands.

Let T be an n—dimensional interval, X = (X (t)); be a stochastic process and f(t)
be a function or a stochastic process itself. Recall that a stochastic integral may be
constructed as the L?(P)-limit of Riemann-Stieltjes sums of the form

/T FAX (1) = T 37 FE)AX (). (2.18)

AtEPy

Here, (Py)r denotes any sequence of sub-interval partitions of T" - each a family of disjoint
sub-intervals At = [t; + Aq] x ... X [t, + Ay] with Uaep, = T - such that the mesh size

|Pr| == Jmax {|At| = HAl} —0

i=1

12



and t' denotes the “lower left” corner point ¢’ = [t1, ..., t,] for any interval At¢. Further,
AX(t) denotes the increment of X over any interval At, given by

AX(t) = X(tl + Al, R An)
- ZX(tl F ALt F At i F Aty A
i

(2.19)

+ Z X(tl + A1, ety ey Ljy.oitn + An)

i#]

— e+ ()" X (1, ey tp)-

Note that the convergence of the right-hand side in (2.18]) is not trivial and requires

assumptions on the integrand f and integrator X. In particular, we need the following
two cases, whose assumptions we shall specify shortly:

1. The integrator is a stochastic process whose covariance function is of bounded
variation. In that case it will suffice to consider deterministc integrands.

2. The integrator is a Wiener process and the integrand is itself a stochastic process.
For our purpose, it will then suffice to consider n = 1.

The following theorem treats the first case. Its proof relies on the construction of the
Lebesgue-Stieltjes integral for functions of bounded variation. For details, see appendix

(Al

Theorem 2.2. Let X = (X(¢)); be a centered stochastic process and g(t) be a measur-
able function, both possibly complex-valued. Denote by k(t, s) the covariance function
of X. Assume that k(s,r) is of bounded variation on an interval 7' C R™ and that the
Lebesgue-Stieltjes integral

/ o(g(s)dk(t, ) (2.20)
TxT

exists. Then the stochastic integral

I= / g(t)dX(t) = klim g(tAX(t) (2.21)
T T AteP,
exists as a limit in L?(P) with
E[l] =0
E[IT) = / o(D)g(3)dk(t, 5). (2.22)
TxT

Further, let Y = (Y (¢)); be another centered stochastic process and f(t¢) be a function
such that J = [, f(t)dY (t) exists. Then

E[IJ] = /T . g() f(s)dkxy(t,s), (2.23)

where kxy denotes the cross-covariance of X and Y: kxy(t,s) = E[X(¢)Y (s)].
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Proof. An idea of the proof is given in Lindgren| [2012], theorem 2.16, and is based on
the Loéve Criterion, which states that a sequence of random variables (Sg)i converges
in L%(P) if and only if the limit limy m— o0 E[SkSy,] exists.

Thus, let (Pg)k, (P,)m be two sequences of subinterval partitions of 7" with mesh sizes
going to zero. Denote by (Sk)k, (Sy,)m the respective Riemann-Stieltjes sums.

Note that for any intervals At, As, we have E[AX (t)AX(s)] = Ak(s,t) where the
increment Ak(s,t) is taken over the 2n-dimensional interval At x As. We then have

lim E[SkS’]: lim B | Y g(t)AX(t) > g(s)AX(s)

k,m—00 k,m—o00
AtePy, AseP!,

pu— 1'

Jm 3 Y teGE [AXOAXG)
ALEPy, AseP!,

pu— 1' , /

W Jm > gt)g(s)Ak(s,t)

AtxAsePy

- / o(O)g(5)dk(t, 5),
TxT

noting that P, = {At x As | At € Py, As € P;,} is a sequence of partitions of T' x T
with mesh size going to zero. The convergence is therefore assured by the existence
of the Lebesgue- Stieltjes integral [, - g(t)g(s)dk(t,s). We thus receive existence and

uniqueness of [ g(t)dX(t) and equation (2.22).

For the second clalm, note that the Cauchy-Schwarz inequality assures the existence
of both integrals in (2.23). The equality follows in the same way as the one above.
O

The case where f(t) is a stochastic process itself requires more attention. A detailed
construction can be found in Kallianpur and Sundar| [2014], chapter 5.

Theorem 2.3. Let (w(t)): be a Wiener process and (f(t)): be an adapted process such

that
E [/Ot f2(s)d3] < oo. (2.24)

Then, the Ité integral 1(t fo ) exists as a L?(P)-limit with

E[1(t)] =

0
—E [/Ot f2(s)ds] . (2.25)

Proof. See e.g. Kallianpur and Sundar| [2014], chapter 5. O

We denote by M2 ([0,]) the space of all adapted processes such that (2.24)) holds and
by Ei (T') the space of all complex-valued functions such that (2.20)) exists. Note that
the stochastic integrals above are linear mappings on the respective spaces.

14



The stochastic integral is easily extended to the multivariate case. Let wi, ..., w,, be
independent Wiener processes such that w = (wq, ...., wy,) is a m—dimensional Wiener
process and let f = (f;j)i<i<k,1<j<m be a matrix—valued process such that f;; € M2
for all 4, j. The vector-valued stochastic integral I(¢ fo ) is then defined via

I(t) := (11(t), ...,Ik(t))T,

=JZl /0 fi5(3)duwy(s)

An extension for the integral defined in theorem [2.2]is defined in the same way.
We are particulary interested in the two-dimensional extension, which allows us to
extend the It6 integral in regards to complex Brownian motion:

where for all i =1, ...,k

Definition 2.9 (Complex-valued Stochastic Integration). Let w = %(wl + tws) be a

complex Brownian motion and f = f1 —|— ifs be such that fi, fo € M2. We define the
complex-valued stochastic integral fo s)dw(s) as

[ o= [ s i
ot o)

Note that the complex stochastic integral can be identified with the vector-valued Ito

integral
1 t fi(s) = fals) wi(s),wa(s))”
\@[ (fz(s) fi(s) )d( 1(s), wa(s))"-

Now, let w be a Wiener process and f € L2. It is a well-known fact (see e.g. Lindgren
[2012], theorem 2.16) that the special case of both theorem [2.2] and [2.3 has the practical
property of defining centered Gaussian variables

(2.26)

() = /Otf(s)dw(s), £ € Rao, (2.27)

)] = /O "™ 2 (udu. (2.28)

In fact, using the independence of Brownian motion increments, one is quick to see that

with covariances given by

any linear combination

M F($)dw(s) + o+ Mg Okf(s)dw(s)

0

15



is again a Gaussian variable, concluding that the process (I(t)); is a centered Gaussian
process with covariance function given by .

The following lemma shows that this property extends to the complex case and defines
a proper complex Gaussian process:

Lemma 2.3. Let w = %(wl + iwg) be a complex Wiener process. Let f(s) = fi(s) +

if2(s) be a complex-valued function such that f1, fo € £2,.
Then the process I = (I(t)):, defined by

= [ st

is a proper complex Gaussian process with covariance function

BT = [ 17w (2.29)

Proof. By definition, it holds

[ ror= b [ i 10w
[t )

\/5 [Il( ) +ZI2( )]

where I, Iy are both sums of independent centered Gaussian processes as given in ([2.27)).

To show that I is a complex Gaussian process, we need to show that [1(¢1), I2(¢1), ...,
I (tr), I(ty)] is a 2k-dimensional Gaussian vector for any ti,...,t; € Ri. This follows
from the fact that for any A\;, u; € R,7 =1, ..., k, the random variable

Ay (ty) + pada(ty) + oo+ M di(te) + pad2(te)

t1
= /0 [(A1 4 oo + Xe) f1 4+ (1 + o+ pg) fo]dwn

t1
+ /0 [—(A oo+ M) fo+ (1 + e + pg) f1]dwe

+

Ly

123
+/ [/\kf1+/1«kf2]dw1+/ (=) f2 + p fr]dws

tk—1 tk—1

is Gaussian as a sum of independent Gaussian variables.
To show properness, following example it suffices to show that

Cov[I1(s), I1(t)] = Cov[Ia(s), I2(t)]
Cov[I1(s), I2(t)] = 0.

16



It holds

it s ]
o)
= [ s+ Wﬁww
([ et )
</ J1(u)dws (u /f2 )dw (u )}

= E[I5(s)2(t)],

where we have used the independence of wy, ws and equation ([2.28)) in steps 2 and 3. To
show uncorrelatedness, the same arguments give

E[I(s)I [(/ J1(w)dwy (u /f2 )dws (u )
" oo s
:A ﬁ@ﬁww—A F1(w) fo(u)du
=0

Thus, (I(t)); is a proper complex Gaussian process with covariance function given by
EU()T0] = 5 (BL(s)1 (0] + Bl () + & (Bl (s)1(0)] ~ EIL(:) (1)

SNt
:A 2 (u) + f2(u)du

SAt
—/ 1 ) 2
0

2.2.3. Spectral Representations of Stationary Stochastic Processes

The following section, based on chapter 4 of |Yaglom| [1987a], is concerned with station-
ary stochastic processes. Intuitively, any process (X (¢)); whose stochastic behavior is
invariant under a parameter shift ¢t — ¢ + 7 is referred to as a stationary process.

We are particularly interested in the spectral representation of X, which enables its
approximation by orthogonal random variables.

17



Definition 2.10 (Stationary Processes). Let X = (X (t));crn be a real-valued stochas-
tic process with mean- and covariance functions m(t) and k(s,t). It is called strictly
stationary if the distribution of any p-dimensional random vector

(X(t1+71),...X({tp,+71)], peNty, . t,,7eR",

is independent of the translation vector 7.

It is called weakly stationary (or sometimes homogeneous in the case of n > 1) if its
mean function is constant and its covariance function is a function of the difference 7
only:

m(t) =m, teR",
k(t+7,t) =c(1), t,7 €R™

We call X isotropic if its covariance function depends on the distance ||7|| only.
If X is a non-proper, complex-valued process, one further requires its pseudo-covariance
function to be dependent on the difference 7 (distance ||7||) only.

It is clear that a strictly stationary process with finite second-order moments is indeed
stationary in the weak sense. The marginal distributions of X (¢) are identical and thus
have constant mean, whereas the translation invariant joint distributions of [X(¢; +
7), X (t2+7)] imply that the (pseudo-)covariance function depends on the distance to —1;
only.

However, in the case where X is a Gaussian process, the notions of strict and weak
stationarity are equivalent due to the fact that the finite dimensional distributions of a
Gaussian process are uniquely defined by its mean- and covariance function. Further-
more, the main result of our interest - the spectral representation theorem - concerns
stationary process in the weak sense and we shall from now on refer to those as stationary
processes.

It is an imminent fact that the covariance function ¢(7) of any stationary process is
positive-definite in the sense that for any t4,...,t,, € R”, a1,...,a, € C

m
Z amﬁ-c(ti — tj) > 0.

1,j=1

Conversely, one may show that any positive-definite function ¢(7) is the covariance
function of a stationary Gaussian process (see e.g. Lindgren| [2012], theorem 3.1 for the
one-dimensional case).

Therefore, the class of covariance functions of stationary processes equals the class of
positive-definite functions on R"™, which opens up their characterization via a version of
Bochner’s theorem:

Theorem 2.4 (Bochner’s Theorem). Let ¢(7) be a positive-definite function on R”.
Then there exists a bounded function F' : R — R with non-negative increments
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AF(w), such that ¢(7) is given by the Fourier-Stieltjes transform

o(r) = /n exp(iw - 7)dF(w). (2.30)

The function F' is known as the spectral distribution function of ¢(r) (or X), and the
Lebesgue-Stieltjes measure up as its spectral distribution.

Proof. See Bochner| [1959], chapter 4, §20. O

Note that ¢(0) = pp(R™) and that F(w) is unique up to an additive constant. It is
common to choose F' such that limy, o0 i=1,. n F(w) = 0. Furthermore, in the special
case that ¢(7) is absolutely integrable,

/ le(T)|dT < oo,
one may show that ¢(7) forms a Fourier transform pair with the spectral density

1) = g0

T Owi...0wn "

Consequently, we get

e(r) = f(w) exp(iw - 7)dw,
R (2.31)
flw) = (271')”/ c(1) exp(—iw - T7)dT.

n

We come to this sections centerpiece - the spectral representation theorem. Intuitively,
it takes Bochners theorem one step further and represents a stationary process itself to
a Fourier-type stochastic integral, with the integrator being related to the processes
spectral distribution.

Theorem 2.5 (Spectral Representation Theorem). Let X be a centered stationary
process with spectral distribution F'(w). Then there exists a stochastic process Z =
(Z(w))wern such that

X(t) = / expli 1)dZ(w). (2.32)

We call Z the spectral process of X. It has centered, orthogonal increments whose
variances are given by the increments of F(w):
E[AZ(w)] =0,
E[AZ(w)AZ(v)] =0, if AwnAv =), (2.33)
EAZ@)]2] = AP(w).
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We want to remark that there exists a generalized spectral representation theorem, of
which the version above is a direct colloray from. In summary, it states that a stochastic
process (X(t)); over an arbitrary index set T with covariance function k(s,t) emits a
spectral representation

X(t) = /A 6(t, a)Z(da)

if and only if its covariance function can be written as the measure integral of a complex-
valued function ¢(t,a) over an arbitrary set A:

k(t, S):/Aqﬁ(t,a)qﬁ(s,a)F(da).

Here, F'(Aa) is a bounded measure and Z(Aa) an orthogonal, centered random measure,
both on measurable subsets of A. These are again linked by the relation

0, if AanNAb=10
F(Aa), if Aa= Ab.

E[Z(Aa)Z(Ab)] =
Theorem then follows immediately from the fact that we may write

k(t,s) =c(t —s) = / exp(iw - t) exp(—iw - s)dF(w) (2.34)
and the observation that we may represent a measure (random measure) on (R”, B(R"))
via the increments of a distribution function (random process) over intervals Aw. For
more details and other results based on the generalized spectral representation theorem
(e.g. the widely used Karhunen-Loéve expansion), see |[Yaglom| [1987a], section 26.

We shall prove theorem in a more direct way, as the proof holds an import insight
for the special case where X is a Gaussian process. It is based on theorem 3.17, |Lindgren
[2012], where the proof was given for the case n = 1.

Proof of Theorem [2.3. Denote by L?(P) the Hilbert space of square-integrable random
variables with inner product

(U, V)2 = E[UV].

Let H(X) be the closure (in regards to the induced norm || - [|z2(p)) of random variables
of the form

MX(t) + oo + M X (),  t1, st €R™ A, A\, € C. (2.35)

Note that (H(X), (-),2(p)) is a closed, linear subspace of L*(P) and thus a Hilbert space
itself.

Furthermore, denote by ug(-) the Lebesgue-Stieltjes-measure induced by F(w) and
let H(F) = L?(ur) be the Hilbert space of up-square-integrable functions with inner
product

(Fs9) 2 (ur) = - flw)g(w)dF (w). (2.36)
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Our aim is to show that the spaces H(X) and H(F') are isometrically isomorphic and
construct the spectral process (Z(w)), in H(X) via respective functions in H(F').

For t € R", denote by ¢; the function w +— exp(iw -t). By Bochner’s theorem, we
have for all s,t € R™:

(X(8), X(1)r2(p) = / exp(iw - s)exp(iw - t)dF(w) = (Ps, Pt) 12(up)- (2.37)

n

and in particular || X (¢)[|L2p) = I|Ptll L2(up)-
Define Z(X (t)) := ¢¢. For any random variable U of the form (2.35)), let

I(U) = )\11'(X(t1)) + ..+ )\kI(X(tk))

(2.38)
= )\1¢t1 + .+ Ak¢tk
Then it is clear that (2.37)) extends to
(U V)@ = ZWU)L,ZV)) L2 (ur) (2.39)

if U,V are as in (2.35). Now, using the fact that the families {U € H(X) : U =
Zle ANiX(ti)} and {f € H(F): f = Zle i, } are dense in their respective Hilbert
spaces, it is a standard result that one may uniquely extend Z to a bijective isometry
T:H(X) — H(F).

Now, for a fixed w = (w1, ..., w,) € R"™, define the indicator function

90(&) =[] Tcoownl (&), € €R™ (2.40)
=1

Furthermore, for an interval Aw := [wy,w1 + A1] X ... X [wp, wn + Ay], define

92w (&) = G +A1, on+,) ()

- Z J(w1+A1 i — 1+ 1,w5 Wit 1+ A 1o Wn+Ar) (5)

1

+ Z g(w1+A1,...,wi,....,wj,...wn+An)(5)
i#£]
— .t (_1)ng(w1,“.,wn) (g)

It holds that

n

920(€) = [ [ Ljwswiray (&) = Law(©)

=1

and we get that g, gaw € H(F') with

191 £2 () = 117 (=00, @] X ... X (=00, wn]) = F(w)

1980l 22(up) = pr(Aw) = AF (w).

21



Define the spectral process Z via
Z(w) =T Yg,), weR" (2.41)
From the linearity of Z it follows that Z satisfies AZ(w) = Z-!(ga.) and thus
E[AZw)]"] = |AZ] 2p) = l98wll22(ur) = AF (). (2.42)

Further, Z has orthogonal increments over disjoint rectangles Aw N Av = ():

BIAZ()BZ0) = (g0 980 2y = | 1aulOTaOF© =0. (243
It remains to show that
X(t) = / expli 1)dZ(w).

Recall that for any interval T’

/Texp(iw t)dZ(w) = lim Z exp(iw’ - t)AZ(w) =: klgglo Sk(t),

k—
> AwePy,

where (Py)x is a sequence of sub-interval partitions of 7' with mesh size going to zero
and W' = [w1, ...,wy] for an interval Aw = [w1, w1 + A1] X .o X [wn, wp, + Ay

Note that the limit is taken in L?(P) and we may thus apply Z on the RHS and pull
out the limit to get

z < lim Sk(t)> = lim Z exp(iw’ - t)Z(AZ(w))

k—o0 00
AwEPy (244)

= lim Z exp(iw' . t)]lAw.
AwEPy

Furthermore, the RHS sum is a bounded function that, due to |Px| — 0, converges
pointwise for any £ € R™:

lim S exp(iv - t)1aw(€) = exp(ié - ) = 64(6).

k—o0
AwEPy,

Thus, using dominated convergence in L?(ur) for the second step, we get
Z| lim Si(t) ) = 1 W' - t)1
(kggo k( )) Jim 7 exp(iw ) L

—00
AwEPy, (2 45)

= 1
= Z(X (1)),

which proves the claim.
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As mentioned before, the proof above gives an important observation. In the special
case that X is a Gaussian process, any random variable Y € H(X) is in fact a normal
distribution as the L?(PP)-limit of Gaussian variables. Noting the vector space structure
of H(X), it is immediate that:

Corollary 2.1. Let X be a stationary Gaussian process. Then its spectral process Z is
a Gaussian process itself.

Another special case of interest occurs when X is real-valued:

Lemma 2.4. If X is real-valued, its spectral process is such that

{AZ(w) e R, if Aw is symmetric around 0, (2.46)

AZ(w) is proper, else.

Furthermore, there exist two real-valued processes Z1, Z> such that

X(t) = /cos(w - t)dZy (w) + /sin(w - t)dZa(w). (2.47)

Proof. The proof of the one-sided represenation in the case n = 1 is given in |[Lindgren
[2012], section 3.3.4. For completeness sake, we give the proof in the two-dimensional
case, which will become relevant to us later on.

With slight abuse of notation, it holds that

X(t) = /R expli - 1)dZ(w)

= / cos(w - t) [dZ(w) + dZ(—w)] + z/ sin(w - t) [dZ(w) — dZ(—w)]
R4 xR R4 xR

Denote by —Aw the two-dimensional interval gained by mirroring an interval Aw with
respect to wy = 0, and by AZ(—w) the respective increment of Z over —Aw. The fact
that X (¢) is real then implies that for all Aw

Im(AZ(w) + AZ(—w)) =0,
Re(AZ(w) — AZ(—w)) =0

which gives

AZ(w) = AZ(~w). (2.48)

This implies AZ(w) = AZ(w) € R whenever wy € Aw such that —Aw = Aw (or,
equivalently, Aw is a square centered around wy). Alternatively, if wy ¢ Aw it holds
Aw N —Aw = (. Therefore, the orthogonality of increments of Z over disjoint sets gives

E[AZ(w)AZ(w)] = E[AZ(w)AZ(—w)]
= 0.
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This proves the first claim. For the second claim, define

AZ)(w) = AZ(w) + AZ(—w) = 2Re(AZ(w))

AZy(w) = i(AZ(w) — AZ(—w)) = —2Im(AZ(w)). (2.49)

Returning to the limit |Aw| — 0, we get
X(t) = /]R coslw DAZ(w) + /R _sin(o - dZaw). (2.50)
O

Lastly, we note note that it is straight-forward to get a representation for
non-centered processes X. Let 0 # m € R™ be the mean of X(t) and denote by X
the centered-process given by X(t) = X(t) — m. Then X is stationary with identical
covariance function to X. Let Z be its spectral process and define

-
Zw) =™ Hw=0
Z(w), else.

Then Z is a spectral process for X:

/n exp(iw - t)dZ (w) = /R"\{o} exp(iw - t)dZ(w) + /{0} exp(iw - t)dZ(w)

=X(t)+m
= X(b).

Note that AZ(w) = 0 if and only if 0 ¢ Aw.

2.2.4. Matérn Processes

This section introduces the Matérn covariance function. It was named after [Matérn
[1960] by Stein| [1999], who popularized its usage in statistics for spatial and spatiotem-
poral data. Its spectral properties have been studied by Whittle| [1954]. We follow the
introductions of |Rasmussen and Williams| [2006], chapter 4, and [Lindgren et al.| [2011].

The Matérn class is the class of centered Gaussian processes X = (X (f))iern with
Matérn covariance function

1-v

2
—t|]) := o2
clls =) = o
Here, K, (-) denotes the second kind modified Bessel function of order v > 0 and I'(v)
the gamma function. The marginal variance is given by 2. For example, in the case
v =1, the fact that lim, o rK;(r) =1 gives

(klls =) Ko (s]ls = t])).- (2.51)

. 9 _ 2
}1_1)1[1)0(7") = ll_)r%a (kr) Ky (kr) = o°.
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The parameter k is a scale parameter, often parametrized via k = %, whereas v controls
the smoothness of X. It can be shown that X is k-times mean-squared differentiabld]]
if and only if v > k. For a comparison of how these parameters influence the resulting
Matérn field, see figure [2.1]

The Matérn covariance is isotropic and therefore stationary. It can be shown that its
spectral density is given by

£ = K+ €)™, a=v+3 (2.52)

o2
(2m)™
Going on step further one can then show, based on the spectral density and the definition
of the fractional Laplace operator EL that the Gaussian processes with Matérn covariance
function are the stationary solutions to the fractional stochastic Laplace equation

(k2 — A)2 X(s) = W(s), s€R", (2.53)

where T (s) denotes spatial white nois For proofs of these facts, see Whittle |1954]
and Whittle| [1963].

It is noteworthy that the Matérn covariance function has interesting links to many
widely used covariance functions. A full discussion on these can be found in |[Rasmussen
and Williams| [2006], whereas we shall only describe two special cases.

A reparametrization of the spectral density gives

s T (v + 2)(20) ~(wt3)
o = 2O (B ae)

where xk = @. In the limit v — oo, this converges to the spectral density

Fsp(6) = (2mp%) 2 exp(—2n202|€]1?)

of the squared exponential kernel

2
csp(r) = exp 72—p2 .

Furthermore, in the case v = %, it can be shown that the Matérn covariance function
equals the exponential kernel

Chap(r) = 0 exp(—%). (2.54)

A process X is mean-squared differentiable if there exists a process X’ such that, for all t,
limp, 0 M = X'(t) in L*(P). If X is such that its paths are differentiable almost surely, the
pathwise derivative equals the mean-square derivative almost surely. For more details see [Lindgren
[2012], chapter 2.4.

2The fractional Laplace operator Oéis defined via its properties in the frequency domain:
F ((52 - A)%QS) (€ = (K* + |I€]1?) 2 .#(¢)(€) for any function ¢ such that the right hand side exists.

3See section for a precise definition.
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2 1

This kernel, parametrized with marginal variance o~ = % and scale parameter p = > is
a pointwise approximation of the covariance function of the Ornstein-Uhlenbeck process

kou.(s,t) = % (exp(—7(t — s)) —exp(—y(t + 8))), s<t,

for sufficiently large s,¢ (that is, when the process ”"has been running for a sufficiently
long time”). It is considered one of the most elementary covariance functions in one
dimension, due to its property of giving rise to a Markov process.

As its two-dimensional pendant, proposed the Matérn covariance func-
tion with v = 1, noting their similar decay behavior and the fact that the discretized
version of the corresponding Matérn process X, defined by equation , is a Markov
field on the lattice Z? given by

Xot = R(Xpg1e + X'f—l,t + Xr,t—f—l + Xr,t—l) +e(rt), (rt)eZ?

)

with scaling parameter & and discrete white noise €(r,t).
It will be this special case of the Matérn kernel that we shall be concerned with and we
refer to it as the Whittle covariance function. For the sake of completeness, its covariance

p=1v=05 p=2,v=05

Figure 2.1.: Matérn Fields with differing scale- and smoothness parameters.
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function/spectral density pair is given by

cunittte([Is = t) = 0® (slls — ]]) K1(slls — ¢]]) and
2 (2.55)

Funittte(€) = (2"7>< + €))7

respectively.
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2.3. Filtering and Smoothing of Stochastic Differential
Equations

This section concerns the filtering and smoothing of (linear) stochastic differential equa-
tions. We start off by reviewing solutions to such equations. In the linear case, these
are easily obtained in closed form. We then generalize the solutions for complex-valued
processes as these will be of interest for us in chapter

Section then introduces the filtering and smoothing problem and derives the
Kalman filter and -smoother as a solution in case of linear dynamics.

2.3.1. Review - Stochastic Differential Equations

Consider a dynamical system z(t) whose behavior in continuous time ¢ € Ry is given by
the ordinary differential equation

() = fla(t), ).

Assume that at any given moment, the system is perturbed by a stochastic forcing term
w(t). The forcing term might account for model uncertainty, measurement errors or
inherent stochastic nature of the modeled process.

A common assumption is that the noise process w = (w(t)) is stationary Gaussian
and its realizations at distinct times are independent, in which case one speaks of a
(continuous-time) white noise process. One may then be inclined to write

LX(t) = f(X(1), 1) +o(X (1), )i(t), teR;. (2.56)

where o(x,t) is some function that scales noise intensity.

Note, however, that (w(t)); does not exist in the original sense of a stochastic processes.
Its proposed properties imply a covariance function that equals a Dirac delta function,
which in turn suggests a constant spectral density (akin to physical white light, hence
the terminology) and infinite variance for any w(t). Other undesired properties include
the non-existence of continuous path realization of w and its non-measurability (see e.g.
Kallianpur and Sundar| [2014], 1.1.2 and 1.1.3).

The workaround for this problem is to consider white noise as the informal derivative of
standard Brownian motion, formally written as w(t) = %w(t), and to interpret as
an integral equation. A process (X (t)); is then called a strong solution to the stochastic
differential equation (SDE)

dX(t) = F(X(1),t)dt + o(X (1), t)dw(t). (2.57)

if it satisfies [

X (t) = X(0) —i—/o f(X(s),s)ds+/O o(X(s),s)dw(s). (2.58)

40f course, other properties it has to satisfy are adaptedness and paths that are almost surely continuous
and square-integrable.
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The existence of such solutions is ensured by certain growth and continuity assumptions
on the drift- and diffusion functions f(¢,z) and o(¢,z). For a detailed introduction see
Kuo| [2006], chapter 10 or Kallianpur and Sundar| [2014], chapter 6.

One of the simplest stochastic differential equations is given by the Langevin equation

(2.59)

dX(t) =-—X(t)dt+ odw(t), ~>0,0€cR,
X(0) =X

The solution X to (2.59)) is called an Ornstein-Uhlenbeck (O.U.) process and is given by

t
X (t) = exp(—t) Xo + a/ exp(—y(t — s))dw(s). (2.60)
0
It is a Markov process with conditional momenta for all s < ¢ given by

E[X(?) | X(s) = 2] = exp(—(t — s))x

02 (2.61)
Var[X(t) | X(s) = ] = [1 — exp(-29(¢ - 5))].

In particular, for any normally distributed X, X is a Gaussian process such that X
converges weakly to a normally distributed random variable

(0,2
Koo ~ 0, — 2.62
- < ’ 27) (262
and the distribution of X, is an invariant measure for X. Proofs of these facts can be
found in [Kuo| [2006], 7.4.5 - 7.4.7.

Unsurprisingly, these properties extend to the complex-valued analogue, as seen in the
following two lemmata:

Lemma 2.5. Let w = w; + 1w be a complex Brownian motion and Z = Z; 4+ iZ5 be an
independent complex random variable. A complex-valued Ornstein-Uhlenbeck process is
a process X = (X (t)); that solves the complex Langevin equation

dX (1) = —y X (t)dt + odw(t) (2,69
X(0) =2, '
where vy =791 + i € C,11 € Ry, 0 € R.
It is given by
t
X(t) = exp(—1t)Z + o / exp(—y(t — 5))dw(s). (2.64)
0

Proof. Write X (t) = X1(t) 4+ iXo(t) and let X(t) = [X1(t), X2(t)] be_its R*-valued
pendant. Likewise, define w(t) = [w1(t), wa(t)] and Z = [Z, Z3]. Then X (t) solves the
Langevin equation

{d}i‘(t) = —TX(t)dt + Sdib(t) (2.65)

X(0)=2
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with 3 := %EQ, FE> denoting the 2 x 2-identity matrix, and

_ (71 —’72>
T2 M
Define ¢(t,x) := exp(T't)x, where exp(I't) is to be understood as the matrix expo-
nential function. Then

op(t,x) = Texp(I't)x
8:v¢¢(tv iB) = eXp(Ft)ei
832:i,ccj¢(tv m) =0,

where 7,5 € {1,2} and e; denotes the i-th standard euclidean basis vector.
For a matrix A, denote by A;. and A.; the i-th row and column respectively. Note
that ), A.;B;. = AB. Itd’s lemma (see theorem |A.1)) gives

exp(T't) X (t) = X (0) —I—/O T exp(Ts) X (s)ds + Z/ exp(I's)e;dX;(s)

=Z+ [ Texp(T's)X(s)ds + Z exp(Ts), ;(—T);. X (s)ds
ol / oo

where we have used the fact that I' and exp(I's) are diagonalizable with the same
eigenvectors and therefore commute. Thus, the solution to [2.65]is given by

t
X(t) =exp(-T't)Z + 2/ exp(—T'(t — s))dw(s). (2.67)
0
To translate this solution back to the complex domain, note that it holds

exp(~T't) = exp <<:7y; _7;) t>

= exp (—’yltE2 + ’)/QtF2)
= exp (—71tE2) exp (12t F2) .

where Fp = (_01 é) and we used that Fo and F> commute.
Recall that for any diagonal matrix D = diag]a, b], it holds

exp(tD) = diaglexp(ta), exp(tb)] (2.68)
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and therefore

exp (71 Ea) = <exp(871t) exp((i’nt)) )

To compute exp(ty2F2), note that the eigendecomposition of v, F» is given by

. . . . AN —1
(1 =i —iy2 0 T —1
72F2_<1 1)( 0 m) (1 1) '

A simple calculation then shows that

exp(t1aFs) = (i —11> (exp(gi’yzt) exp((%ﬂ)) (i _12> -1

_ ( cos(yat) sin(*yﬁ))
—sin(yat) cos(vat) /)

In total, we get

_ ( exp(=mt)cos(yat)  exp(—mt)sin(yat)
exp(~T't) = (— exp(—1t) sin(yat)  exp(—t) cos('ygt)> '

whose matrix-vector multiplication in R? corresponds to multiplication in C with the
scalar

exp(— (1 + iy2)t) = exp(—~1t) cos(y2t) — i exp(—~1t) sin(yat).
From this and definition we conclude that the solution to equation (2.63)) is given
by

X(t) =exp(—t)Z + O'/O exp(—(t — s))dw(s). (2.69)

O]

Lemma 2.6. Let X = (X(t)); be a complex Ornstein-Uhlenbeck process given by (2.64),
with independent initial value Z ~ CN (po, 7).

Then X is a proper complex Gaussian process with mean and covariance function
given by

(2.70)

o~
—~
»
~
~—
I

7\ 2
exp(—7s)exp(—7t) [03 + 5 (exp(2m1s) = 1)|, s<t.
Furthermore, X is a Markov process and converges in distribution to a proper complex

Gaussian variable X, ~ CN/(0, 2"?), whose distribution is an invariant measure for the
process.
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Proof. Recall that (I(t)); = ( fg exp(vu)dw(u)) is a centered, proper complex Gaussian
t

process with covariance function
° 2
kr(s,t) = / | exp(yu)|“du
0

= /S exp (2 u)du (2.71)
0

= ﬁ lexp(2y1s) — 1], s<t.

Thus, X (t) = exp(—7t)Z + o exp(—~t)I(t) is both proper and complex Gaussian with
mean function

m(t) = Elexp(—1t)Z + o exp(—yt)(¢)]

= exp(—7t)po 27
and covariance function
k(s,t) = Cov [exp(—vs)Z + o exp(—s)I(s),exp(—7t)Z + o exp(—t)I(t)]
= Cov [exp(—7s)Z, exp(—t)Z] 4+ Cov [0 exp(—7s)I(s), o exp(—t)I(t)]
— exp(—ys)exp(—11)0] + exp(—7s)exp(—7D) £ (exp(2715) — 1) (2.73)
= exp(—ys)exp(—1) [0F + £ (exp(2ms) = 1)] . s <t

In particular, we have

Var[X ()] = | exp(—yt) 2 [of + £ (exp(2n1t) - 1)]
= exp(—2mt) |0f + £ (exp(2nt) 1) (2.74)
= exp(—271t)od + % (1 —exp(—271t)).
Note that with v; > 0, it holds

lim m(t) = tl_i)m exp(—t)po = 0

t—o00

. BERT 2 2
Jim Var[X(#)] = lim exp(=2mnt)og + 35 (1 — exp(=2mt))

o2

= 290

from which we can conclude that X (¢) converges in distribution to a proper Gaussian

variable X, ~ CN (0, 2%21) In fact, X is an invariant measure for X; if Z 4 Xoo, then

we have for all s <t

k(s,t) = £ exp(—(t — s) + ira(t — 5))

= % exp(—’y(t - s)) (2.75)
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In particular, for all ¢ it holds

concluding that X (t) 2 X, for all .
Lastly, the fact that X is a Markov process is clear from writing

X(t) =exp(—yt)Z + 0/0 exp(—v(t —u))dw(u)

t (2.76)
— exp(—1(t = )X(s) + 0 [ exp(=7(t — w)du(w)
for any s < ¢, noting the independence of X (s), (w(u))y>s-
We get
E[X(t) | X(s) = 2] = exp(=r(t — 5))x
Var[X () | X(s) = 2] = Varlexp(—(t — ) X(s) | X(s) =«
+ Var [a/ exp(—y(t —u))dw(u) | X(s) = x}
=0+ o2 exp(—271t) Var [/ exp(’yu)dw(u)] (2.77)

t
= exp(—2’ylt)/ exp(2vy1u)du
S

%

= 77 exp(—2711) [exp(271t) — exp(2715)]
= £ [1—exp(~2n(t - 5))],

which, to no surprise, equals (2.72]) and (2.74]) with deterministic initial condition X (s) =
x and time lag t — s. O

The Langevin equation is a special case of a general linear stochastic differential equa-
tion

dX(t) = F()X (t)dt + Q(t)dw(t), (2.78)

where X € R” denotes a system state, F'(-) € R"*" is a system dynamics matrix, w(-)
is a d-dimensional Brownian Motion, induced into the system via a noise input matrix
Q(-) € R™4 and X (ty) denotes the initial state.

Denote by P(t,s) the state transition matriz of the system, defined by its properties

0P(t,s) = F(t)P(t,s)
05 P(t,s) = —P(t,s)F(s)

P(t,s) = P(t,u)P(u,s) (2.79)
P(S,t -t - P(t,S)



In the case of the Langevin equation, P(t,s) is given by the matrix exponential
exp(—~(t — s)). Analogue to the proof seen above, an application of It6’s lemma to
o(t, X (t)) := P(to,t) X (t) shows that the solution to (2.78)) is given by a Markov pro-
cess

X (t) = P(t,t0) X (to) + t P(t,s)Q(s)dw(s). (2.80)

to

For more details see Sarkka and Solin [2019], chapter 4.3.

2.3.2. Bayesian Filtering & Smoothing

Bayesian filtering concerns the problem of estimating the state of a dynamically evolving
stochastic process, based on incoming noisy and possibly incomplete process measure-
ments. Its offline pendant, the filtering problem, concerns the state estimation given all,
including future, observations.

In the special case of linear dynamics and Gaussian noise terms, both problems can
be solved in closed form via the Kalman filter and Kalman smoother. Their following
introduction is based on Maybeck]| [1979], chapter 5, and [Sarkka and Solin [2019], chapter
10.

Assume we are concerned with estimating the state of a process X, evolving according
to the linear SDE

dX(t) = F()X (t)dt + Q(t)dw(t), (2.81)

where F(-) € R™" is a system dynamics matrix, w(-) is a d-dimensional Brownian
Motion, induced into the system via a noise input matrix Q(-) € R"*? and the initial
state is a Gaussian variable X (tg) ~ N, (mg, Kp).

We further assume the measurements Z(t;) € R™ at times t; < to < .... < t; to be
given by

Z(t;) = H(t) X (t;) + e(ts), (2.82)

where H(-) € R™*™ is the measurement matrix and the measurement noise €(-) is a
discrete-time Gaussian white noise process with covariance matrix given by R(-).

The Kalman Filter

The aim of any filtering algorithm is to construct an ’optimal’ estimator of the true
process state X (¢) at any time ¢ by incorporating knowledge of the system dynamics
and previous process observations Z(t1),..., Z(t;), t; < t. What makes an estimator
‘optimal’ is a matter of definition. However, given the fact that interdependencies are
linear and stochastic terms are Gaussian, the Kalman filter can be fully formulated in
closed-form conditional distributions.

Denote by Z(t1.;) := [Z(t1), ..., Z(t;)] the vector of all available measurements up to
and including Z(t;).
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In each iteration, the Kalman Filter is formulated in two steps. Step one estimates
the state propagation from time ¢; to t;11, based on a current estimation X (¢;) | Z(t1.)
and the known dynamics of the system. The second step then updates the estimation
X (ti+1) | Z(t14) by including the latest measurement Z(t;41).

The prediction steps assumes an estimate of the current Gaussian state X (t;) | Z(¢1.).
Denote by m(t;) and K(t;) its mean and covariance matrix and by

m~ (tit1) = E[X (tit1) | Z(t1:4)]
K™ (tiy1) = BIX (i) X" (tis1) | Z(t2:0)].
the mean and covariance matrix of the propagated state prediction X (¢;41) | Z(t1.i)-

Recall that X is a Markov process given by
t

X(t) = P(t,10) X (to) + | P(t,7)Q(r)duw(r),

to
where P(-,-) is the state-transition matrix defined in (2.79). As such, it follows that
tit1
X(ti—f—l) = P(ti_;,_l, ti)X(ti) + P(ti+1, T)Q(T)d’w(T),
t;

from which it is immediate that the propagation of m(t) and K(t) are given by

m™ (tiy1) = P(tit1, t)m(t;)
K™ (tit1) = P(tit1, i) K (i) P" (tiv1, 1)
tit1 (283)
+ P(tiy1,7)Q(T)Q" (1) P (ti1, 7)dr
t;
=: P(tiy1,t;) K (t;)P" (tiz1,t:) + L(tiy1, t).

The second step aims to update the estimations m ™ (¢;+1) and K~ (t;+1) based on a
measurement Z(t;11). The Bayes theorem gives

fz@0 1z X ) FX )12 (t00)
fZ(ti+1)|Z(t1:z')

_ fZ(ti+1)\X(ti+1)fX(ti+1)|Z(t1:i)

f201Z (.0 '

X2t =

(2.84)

Note that the second numerator is computed in step one. It is easy to see that the first
numerator Z(tiy1) | X (ti+1) is Gaussian with mean H(¢;41)X (t;+1) and covariance
matrix R(tit1).

Furthermore, the denominator is the sum of the two independent Gaussian variables
[H (tit1)X (tiv1) | Z(t1.4)] and [€(ti+1) | Z(t14)] and thus Gaussian with momenta

E[Z(ti+1) | Z(t14)] = H(tiy1)m™ (tiya)

E[Z(ti41)Z7 (tis1) | Z(t1)] = H (tig1) K™ (ti)) H (ti1) + R(ti1). (2.85)
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From this it is not immediate that X (t;y1) | Z (t1;i+1) is also Gaussian. However,
plugging in the respective normal densities into , one can show with the help of
the matrix inversion lemma (e.g. Maybeck [1979], page 213) that fx(, )|z (t...,) indeed
has a closed Gaussian density form with

m(tic1) = [K(tis1)” +HT< DR M (ti)H(tin)]

KT (tig) T m T (i) + H (i) R (ti1) Z (tig1)]
K(tin) = [K ™ (ti1) "'+ H (tis) R (tis) H ()]

These can be reformulated with the help of the Kalman gain G(t;+1), defined as:

G(tir1) == K~ (ti)) H (tie1) [H (ti) K~ (ti) H  (tip1) + Ritipn)] . (2.86)
The updates then take on the final form

m(tip1) =m™ (tig1) + G(tir1)[Z(tigr) — H(tiv1)m™ (tiv1)]

_ - (2.87)
K(tit1) = K~ (tit1) — G(tiy1) H (tis1) K™ (i)

The complete Kalman filter is summarized in algorithm Note that the final for-
mulation of the update step only requires inversion of matrices in R”*"" rather than
R™ " making computation more efficient in many applications in which m << n. How-
ever, due to the matrix multiplications in the prediction step, the overall computational
complexity class for a single Kalman filter iteration remains O(n?3).

Further note that the two steps inductively show that, given a Gaussian initial state,
all subsequent state estimations are Gaussian. This justifies the assumption made in
step one.

Algorithm 2.1: Kalman Filter

Input: data (Z(t;)),i =1,...,1, model matrix functions P, Q, L, H, R, prior
state mg, Kj.
Output: predicted and updated mean and covariance matrix estimates
m~(t;), K~ (t;),m(t;), K(t;),i=1,...,L
Initialization: m(ty) = mo, K(tg) = Kp.
fori=0,....,] —1do
Prediction:
K™ (tiv1) = P(tip1,t:) K (t) P (tit1, ti) + L(tiv1, t);
m™ (tit1) = P(tiv1, ti)m(ts);
Update:
G(tiy1) = K~ (i) H (tir) [H(ti0) K~ (tip1) H" (t41) + R(tip1)]
K(tit1) = K™ (tit1) — G(tis1) H (i) K™ (tig1);
m(tiv1) = m™ (tip1) + G(tiv1)[Z (tivr) — H(tip1)m™ (tiga)];

end
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The Kalman Smoother

The smoothing problem can be considered the offline pendant to the filtering problem.
Instead of updating state beliefs with incoming measurements, we aim to retrospectively
estimate the system states X (t;) | Z(t1.1), i = 1,..., I, given all available ”future” mea-
surements. Similar to the Kalman filter, the state estimations of the Kalman smoother
can be formulated in closed-form.

It holds, using the Markov property in the first and Bayes theorem in the second step:

X)X (tiyr),2(t0) = FX (1)1 X (hi11),2(01.4)
_ Ixan1x @), 20.0 X 012 000)

FX (i) Z(000)
_ IXanix @) X 012 00)
fX(ti+1)\Z(t1:i)

Therefore, the conditional density fx (,)z(,.,) can be computed by marginalizing X (¢;11) |
Z(t1.q):

Ix )zt :/fX(ti)vx(tiH)IZ(t1:1)dwtz‘+1

:/fX(ti)X(tiH),Z(tu)fX(t¢+1)|Z(t1:I)d$ti+1 (2.88)

Ix (i x )

= fX NZ (t1:4) fX(ti+1)|Z(t1:1)dwti+1’

Ptz
Note that fx(4,)z(t:.,) and fx(t,.1)Z(t.) are the update and prediction steps given in
the filtering problem whereas fx(;, ) x () is specified by the Markovian model and
IX (ti:1)|Z(t1.;) 18 the smoothing density given by the previous step. The general smooth-
ing algorithm is therefore initiated with the updated density fx (/) z.;) given by the
last Kalman filter step and each iteration propagates the smoothing density backwards
in time from t; 41 to t;.

In the case of a linear SDE above, it can be shown (see e.g. |Sarkka and Solin| [2019],
theorem 8.2) that the smoothing densities remain Gaussian with mean m?(¢;) and co-
variance matrix K*(¢;) iteratively given by

m?(t;) = m(t;) + G*(tis1, t;) [m®(tig1) —m™ (tis1)]

~ (2.89)
K*(t;) = K(ti) + G*(tiv1, t:) [K*(tie1) — K~ (tie1)] G*(tiga, )",

where m(t;), K(t;) and m™ (t;+1), KK~ (ti+1) are the updated and predicted mean and
covariance matrices given by the Kalman filter and the smoothing gain G* is defined via

G®(tis1,ti) == K (t:) P (i1, i) K~ (tiy1) ™"

The resulting Kalman smoother is summarized in algorithm
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Remark 2.2. Both the Kalman filter and smoother can be formulated to include esti-
mations in continuous time, commonly referred to as ’continuous-discrete’ filtering and
smoothing.

This is done by including 'measurement-free steps’ in the Kalman filter, which prop-
agate forward the updated estimates m(t;), K(t;) between measurements Z(¢;) and
Z (ti+1) via

K(t)=P(t,t;)) K(t:;)P(t,t;)" + L(t,t:), t€ (ti,tiy1).

These can then be passed on to the smoothing backpropagation to receive continuous
state estimates X (t) | Z(t1.7) with statistics
G®(ti1,t) = K(O)P(tir1,t) K~ (tig1) ™!
m®(t) = m(t) + G*(tir1,t) [m*(tip1) — m™ (tis1)]
K*(t) = K(t) + G®(ti1,t) [K®*(tiy1) — K~ (tiy1)] G®(ti1, )",

where ¢ is such that ¢ € (¢;,t;41) for some .

The Filtering Likelihood Function

We now turn our attention to the situation in which the process dynamics and observa-
tions are parametrized by unknown model parameters 8. For this case, the Kalman filter
emits a closed-form likelihood function which can be passed onto any likelihood-based
parameter estimation method.

Assume the dynamical model and observation model are parametrized
by a vector @ and denote the corresponding model matrices and Kalman filter outputs
by Fy, Py, Qg, Ly, Hg, Ry, Gy and mg, K;, mg, Kg.

Algorithm 2.2: Kalman Smoother
Input: state-transition matrix function P, Kalman filter outputs m(t;), K (t;),
m_(ti), K_(tz‘), 1=1,...,1.
Output: smoothing mean and covariance matrix estimates m?*(¢;), K*(t;), i =
1L
Initialization: m*(t;) = m(t;), K*(t;) = K(t).
fori=1I-1,..,1do
Go(tisn, ) = ()P (1, 6K (1)

K*(t;) = K(t;) + G*(tis1, ;) [K°(tiv1) — ( i+1)] G®(tir1,ti)"
m?(t;) = m(t;) + G*(tit1,t;) [m (t 2-1—1) z+1)]
end
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Given the observations Z(t;) = z;,i = 1, ..., I, we can, noting the Markov property of
the underlying true process (X (t)); and the white noise property of €(t;);, factorize the
likelihood function in @ as

L£(0) = fZ(t1;1)|0(Z1:I | 0)

1 (2.90)
= fz@ie(z1 1 0) [ fzi01z(t)0(Zid1 | 214, 6).
=1

Note that the conditional densities fzq,, )z(.,).0(Zit1 | 21:4,0), i = 1,...,1, are a
byproduct of the Kalman filter. As seen in (2.85]) they are Gaussian with mean and
covariance matrix given by

mze(tiv1) = Ho(tiv1)mg (tit1)

o (2.91)
Kz o(tiv1) = Ho(tig1) Ky (tiv1)Hg (tiv1) + Ro(tiz1),

whereas for i =0, mzg(t1) and Kz g(t1) are the predicted statistics of the first obser-
vation, based on the Filtering initiation X ~ N (myg, Kp).

Denote by f(-;m, K) the density of a n-dimensional multivariate Gaussian variable
with mean m and covariance K. The overall likelihood function can then be written as

I
L£(0) = Hfn(zi;mz,e(ti),Kz,o(ti)) (2.92)
i1

and be passed on to any frequentist or Bayesian parameter estimation method.

Remark 2.3. All results derived in this section are easily extended to the complex-
valued case, assuming the system is such that the state (X (¢)); and observations (Z(¢;));
remain proper at all times. In the linear case, this is given when the prior state and
measurement noise are assumed to be proper.

For this, recall that proper complex Gaussian vectors are uniquely defined by their
mean and covariance matrix, and that properness remains under summation of indepen-
dent variables. Using the density fz, given by

fz(z) = exp (—(z —m)"K (2 —m))

et (K
for any proper complex Gaussian Z ~ CN (m, K) and the fact that linear combinations
of independent proper complex Gaussians variables are again proper complex Gaussian
(see property 3 in lemma , one is quick to see that all derivations made in the
section above are generalized to the complex case by simply interchanging the respective
densities and the transpose- to the hermitian transpose operator.
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2.4. Linear Stochastic Partial Differential Equations

This section introduces a framework of solving linear stochastic partial differential equa-
tions, formally written as

U (t,x) = AU(t, ) + W (t, x), (2.93)

where A is a linear differential operator acting in the spatial domain and W(t, x) denotes
space-time white noise, a stationary centered Gaussian process with random values that
are independent with respect to the space-time variable. If W(t, x) is correlated over the
spatial domain instead, we refer to it as temporally white and spatially coloured noise.
As in the solely temporal case, W(t, x) does not exist in the original sense of a stochastic
process. Previously, this issue was circumvented by understanding stochastic differential
equations as integral equations through the Ito integral. We will now introduce the
corresponding framework for the space-time case. This is done by considering generalized
random processes (U(t)); and understanding as equations of the form

dU (t) = AU (t)dt + dW? (1), (2.94)

where (U(t)); is a process taking values in a suitable Hilbert space on which A acts as a
linear operator and (W®(t)), is a cylindrical Wiener process, likewise taking values in a
suitable Hilbert space. One can then formulate the notion of a weak solution to equations
of type after defining a suitable way of integrating generalized processes in regards
to W&,

We start off by introducing generalized random processes, based roughly on [Lototsky
and Rozovsky| [2017], chapter 1.1 and 3.3. The succeeding introduction of Hilbert-space
valued stochastic integration and weak solutions is based on |Da Prato and Zabczyk
[1992], chapter 4 and 5.

For the rest of section, denote by D € R? some compact spatial domain and let L?(D),
L?([0,T)) denote the separable Hilbert spaces of square-integrable real-valued functions
with scalar product (h, g)p = [, h(x)g(x)dx and (h,g)r = fOT h(t)g(t)dt respectively.

2.4.1. Generalized Random Processes

Recall that one may construct a Wiener process on any interval [0,7] as follows: let
(¢%)x be an orthonormal basis of L2([0,T]) and (nx)r be a sequence of independent,
standard Gaussian random variables. Then one can show that

ICED> (/ t B(5)ds )

satisfies the assumptions of Brownian motion - it is a centered Gaussian process with
almost surely continuous paths and covariance function E[w(s)w(t)] = min(s,t).
This suggests the formal expression of white noise as the sum

w(t) = Pr(t)m. (2.95)
P
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While in general this expression diverges, it gives rise to the definition of white noise as
a generalized random function:

Definition 2.11 (White Noise, |Lototsky and Rozovsky| [2017], 1.1.5). Let (¢x)x be
an orthonormal basis of L%([0,T]) and (ng)r be a sequence of independent, standard
Gaussian variables. Then, temporal white noise on [0,7] is defined as a generalized
random function

w: L*([0,T]) — R
w(h) =3 (b Yi)emi, (2.96)

k

where (h,vy) = fOT h(t)1(t) denotes the scalar product on L?([0,7]). The random
variables w(h) are centered Gaussian with covariances given by

E[w(h)w(g)] = (h, g)r-

Likewise, one defines spatial white noise on D as the generalized random function
W:L*(D) —R
W) = (k5o (2.97)

j>1

for some orthonormal basis (¢;); of L?(D) and sequence of independent, standard Gaus-
sian variables (7;);.

It is handy to extend these considerations to the spatiotemporal case in the following
way. Let D = [0, L]? C R? be rectangular and (w;); a sequene of independent Wiener
processes. Then, the space-time pendant to the Wiener process is the Brownian sheet,
which may be constructed on [0,7] x D via

W(t, @) = ; (/Oxl /Oxd ¢j(r)dr> w; (b).

It is a centered Gaussian processes with almost surely continuous paths and covariance
function E[W (s, )W (t,y)] = min(s,t) Hle min(z;,y;). Once again, formal derivation
suggests space-time white noise to take on the form

Wt @) = (@i (t). (2.98)

Jj=1

Note that, here, the dot in W stands for the partial derivative 0¢0y, ...0y, rather than
its usual notation for the temporal derivatives. While this sum once again diverges, it
gives rise to the following definition:
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Definition 2.12 (Space-Time White Noise, [Lototsky and Rozovsky| [2017] 1.1.2). Let
(¢;); be an orthonormal basis of L?(D) and (w;); be a sequene of independent Wiener
processes. Then, space-time white noise on [0,7] x D is defined as the generalized
random function

W : L?([0,T] x D) — R

. T
Wy =3 /0 (Bt ), ) oo (1),

j>1

(2.99)

with h(t,-) denoting the function @ +— h(t,x) for a fixed ¢t. The random variables W (h)
are centered Gaussian with covariances given by

T
B0V (W (0)] = [ (hit. (e ) ot (2.100)
Note that this definition does not assume D to be of rectangular form anymore.

The previous two definitions made sense of (spatio)temporal white noise as a general-
ized random function acting on L? spaces. In a much broader setting, one can define:

Definition 2.13 (Generalized Gaussian Random Fields, Lototsky and Rozovsky [2017]
3.2.10.). Let (H, (-,-)) be a Hilbert space. A generalized (Gaussian) random field or gen-
eralized (Gaussian) random process is a collection of centered Gaussian random variables

(F(h))nen such that there exists a bounded, linear, self-adjoint, non-negative operator
Q: H— H with

E[F(h)F(9)] = (Qh, ) (2.101)

for all h,g € H. We call ) the covariance operator of F'. If @) is the identity operator,
we call F' white noise on H. If H is a function space, we also refer to F' as a generalized
(Gaussian) random function.

Clearly, the generalized white noise processes as defined above are cases of generalized
Gaussian random fields on the Hilbert spaces L?([0,T]) and L?([0,T] x D) respectively.
Their formal expressions given in equations (2.95) and (2.98) hint towards the existence
of generalized fields that can be represented via random variables taking values in H.
Indeed, these generalized random fields make up the following subclass:

Definition 2.14 (Regular Generalized Gaussian Random Field, Lototsky and Rozovsky
[2017] 3.2.13). We call a generalized Gaussian random field F' on a Hilbert space (H, (-, -))
regular if there exists a H-valued random variable f such that E[||f||%] < oo and for all
he H:

E(h) = (h, f).
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It turns out that regular generalized fields can be identified through the properties
of their covariance operators. We call a linear operator @ : H — H on a separable
Hilbert space (H, (-,-)) nuclemﬂ if for any orthonormal basis (h;); of H it holds

tr(Q) := > _(Qhy, hy) < o
j21
In that case, tr(Q) is independent of the choice of (h;);. We then have:
Theorem 2.6 (Characterisation of Regular Generalized Fields). A generalized Gaussian

random field F' on a Hilbert space H is regular if and only if its covariance operator @)
is nuclear.

Proof. See |[Lototsky and Rozovsky| [2017], 3.2.15. O

Note that in particular, a generalized white noise process is therefore not regular.
However, in the space-time case, it is often useful to consider noise processes that are
spatially coloured. In that case, it is a natural question to ask how one constructs a
spatial noise process in the generalized sense based on covariance functions of “ordinary”
Gaussian processes. The answer is readily available through Mercers theorem:

Theorem 2.7 (Mercer’s Theorem). Let k£ : D x D — R be a continuous, symmetric,
positive-definite function. Define the associated Hilbert-Schmidt integral operator Qy by

Qp : L*(D) — L*(D)
Quhia) = [ Kawhw)iy.

D

(2.102)

Then, there exists an orthonormal basis (¢;); of L?(D) of eigenfunctions of Qx with
corresponding eigenvalues \; such that

k(a,y) =Y Aigj(@)e;(y) (2.103)
j>1

for all ,y € D, where the convergence of the sum is uniform in x,y and absolute. In
particular, Qy, is a linear, compact, self-adjoint and nuclear operator on L?(D).

Proof. A proof can be found in Jorgens and Roach| [1982], theorem 8.11. O]

Remark 2.4. Clearly, Mercer’s theorem relates any covariance function on D to the co-
variance operator of a regular, generalized random field on H = L?(D). This generalized
random function can be expressed in the following way: let (¢;); be the eigenfunctions

5Note that this is actually an equivalence statement for the special case of an underlying Hilbert space,
related to a broader definition of nuclear operators on Banach spaces. For a more general definition
and other equivalence relations see [Lototsky and Rozovsky| [2017] 3.1.17 and 3.1.14.
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of Qj with eigenvalues ()\;); given by Mercer’s theorem. Define the regular generalized
random field f by

f=Y VAo (2.104)
Jj=1
where (n;); is a sequence of independent, standard Gaussian variables. Note that the
convergence of this representation sum, in the L?(IP)-sense, is ensured by

E[IfI%] = Z)\ —/ (x,z)dx < 0.
7j>1
Indeed, noting that by Mercer’s theorem
Qrh =Y Xj(h, ¢j)po;
7>1

it follows that the covariance operator of f is given by Qg:

E[(h, f)n( Z\icbjpn]Z\ﬁg% Y onyr

7j>1
- ;A »{9 5} (2.105)
Z)‘ ¢] D(b]’ >
j>1
= <Qk’hag>D

This way of representing regular generalize fields is not limited to function spaces.
One can show that a nuclear, self-adjoint operator ) on any separable Hilbert space H
is also compact (see e.g. Da Prato and Zabczyk [1992], App. C.3). Therefore, by the
spectral theorem, there exists an orthonormal basis of H of eigenvectors (h;); of @ with
eigenvalues (A;);. One can then construct the corresponding regular Q-Wiener process

as in ([2.104)).

The previous considerations suggest constructing a noise process that is temporally
white and spatially coloured with covariance operator () via the sum

WO (t, @) =Y/ Aj4(x (2.106)
j>1
As a generalized random function it is defined as follows.

Definition 2.15 (Temporally White, Spatially Coloured Noise). Let k : D x D — R
be a covariance function and (¢;);, (A;); be as given by Mercer’s theorem. The corre-
sponding temporally white, spatially coloured noise is the generalized random function

WO . L2([0,T] x G) — L*([0,T] x G)

W (1 Zf/ ), 65 o (). (2.107)

7j>1
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The random variables W@ (h) are centered Gaussian with covariances given by

T
E[W ()W (g)] = /0 (Quh(t, ). g(t, ) o (2.108)

Remark 2.5. Note that including the temporally white property in definition [2.15| gets
rid of the regularity property again. Let us for a moment ignore the regularity issues
of the temporal white noise process and assume that there exists a Gaussian process
(w(t)); with some covariance function k(s,t) such that for all h € L?([0,7]) (with abuse
of notation)

w(h) = (h,w)r.

It turns out that the correct choice of covariance “function” is given by k(s,t) = d(s—t),
where §(-) denotes the Dirac delta function, characterized by its property

T
/ S()h(t)dt = h(0).
0

Indeed, for the corresponding integral operator on then has

T
Quh(t) = / h(s)8(s — t)ds = h(t)
0
and therefore one recovers the covariance function of generalized white noise:

E[(h,w)7(g,w)T] = (h, )7

Ignoring the fact that Dirac delta function acting with such properties is only a function
in the generalized sense, one often defines it by

5(t) oc {1’ ift=0 (2.109)

0, else.

It is in this sense that one heuristically defines temporal white noise as the centered
Gaussian process (w(t)); with E[w(s)w(t)] = d(s —t).

Likewise, heuristic space-time white noise is a centered Gaussian process (W (t, ).«
with covariance function E[W (s, y)W (t,x)] = 6(s — t)d(y — x), whereas the representa-
tion of spatially coloured, temporally white noise suggests it being a Gaussian

process with covariance function

B[ (s, )W (12)] = B | 3 /A5 )iy (s) > /Ay (i (1)
e

i>1
=D Aioi(y)o;(@)s(s — 1)
Jj=1
=k(y,z)d(s —t).

We will refer to Gaussian processes with covariance functions such as these as formal or
heuristic (temporally) white noise processes.
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2.4.2. Q-cylindrical processes and It6 Integration in Hilbert Spaces

As mentioned in the beginning of this section, we can circumvent the regularity is-
sue of white noise by understanding stochastic partial differential equations as integral
equations in regards to function space valued processes. For this we need a fitting gen-
eralization of a Wiener process:

Definition 2.16 (Q-Cylindrical Processes, Lototsky and Rozovsky| [2017], 3.2.35). Let
(z(t)): be a centered Gaussian process on [0,7] with covariance function k(s,t) and
(H,(-,-)) be a separable Hilbert space.

A (Q-)cylindrical process on H x [0,T] is a collection of centered Gaussian random
variables (X 9(t, h))iejo,r),herr such that there exists a bounded, linear, self-adjoint, non-
negative operator () : H — H with

E[X9(s,h)X?(t, 9)] = (Qh, g)k(s,1) (2.110)

for all s,t € [0,T] and g,h € H. If (2(t)); is a Wiener process, we refer to X as a
(Q-)Cylindrical Wiener process and denote it by W&.

A cylindrical process is called regular if there exists a H-valued random process
(z9(t)); such that for all h € H, t € [0, T]

X9 (t,h) = (h,z9(t)). (2.111)

Likewise to the time independent case, we get the following regularity condition for
cylindrical processes:

Theorem 2.8 (Characterisation of Regular Cylindrical Processes). A cylindrical process
X® is regular if and only if @ is nuclear.

Proof. See |Lototsky and Rozovsky| [2017], theorem 3.2.39. O

Remark 2.6. Likewise to the construction in remark we can represent any regular
@QQ—cylindrical process as

X9t) = 3/ Nhya (1) (2.112)

J=1

where (z;); are independent copies of the process (z(t)); and (hj);, (\;); are the eigen-
vectors and eigenvalues of @ on H. A similar computation as before shows that indeed

E [(h, WO(8)) (g, W) | = (Qh, g)y min(s, t). (2.113)

We need two more definitions in order to define a correct way of integrating with
respect to a ()-Wiener process:
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Theorem 2.9. Let Q : H — H be a bounded, linear, non-negative and self-adjoint
operator. Then there exists a unique non-negative, self-adjoint operator R such that
RR = Q. We call R the (positive) square root operator of Q and denote it by /Q.
Furthermore, if @) is such that there exists an orthonormal basis (h;); of H of eigen-
vectors of @ with eigenvalues ()\;);, then these are eigenfunctions of /@ with eigenvalues

VA
Proof. For the proof of existence, see |Lototsky and Rozovsky [2017], theorem 3.1.28.
The second claim follows easily by showing that

hs > /A, hy)ah

Jj>1
satisfies all necessary properties of /Q. O

Definition 2.17 (Hilbert Schmidt Operators, Da Prato and Zabczyk| [1992] App. C.5).
Let (H, (-,-)u) and (G, (-, -)¢) be separable Hilbert spaces and A : H — G be a bounded
linear operator. A is called a Hilbert-Schmidt operator if

1Al s ==Y [lAhy|I% < oo (2.114)
Jj=1
for any orthonormal basis (h;); of H. Then, ||Al/4s is independent of the choice of

(hj);. The space of Hilbert-Schmidt operators Lys(H,G) is a separable Hilbert space
in regards to

(A,B)us :=> (Ahj, Bhj). (2.115)
i>1

We can now define the It6 integral in regards to cylindrical Wiener processes. For
us, it suffices to consider the deterministic case where the integrand is a function taking
values in the space Lyg. The construction we use was given without a proof of existence
in |Bréhier| [2014]. A more general construction for Lygs-valued stochastic processes is
given in chapter 4.2 of |Da Prato and Zabczyk| [1992].

Theorem 2.10 (The Hilbert Space Valued It6 Integral). Let (H, (-,-)x) be a separable
Hilbert space and W® be a regular Q—Wiener process on H with eigenvectors and
eigenvalues (h;); and (A;); of Q. Further, let (G, (-,-)s) be a separable Hilbert space
with orthonormal basis (gz)i and let S : [0,7] — Lyus(H,G) be a Hilbert-Schmidt
operator valued function such that

/ 1S() /@2t < . (2.116)

Then, the integral

T
/US dWQ Z/ \/7 s gi)adwj(t)gi (2.117)
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is well defined as a L?(P)-limit in G and it holds the It6 symmetry in G:

T 2
/ S(t)dWe(t)
0

] / 1S()V/QII2 gt (2.118)

Proof. Note that the eigenvectors (h;); of +/@Q build an orthonormal basis of H and by
the spectral theorem for compact self-adjoint operators, there exists an ordering of the
corresponding eigenvalues (1/);); such that y/A; — 0. In particular sup; \; < oo and

we have that
ISEVQI%s =Y (S(t)v/Qhy, S(t)v/Qhyj)e

j>1

_Z/\ (t)hj, S(H)h;)e
:ZAjHS@)th%

< sup \; [[S(t)II%
J

and therefore S(t)\/Q is again a Hilbert-Schmidt operator. For n,m € N, define

n m T

In,m = Z Z/ \/)‘»J<S(t)h]7 gi)de_j (t)gi-

i=1 j=1
We show that (I,m)n,m is Cauchy in L?(P). It holds,

2

ElllZom — Ly 2] = E ZZ / VNS (hg, gi)adw; (t)g;

i=n j=m

—F Z/ V(S (R, gi)adw; ()

G

zz/ Dhs, bl

—>0,

n,m,n’ ;m'—oo

where we have used orthonormality of (g;); in the second equality, independence of (w;);
and Ito6 symmetry in the third equality and lastly the fact that by Parseval’s identity

n. m T

ZZ/O NSy, 9i)a \dt—>/ Z)‘HS ()2 dt
/llS )V Q% sdt < oo.

In particular, this shows the Hilbert space It6 symmetry. O
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Let us define the infinite dimensional pendant to a Gaussian process:

Definition 2.18 (Da Prato and Zabczyk [1992], section 3.6 E[) Let X(t),t € [0,00), be
a family of regular generalized Gaussian random fields on a Hilbert space (H, (-, -)u).

Then, (X(t)); is called a (centered) H—wvalued Gaussian process if for any tq,...,t, €
[0,00), the vector (X (t1),..., X (t,)) is such that

(<h17X(t1)>a sty (hnaX(tn)>)

is a Gaussian vector in R" for all hq, ..., h, € H. It is called stationary if its covariance
operator function K, defined by

E[(h, X(8))u (9, X (1)) u] = (Ks2h, 9)u (2.119)
for all g,h € H, is such that Ks; = Kgyr 4, for all s,¢,7 € [0, 00).

Likewise to the finite dimensional case, the Hilbert space valued Ito6 integral is a
Gaussian process in H.

Lemma 2.7. In the situation of theorem denote by (I(t)); the process

= /0 t S(r)dWe(r)

Then (I(t)): is a G—valued Gaussian process.

Proof. For reasons of simplicity, we assume that S : [0,T7] — Lyus(H,H), i.e. H=G.
Then, I(t) reduces to

Z/ VNSV R, hi)gdw; (7).

7j>1

The conditions in theorem 2.10] assure that

H—Z/f Py h)adw; (r) (9. hs)

7j>1

is indeed Gaussian as the weak limit of Gaussian variables.

Now let uy, e € R, t; <ty € [0,00) and g1,92 € H. We show that pi{g1,1(t1))s +
w2(ga, I(t2))y is again Gaussian.

We may write

I(t2) = I(t1) +Z S(r)hj, hj)udw;(r)h;
7>1
= I(tl)—i-.]

5The source uses tensor product notation to define this. A couple of careful manipulations show that
the original definition is equivalent to this definition our notation
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Then

palgr, I(t1)) e + p2(g2, I(t2))u = (m191 + p2ge, L(t1))w + (292, ) u-

Note that by the independence of the Wiener integrals for disjoint time intervals, this is
again Gaussian as the sum of weak limits of independent Gaussin variables.
By the same argument, one shows that

M1<gl7 I(t1)>H + ...+ H?’L<gn7 I(tn)>H
is Gaussian for any g1, ..., un € R, t; < ... <ty € [0,00) and ¢y, ..., 9, € H. d
We close this subsection with two remarks:

Remark 2.7. For the construction of the Hilbert space valued integral, we assumed
WC to be regular. Of course one wishes to define an integral for the more general case
when (@ is any valid covariance operator, in particular when Q = Id is the identity and
therefore relates to white noise on H. The trick is to “turn” W< into a regular process
by embedding H into a larger space H, we give a rough idea on how to do this in the
following:

Define Hp := +/Q(H). This is again a separable Hilbert space in regards to the inner
product

<h,g>0 = <\/§71h7 \/6719>H-

Denote by (h;); a corresponding orthonormal basis of Hy. Further, assume H is a
separable Hilbert space such that H C H with the embedding being continuous and the
embedding Hy C H being a Hilbert-Schmidt operator. Under these assumptions, one
can show (Da Prato and Zabczyk [1992], proposition 4.11) that

Wo(t) =" hjuw;(t)

Jj=1

defines a regular Q-Wiener process on H that, when restricted to H, acts with covariance
operator Q. Like above, one can define the stochastic integral as the L?(PP) limit

T -
| sawe) = Sisnadede; s
,J
for any S : [0,7] — Lys(H,G) such that
T
/ SIS ()h |12t < oo,
0 j>1

Note that condition (2.120)) is equivalent to the one given in theorem and this
workaround does therefore not change the class of eligible integrands.
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In particular, when @ = Id, we define
T T
| soawew =3 [ (s a)cdusva (2.120)
Y]
for any orthonormal basis (h;); of H and S : [0,T] — Lys(H,G) with

T
/0 1525t < oo.

Remark 2.8 (About the Complex-Valued Case). One can easily extend all previous
definitions and results to the complex valued case. The respective complex-valued gen-
eralized fields, cylindrical processes and It6 integrals are defined on C-Hilbert spaces
by simply replacing the Gaussian variables and Wiener processes used above by their
complex counterparts as defined in chapter In regards to space-time processes, it
is natural to then consider the £2-Hilbert spaces of square-integrable, complex-valued
functions with scalar products on the respective domains defined as

(h,g) = / h(e)g(@)da.

Furthermore, the complex valued formulation of Mercer’s theorem links conjugate sym-
metric positive definite functions k(s,t) to the representation

Kz, y) = D V/A6i(@)0;(y).

j=1

with (¢;);, (A\;); again being the eigenfunctions and eigenvalues of the integral operator
Q. on the respective £2-space. In future applications we will make use of the complex
valued case more often then not and, unless it is not clear in the given context, will not
give it any further mention.

2.4.3. Weak Solutions

Recall that we seek a definition of solutions to equations of the form

dU(t) = AU (t)dt + BdW®(t),
U(0) = Uo,

where Uy and (U (t)) take values in a Hilbert space H on which A acts as a linear operator
and (W&(t)); is a Q-Wiener process, likewise taking values in a suitable Hilbert space
G and B : G — H is a bounded linear operator.

This representation suggests that we can formulate a solution by integrating over the
(Q-Wiener process. To make this final, we need to define one last tool:

Definition 2.19 (Cy-Semigroup, Da Prato and Zabczyk [1992] A.4). Let E be a Banach
space. A Cy-Semigroup is a mapping (S(t)):cjo,r) into the space of bounded linear
operators L(FE, E) such that
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1. S(0) =1d
2. S(t+s)=5(t)S(s) for all s,t € [0,T]
3. im0 ||S(t)x — x||g = 0 for all x € E fixed.

Its infinitesimal generator A is the unique mapping A : D(A) — FE with dense domain
D(A) C E given by

t—0

S(t)x —
D(A) = {a; € F:Ax :=1lim ()fx exists} .
We finally have all the necessary tools to give a proper meaning to the solution of a
linear stochastic partial differential equation:

Definition 2.20 (Weak Solution, Da Prato and Zabczyk [1992]). Let H and G be
separable Hilbert spaces and W& be a regular Q-Wiener process on G. Further, let
A: D(A) C H — H be the generator of a Cy-semigroup on H and B: G — H be a
bounded linear operator. We call the H—valued process (U(t));c(o,r) & weak solution to
the linear equation

{dU(t) = AU(t)dt + BAWR(t), te[0,T], (2121)

u) = Uy,

if the trajectories t — U (t) are almost surely integrable in H and for all V' € D(A*) we
have, almost surely:

(V,U))w = (V,Uo)u + /OT<.A*V, U(s))uds + (V, BWO(t)) . (2.122)

The existence of a weak solution is ensured by a simple integration criterion:

Theorem 2.11 (Existence of a Weak Solution, Da Prato and Zabczyk| [1992]). In the
situation of definition assume that the Cp—semigroup (S(t)); generated by A is
such that

T
/0 1S(t) /OB, dt < oo.

Then there exists a unique weak solution to equation [2.121] For all ¢ € [0, 77, it is given
by

U(t) = S(t)Uo + /O tS(t— s)BAW®(s). (2.123)

Proof. For a proof see Da Prato and Zabczyk! [1992], theorem 5.4. O
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3. A Spectral Fourier Method for the
Stochastic Convection-Diffusion
Equation

This chapter aims to derive a spectral method for computationally efficient filtering,
smoothing and parameter estimation of processes that evolve according to the stochastic
linear convection-diffusion equation driven by a spatially coloured, temporally white
Gaussian forcing term.

We approximate the solution by a Fourier series decomposition, which translates the
temporal evolution of the approximation into the evolution of a family of uncoupled
spectral processes. The spectral processes are given as strong solutions to a linear
stochastic differential equation and filtering, smoothing and model parameter estimation
for these spectral processes are therefore shown to be available in linear time complexity.

We remark that this chapter deals with SPDEs and their solutions in a formal way.
For a treatment in the framework of section we refer to chapter 3, where many of
the practical results derived in this chapter are validated in a rigorous way.

The stochastic convection-diffusion equation and the problem statement are intro-
duced in section The following section [3.2] establishes the spectral method based on
the spatial Fourier decomposition and spectral representation of the stochastic forcing
term.

Section derives the Kalman filter in the spectral domain, which allows for compu-
tationally efficient filtering- and smoothing as well as likelihood-based inference on the
model parameters. Experimental performance of these methods are presented on toy
data in section [3.4]

3.1. The Stochastic Convection-Diffusion Equation

In section we have introduced the Bayesian filtering and smoothing problem for
time-dependent processes (X (¢)); that arise as strong solutions of linear stochastic dif-
ferential equations. Consider now the space-time pendant of estimating the state of some
stochastic process (U(t,x)):» governed by a linear stochastic evolution equation

oU(t,x) — AU(t,x) = WO(t, x), (3.1)

based on discretely observed, possibly noise-corrupted observations of U. Here, A =
A(Oy, 02, ...) is a linear differential operator acting in the spatial domain and We(t,x)
represents a Gaussian noise process, specified to be either space-time white noise or
temporally white and spatially coloured.
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Likewise to the original filtering problem, a subsequent objective that we will be
concerned with is model parameter inference in cases where the differential operator
Ap as well as the stochastic forcing term Wg (t,x) are parametrized by some unknown
parameter 6.

The next two sections are based on the work of Sigrist et al.|[2015], who derived an
approximated solution of (3.1)) in the case where Ag equals the linear convection-diffusion
operator

Ag=—p-V+V.-XEV—(,

parametrized by the model parameters 8 = (u, 3, ().
In detail, we are concerned with an underlying process (U(t,x))t o governed by the
stochastic convection-diffusion equation

(3.2)

{gtU(t,ac) =[-p-V+V- -5V (Ut x)+ W%t z), te[0,00), €D,
U(O,iL‘) = Uo(:li)

The Nabla operator V = (Bim’ %) acts in the spatial domain D C R?. The parameters

p € R%2 X € R?*2 and ¢ > 0 respectively denote the drift, diffusion and damping
parameter. The diffusion matrix 3 is assumed to symmetric positive definite. In the
special case where ¥ is diagonal, one speaks of isotropic diffusion.

The stochastic forcing term (W@ (¢, x))t o is assumed to be a temporally white, spa-
tially Matérn noise process. We write its formal covariance function, in the sense of

remark as

0, ift#s
c(le—yl), ift=s,

k((t, ), (s,y)) = {
where ¢(r) is the Whittle covariance function given by

o(r) = O;iTKl (p’"o) (3.4)

with marginal variance o3 and scale parameter py.

The motivation behind this choice of the stochastic forcing term is to build on the
“elementary properties” of the Whittle covariance function for spatial processes as dis-
cussed in section [2.2.4] [Sigrist et al|[2015] argue that a process (U(t,«))» governed by
the stochastic convection-diffusion equation with the stochastic forcing term defined by
(3.6) extends these properties to the space-time domain due to the ubiquitous appear-
ance of convective and diffusive behavior in natural processes and therefore makes for a
“good candidate for an elementary spatiotemporal process”.

Recall that the Matérn process with Whittle covariance function is stationary with
spectral density given by

0_2
F&) = 5ol + €172 &R (3.5)
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A key result, proven by Whittle [1963], links the spectral denstiy f(£) to the spectral
density of the stationary solution of the stochastic convection-diffusion equation (3.2)):

Theorem 3.1. Let (U(t,x)):z be the stationary solution of the stochastic convection-
diffusion equation (3.2), defined on the spatial domain D = R? and driven by the Gaus-
sian noise process (W@ (t, ));, with covariance function

0, ift#s
k((t,x), (s, = 2 — 3.6
((t,x), (s,9)) %07 g <!w yH)j s (3.6)
o o

Then, (U(t,x))tq is itself a centered Gaussian process with spectral density

9(,8) = F(E)5-[(€7SE + 0 + (w+ w'8) ™ (37)
Proof. See [Whittle [1963]. O

Remark 3.1. Following Bochners theorem, the covariance function of the stationary
solution of (3.2]) can be computed by integration of its spectral density g(w, &). |Sigrist
et al.|[2015] showed that

C(r,r) :=E[U(t,x)U(t + 1,2+ 7)]

N / / 9(w, &) exp(iw) exp(i€ - 7)d€dw (3.8)
R JR2 - r ‘
_ /R2 f(E)eXP((_g?gfz?gizé)g — 1) exp(i€ - r)dg,

and claimed that the spatial integral has no closed form solution but can be numerically
approximated.

Note that, even if the computation of C'(7,r) can be done efficiently, a likelihood evalu-
ation using the covariance function remains costly. Assume (U(t,x)):« is the stationary
solution of with covariance function C(7,r). Then, for any set of space-time loca-
tions (t1,x1), (t1, x2), ..., (tr,zN—1), (t1,xN), the vector U = (U(t;, n))1<i<Ii<n<N €
RN is Gaussian with mean zero and covariance matrix

C = (C(t; — tj, @n — Tm))1<ij<r1<nm<n € RIVIN,

The computation of the Gaussian likelihood function of U involves the inversion of the
matrix C and is therefore of complexity class O((IN)3). The following sections show
that these cost can be dramatically reduced by translating the problem into the spectral
domain.
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3.2. The Fourier Spectral Method

This section derives an approximation of the stochastic convection-diffusion equation
using a Fourier spectral decomposition. Spectral methods aim to approximately solve
partial differential equations by constructing solutions U as (finite) linear combinations
of basis functions. In the case of evolution equations, the decompositions take on the
form

Ult,z) = 3 ai(t)u(a),

i€

where Z denotes some index set, {¢;(x),i € Z} is a family of orthogonal basis functions|T]
and {«;(t),i € I} are the spectral processes (or spectral coefficients in time independent
systems). A detailed introduction can for example be found in Gottlieb and Orszag
[1977] or |Canuto et al.| [1988].

A common choice of basis functions {¢;(z),7 € Z} are the Fourier basis functions due
to their property of transforming differential operations in the spatial domain to algebraic
operations in the spectral domain. As we will explain shortly, the consideration of the
stochastic forcing term (W@ (t,x));, in the stochastic convection-diffusion equation
(3.2) motivates a decomposition based on the Fourier basis functions.

In that case, one usually restricts the problem at hand to a bounded spatial domain
D = [0, L)? and seeks to find spatially periodic solutions on D. This reduces our problem
to the approximation of a solution to the stochastic convection-diffusion equation with
periodic boundary conditions, given by

;U(t7x) - [_N V+ V-3V - C] U(tvw) + WQk(tvx)7 T E [O,L]Q,t € [0700)7

2
Ult,x) = Utz + kL), keZ”,
U(O,(IB) = U()(w)

The ansatz is to construct a solution (U(t,x));q in the form
Ult,z) =) a;(t);(x), (3.9)
JjeTJ

where J C Z? denotes a set of spatial wave indices and, for every j € J, the function
¢j(x) denotes the Fourier basis function corresponding to the j-th spatial wave vector
&, respectively defined as

LOf course, the definition of orthogonality is dependent on the underlying function space in which a
solution is approximated. The most common choice is the space £2(D) of square-integrable functions
over a bounded spatial domain D, equipped with the £?-scalar product (f,g) 2 := fD f(x)g(x)dx.
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Note that since {¢;,j € J} are deterministic functions, the stochastic nature of U must
be given by the spectral processes {aj,j € J}. If J = Z?, the expansion is
simply the spatial Fourier series expansion with temporally varying, stochastic Fourier
coefficients.

In practice, one approximates a solution using a finite number of basis functions. It is
common to limit the choice of Fourier basis functions to the ones corresponding to the
low spatial waves centered around 0, a practice also referred to as low pass filtering. In
that case, we denote the set of spatial wave indices by J = {j € Z? : —% +1<y <
%, i =1,2} for some even K € N.

As mentioned earlier, the usage of the Fourier spectral decomposition is motivated by
the consideration of the stochastic forcing term W@ . This motivation is based on the
spectral representation theorem for stationary processes. As we will see now, it allows
us to approximate the stochastic forcing term via a linear combination of Fourier basis
functions.

Recall that we assume (W@ (t,2));, to be white in time and spatially a Matérn
process with formal covariance function

0, if t # s,
k t? Y ? = 2 -
((t, ), (s,9)) 07 g (!m yH) Cift—s.
Po Po

Note that for any fixed time ¢, (W% (¢, 2)), is a Matérn process and thus stationary in
the spatial domain with spectral density

2

£(6) = o (g + €)% R

Therefore, the spectral representation theorem (theorem [2.5)) states that, for any fixed
t, there exists a complex-valued, centered Gaussian process (1(t,£))¢cr2 such that

W@k (t,x) = /R2 exp(i§ - x)dn(t, §),

T el
= kli)ngo Z exp(i&' - x)An(t,€), (t,z) € [0,00) x D fixed.
AEEPy

(3.10)

Here, (Py)x is a sequence of interval partitions with vanishing mesh-size and An(t, £)
denotes the increment of (1(t,£))e over the interval A, whereas & € A€ for each A§.
For more details on the notation, see section The process (1(t,£))e has orthogonal
increments An(t, &) with variances

E[|An(t,€)I%] = f(€)]Ag].

This motivates a Fourier-type decomposition of the stochastic forcing term ¢ as follows:
consider the partition intervals Ag; C R? defined by

Agj = {2% <%—%),27r (%—i—%)] X {2# (%—ﬁ),%’(%—i—ﬁ)], j ez’

o7



These correspond to the even squares with volume |A&;| = (2%)2, centered around the

spatial wave numbers &§; = 2%(%, %), J € Z2. Then, denoting by n;(t) = An(t,&;) the
increment of 7(t,&;) over A§;, we approximate the stochastic integral in (3.10)) by the
sum

W@k (t, ) » WO(t, @) := ) exp(i&; - x)n;(t), (3.11)
jeJ

where J C Z? is a set of spatial wave indices and for every fixed ¢, {n;(t)),j € J} is a
family of independent, complex Gaussian variables with

Eln;(t)] =0
Eln;(t)n; (0)] = f(&;)|A&;]
=: f(&;)
Further, since (W% (¢, x))tx is a real-valued process, a direct consequence of lemma
is that for all ¢

n;(t) is real-valued, if j =0
n;(t) is proper, else.

When letting time ¢ vary again, we assume that for each j € J, the process (n;(t)); is
white in time, in order to maintain the temporally white nature of the stochastic forcing
term 0. In total, we asssume that {n;,5 € J} is an independent family of scaled white
noise processes, formally defined by

n;(t) ==/ f(&)w;(t) (3.12)

where (w;(t)): denotes standard complex (or real, in the case of 7 = 0) white noise
process in the sense of remark [2.5]

Ultimately, these observations allow us now to construct a solution to the stochastic
convection-diffusion equation with spatially periodic boundary conditions and driven by
the approximated forcing term W<(t, x):

Theorem 3.2. Let J C Z? be a finite set of spatial wave indices and let {nj,3 € J} be
a family of independent Gaussian white noise processes as defined in Further, let
{aj,7 € J} be a family of independent, complex-valued Ornstein-Uhlenbeck processes,
given as solutions to the Langevin equations

{dajm = Ajag (0)dt + 1/ F(€)du; (1), ¢ € [0,00), (3.13)
a;(0) = ajp,

where {wj,j € J} is a family of independent complex (or real, in the case of j = 0)
Wiener processes and \j := —ip"&; — £;2£j — (.
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Then, the process (ﬁ(t,w))(t7w)€[07w)X[O,L}z, given by

Ut,z) = a;(t)g;(x), (3.14)

JjeJ

solves the approximated stochastic convection-diffusion equation

{gtﬁ(t, x) =—p-VU(t,2)+V-SVU(tz) - U z) + Wt @), 3.15)
U(0,z) = Zjej ¢j(x)a;(0)
with spatially periodic boundary conditions and stochastic forcing term
WOt x) = ni(t)o;(x). (3.16)
JjeJ

Proof. The proof is based on |Sigrist et al.|[2015], proposition 1. Note that the result in
Sigrist et al|[2015] is lacking the volume scaling factor in f(&;).
For ¢;(x) = exp(i§; - ), it holds:

Voj(x) = i§;p;(x)
V- Voj(x) = —§; - §05().
Thus, the right-hand side of (3.15)) becomes:

3" aj(t) [~V () + VIS Vi) — Chj(m)] + WOt x)

jeJ

— Z aj(t) [—in"€0i(x) — €S Eidj(x) — Coj(m)] + W, x)
JjeJ

=" oy ()ds(@)] + WO, ).
JjeT

where \j = —ip"§; — €52 &5 — C.
In regards to the left-hand side, we formally write:

dogt(ﬂ = Ajaj(t) +\/ F(&5)i;(t)
= Ajoy(t) +m;(1).
We thus get
05" aj(t)05@) = 3 (g 1) +ny (0 (a)
jeJ jeJ ~
=) jaj(t)gi ()] + We(t, ),
JjeTJ
which proves the claim. O
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Note that theorem transforms the stochastic partial differential equation into a
family of ordinary stochastic differential equation, namely the complex Langevin equa-
tions

{daju) — Nja(t)dt +\/ F(&5)dw; (1), t € (0,T),
O‘j(o) = Qj0-

It follows from lemma and that for each j € J,5 # 0, o is a proper complex
Gaussian process given by

a; (t) = eXp()\jt)Oéjp + \/?5‘7)/0 eXp()\j (t - 8))dwj (8) (317)
A= (65285 +C) —in'E;

that converges weakly to its invariant distribution

ad _ fe)
tll)rgo a;(t) = aj oo ~CN (0, 2(5?253' n <)> : (3.18)

Likewise, for the special case j = 0, we have that g is a real-valued process with

colt) = exp(—Ct)aoo + y/F(0) /0 exp(—C(t — 5))duo(s)
lim ao(t) £ ag oo ~ N (o ! f(0)> .

t—o00 ’ i
Remark 3.2. The convergence rate of the spectral process («;(t)); to its invariant
distribution o o is influenced by its corresponding spatial wave &; in the following way:
By symmetric positive definiteness of 32, we have

(3.19)

&1 €5 > Sin &7
where i, > 0 is the smallest eigenvalue of ¥. Therefore, we get

Efoy (8)]] = | exp(—(&] 2¢&; + Q)t)]
< exp(—Zmin||&;1]1%t) exp(—(t)

and similarly

|Varfa; (t)] — Var[oj,oo]| < exp(—2(&] £&; + Q)t) 07+ Mfg(?)m
j <~SJ
< oxp(~ 28w [€51°F) exp(~2¢1) a§,o+2<§¥;(§".)+o |
j =—SJ
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Note further that f(£;) € O(||€;]|~*) and therefore
Var[ay o] € O([1&5]7).

From this we can conclude that for high frequency spatial waves §;, the spectral pro-
cess (5(t))¢ rapidly converges to its invariant distribution with variance only marginally
larger than 0, therefore essentially letting such coefficients vanish in practical applica-
tions.

The weak convergence of the spectral processes implies the following temporal con-
vergence property of the spatiotemporal process U:

Corollary 3.1. Let J C Z? be finite and U be the process U(t,x) = >jer aj(t)oj(x)

as given in theorem Then, for t — oo, U(t, ) converges weakly to a spatially
stationary Gaussian process U () with covariance given by

ov[Uso (), U = i\ = s
Cov{iTne(®), Uno(y)] j;%( Vaerse; + o)

(3.20)
Further, if o o 4 Qo forall j € 7, the approximated solution (U(t, X))t o is stationary
both in space and time with covariance function

-~ -~ f(&)
CovlU(t,z),U(s,y)] = ) dj(x —y)exp(Ni(t — 8)) 577 T 3.21
s mmet- g

for all s < t,z,y € [0, L]%. In particular Cov[U(t,:c), U(t,y)] = Cov[ﬁoo(ac), Us(y)] for
all t and x,y € [0, L]?.

Proof. Let U be given as stated. It is clear that U is a Gaussian process as the finite
sum of independent Gaussian processes. It is centered and, using the independence of
«j, its covariance is given by

Cov[U(t,z), U(s,y)] = Y _Elaj(t)a;(s)]6;(2)d5 (y)

Then, the first claim follows directly from the weak convergence of the Ornstein-

Uhlenbeck processes {o,7 € J} with limy_,o Ela;(t)o(t)] = % for all j € J.
j =S

Qj o0, the process (a;(t)); is

The second claim follows from the fact that, if a; o 4

stationary with covariance function

f(&5)
Ela;(t)a;(s)] = exp(Ai(t — 8))
for all s < ¢t. This is a direct consequence from equation (2.75)) in the proof of lemma
2.6l O
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The previous lemma showed that the process U converges to a spatially stationary
process, independently of the initial condition, whereas in the particular case that the
spectral processes a; are initiated with their invariant distribution, the process U is
stationary both in space and time.

We end this section showing that in this stationary case, the approximation U indeed
converges (weakly) to the true stationary solution (U (¢, z))z on the spatial domain [0, L]?
with periodic boundary conditions. For this, we consider the true stationary solution as
given in theorem defined on R?, as a periodic process on [0, L]? by mapping R? onto
the 2-Torus B via

Y :R? — T2 0, L)

(z1,22) — (exp(2mi®t), exp(2mi%2)) (3.22)

In that case, the Fourier series expansion of the periodic processes covariance function
gives the following result:

Lemma 3.1. Let Ux be the approximated process UK(t, x) = Zjejx aj(t)pj(x) as
given in theorem Further, let the initial states «;(0) be distributed as per the
invariant distributions

i) s
CN<0’2(§JTE§J-+§)>’ ifg#0
N (0, %7(0)). if j =0,
such that the processes (a(t)); are stationary as given in equations (3.18) and (3.19). As-

sume the stationary solution to the stochastic-convection diffusion equation (U(t, ) ); zer2
is [0, L]?-periodic. Then we have

a;(0) ~ (3.23)

C(s,7) — Cre(s,7)] 2220,

where C' and Cx denote the covariance functions of U and Uy respectively. Thus, the
approximated solution converges weakly to the true stationary solution:

lim Ug(t,z) L U(t,z), (3.24)
N—oo

for all (t,z) € [0,T] x [0, L]*.

Proof. The proof is based on |Sigrist et al.| [2015], proposition 2.

Identify U(t, x) as a [0, L]2-periodic function. Then it suffices to consider its covariance
function C(s,r) on the bounded spatial domain r € [0, L]?. For any fixed s € R>o we
may represent C'(s,r) via a Fourier series expansion in the spatial domain, given by

C(s,r) = Z a;(s)exp(i&; - r)

jez2

2The rationale behind this is that any bounded square [0, L]? is homeomorphic to the 2-Torus 12 :=

{(z,y) € R* : ||z|,||y|| = 1} with the respective homeomorphism given by ¥|j0,1)2 defined as in (3.22)
restriced on [0, L]?. More details on this are given in section 4.1.
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where
1

aj(s) = 72 o C(s,r)exp(—i&; - r)dr.

Note that the spectral density g(w,&) of C(s,r), evaluated at £ = §;, is given by

9w, &) = % (2L7r>2/Raj(8) exp(—iws)ds.

Thus, applying the inverse Fourier transform in the temporal domain gives

2
aj(s) = (2;) /Rg(w,ﬁj)exp(iws)dw
_ [ (&)
= |A£j‘2<€JT€;+O exp(A;s) (3.25)

f(&;)

— m exp(A;s)

where the integral term equals the integration in remark and (2%)2 = |Agj| is the
volume element corresponding to the spatial wave interval decomposition as introduced
in the beginning of this section. In total, we have

= —f(é‘) exp(Ajs)exp(i&; -7
C(S,T)_];ZQ 2(£;2€;+ 5 p(\js) exp(i&; - 7). (3.26)

Note that Ck(s,r) is given in 1) and we receive:

C(s,7) = Cr(s.7) <Y

(f(&j)Q(e)q)()\js)) exp(i&; 'T)) (1-1z,

jez? €;EEj+C
= 1 N—oo
-y (f(&j) L ) 0
JEZN\TK 2(Ej 26+ %

where we used that [exp();s)| < 1 due to the fact that Re();) = —(£;2&; +¢) <0 and
that

. 1
> <f(€j)2<£;2£j+o> = C(0,0)

jez?

is the marginal variance of U(t, ) and thus a convergent series. O
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3.3. Filtering, Smoothing and Parameter Inference Setup

We now turn our attention to the filtering and smoothing problem, and, consequently,
to the problem of model parameter inference. Assume we are given noise-corrupted
observations at discrete times of the spectral approximation to the stochastic convection-
diffusion equation as derived in the previous section. As usual, we aim to estimate the
underlying process state based on these measurements and subsequently, infer unknown
model parameters.

The key ideas in this section are the following two: firstly, the temporal evolution as
well as the stochastic nature of the Fourier approximated solution is solely based on the
linearly evolving spectral processes. Therefore, any state estimation or model parameter
inference can be done efficiently using the Kalman filter once we translate the problem
to the spectral domain.

Secondly, the numerical integration involved in the transformation to the spectral
domain can be formulated as the DFT and therefore be efficiently computed using the
FFT. This demands an even discretization of the spatial domain, whereas the temporal
evolution of the process can be kept continuous and filtering can therefore be done in the
continuous-discrete formulation. Owverall, this results in the formulation of the specral
Kalman filter as derived in the following.

Let (U(t,x)):z be the approximated solution to the stochastic convection-diffusion
equation, given by

Ult,z)= Y aj(t)g;(@) (3.27)
JEITK

with {¢; : 7 € J},{oj : 7 € T} denoting the Fourier basis functions and spectral
processes as thoroughly discussed in the previous section and Jx = {j € Z? : —% +1<
7i < %, i = 1,2} denoting the set of the first K2 spatial waves centered around 0 for an
even K. Assume U is evaluated on an even grid

D:={xpm=L(%,%):n,m=0,..,N -1} (3.28)

of the spatial domain D = [0, L]%. For simplicity, we assume that N is even.
For every t € [0,T], denote by U(t) the stacked vector of the spatially discretized
process

U(t) == (U(t, Zpm))nm € RV (3.29)

Evaluating the spatially discretized process U (t, Tn,m), we receive

Ut,xnm) = Y oj(t)exp(i&; - @nm)
JeIK

= Z a;(t) eXp(Qm‘(len + Jﬁm)),
Jj€IK
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which for N = K equals the inverse discrete Fourier transform. In other words, U(t)
and the stacked vector of spectral coefficients

2
a(t) == (aj(t:)jegy € CV
form a DFT-IDFT pair and we write
Ut)=d 'at) e RV, (3.30)

where @ denotes the discrete Fourier transform operator. As noted in the introduction,
the temporal evolution of the process U is dependent on the spectral processes a only.
Recall that (a;(t)): is a Markov process such that, for any time lag A € R, we have

. t+A
aj(t+ A) = exp(AjA)aj(t) + 1/ f(§;) /t exp(Aj(t + A — s))dw;(s)
=:exp(AjA)ay(t) + v (A).

(3.31)

The family {v;(A) : j € Jn} is independent and from lemma it follows that, for
every j € Jn, vj(A) is a proper complex (or real, in the case of j = 0) Gaussian variable
with with mean zero and variance

¢ (A) == E[v;(A)rv;(A)]

e , (3.32)
= setas [ - en(-2(5 3 +0A)]

Let (V/(t;)); denote the noise-corrupted observations of the spatially discretized pro-
cess U at discrete observation times t; < t;11,2 = 1,..., I, defined by

V() =Ut) + et;) € RV,

where (€(t;))i=1,...; denotes temporally and spatially white Gaussian measurement noise
such that

e(ti) ~ N'(0,02Ey2)

on the spatial grid D for each ¢;. Denote by A; = |t;11 — t;| the time lags between
observation times. Then, we can formulate the overall discretized process system on
{t1,...,t1} x D as a linear state space model as described in section given by

Process Level: a(tii1) = F(A)a(t;) + v(A;)

3.33
Observation Level: V(t;11) = ® 'a(tiy1) +€(tiv1), i€ {l,..,I}. (3.33)

The matrix &1 € CV**N? {5 the inverse DFT operator, transforming the spatiotemporal
process U corrupted by measurement noise €(t;41) into the spectral domain, and for each

ie{l,.., I}
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o aft;) = (aj(t;) 15 € In) € CN? is the stacked vector of Fourier coefficients,

o F(A;) =diag(exp(N\;jA;) :j € In) € CN**N? is the discretized propagation ma-
trix with A; = —z',uTﬁj —ngEEj —( parametrized by the continuous time dynamical
process parameters and the corresponding spatial wave &;,

o v(A;) = (vj(A) : 3 € In) € CN? is the discrete Gaussian forcing term with

elements
(80 = F&) [ expytin = s)duy(s)

that arises from the discretization of the independent Ornstein-Uhlenbeck pro-
cesses. It has diagonal covariance matrix Q(A;) = diag(g;j(Ai):j € In) €

Rf “XN? and is temporally white due to the martingale property of the stochastic

integral: E[v(A;)v(Ag)] =0 for all ¢ # k.

The filtering and smoothing problems can therefore be solved using the complex-valued
Kalman filter in algorithm and Kalman smoother in algorithm though the next
section provides a computationally more efficient formulation of the Kalman filter for this
specific model setup. Note that this state-space model aligns with the real-valued one
as given in proposition 3 of |Sigrist et al.| [2015], who derived it based on the real DFT.
For notational simplicity, we have decided to give the more general, complex-valued
formulation.

3.3.1. The Spectral Kalman Filter

Recall that a single iteration of the Kalman filter is of cubic computational complexity
O((N?)3) in regards to the number of spatial grid points N2. In our case however, we
can optimize these costs, abusing the fact that the spectal processes (;); are assumed
to be independent and what is previously the measurement matrix in the Kalman filter
specification is now given by the IDFT matrix. We take advantage of these facts to
derive the spectral Kalman filter which was presented in |Sigrist et al. [2015] without
further detail. Note that our version differs by a prefactor of N? in the measurement
updates.
Applying the DFT, rewrite the observation level as

Observation Level: V(ti 1) = a(tii1) + é(tit1) € N, (3.34)

where V(tiy1) = ®V(t;41) and likewise é(t;11) = Pe(tiy1). Note that &(tiy1) is a
centered Gaussian noise vector, whose elements €;(t;+1) are given by

€j(tiv1) = ﬁ Z €n,m (tit1) exp(—2m’(%n + %m))

n,m
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Using the orthogonality of (€, (ti+1))n,m and the discrete Fourier basis functions, their
(co-)variance reduces to

Bléj (ti1)é (L)) = yso D exp(—2mi(2gthn + 25m))
n,m

(3.35)

0'2 . . . . .
_ ol if (.717j2) = (J:ILMYé)?
0, else.

A likewise computation shows that the pseudo-(co-)variance E[€;(t;41)é;/ (ti+1)] vanishes
for all j,5" € Jn, 7 # 0, whereas in the special case j = 0, ég(t;+1) remains real-valued
Gaussian with variance

2
€

Eléo(ti+1)éo(tiv1)] = R5- (3.36)

In total we can conclude that the measurement noise é(t;11) remains a Gaussian white
noise vector in the spectral domain with uncorrelated components (e;(ti11));, which
are respectively proper complex Gaussian for 7 # 0 and real Gaussian for j = 0. In
particular, this shows that the filtering of the spectral coefficients («;) corresponding to
differing spatial wave numbers can be done independently and we now turn our attention
to their individual filtering formulation.

For any t;, let m; (ti),Kj_(ti),mj (ti), K(t;) respectively denote the predicted and

updated mean and variance of aj(t;) as defined in the Kalman filter formulation in
subsection A simple computation shows that the prediction step is then given by

my (tiv1) = exp(AjAi)my;(t;)
=: fj(Ai)m;(t:)

_ (3.37)
K (tiv1) = exp(—244(§; &5 + Q) K;(t:) + ¢5(A))
=: hj(A¢) Kj(ti) + 5 (Aq).
Further, the Kalman gain reduces to
— — 0'2 -1
Gj(titr) = Kj (tit1) <Kj (1) + W) )
from which we get the variance update
— — — 0'2 -1 —
Kj(tiv1) = K (tiv1) — K (tiv1) (Kj (tiv1) + m) K (tiv1) 5.38)

1
= (K;(tiJrl)_l + %)

where we used the identiy a — = (a '+ b7~ ! for any a > 0,b > 0. Lastly, with

_a”_
a+b
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bla+b)"t =a"(a"t +b71)7! the adjusted mean update becomes

mg (i) = mj (ti1) + K (ti) (KJ_ (tiv1) + 1%622>_1 (Vj(tiﬂ) - m;(ti+1))
=m; (ti+1) + ];7—22 (K;(tiJrl)_l + J;L;) -1 (f/j(tiﬂ) —my (ti+1)) (3.39)
- mJ_ (ti""l) + %Kj(ti—i-l) (Vj(ti—&-l) - mJ_ (ti+1)) .

The spectral Kalman filter in its basic form is summarized in algorithm 3.1 with ® de-
noting the Hadamard product, o~! the element-wise inverse operator and f(A;), h(4;)
and q(A;) the stacked vectors with elements f;(A;), h;j(A;) and ¢;(A;), 3 € I, respec-
tively. Note that following remark in section this formulation includes the
real-valued case ag without any further complications.

The spectral formulation gets rid of any previously needed matrix calculations and a
single iteration can therefore be done in linear time O(N?) as a function of the number of
spatial grid points N?2. As filtering of the spectral processes can be done independently,
computational costs can further be controlled by omitting the spectral processes corre-
sponding to high frequency spatial waves, which comes in especially useful in regards to
likelihood computations based on the filtering estimations. In that case the complexity
costs becomes O(K) where K is the number of considered spectral processes. In par-
ticular, since U is a real-valued process, even when one wishes the ’complete’ spectral
process, this can be done by only including N72 + 2 Fourier modes using the real DFT in
the Filtering computations.

Algorithm 3.1: Spectral Kalman Filter

Input: Discrete Fourier transformed data (v(¢;)),i = 1, ..., I, model parameters
u,E,C,ag,po,az, prior state mg, K.
Output: mean and variance predictions and updates
m~(t;), K~ (t;),m(t;), K(t;), i =1,....L
Initialization: m(t]) = mo, K(t;) = Ko.
fori=0,....,.] —1do
Prediction:
K~ (ti+1) = h(A;) © K(t) + q(Ai);
m” (tiv1) = F(Ai) © m(t);

Update:
o—1
K(ti+1) = (K_(ti+1)_1 + %1) 5
m(tiy1) = m™ (tis1) + %K(tm) © (0(ti+1) —m™ (tit1)) ;
end

Note that the parallel filtering of the spectal processes carries over the smoothing
problem, allowing one to replace all matrix operations with element-wise ones and carry
out a single iteration of the Kalman smoother in O(N?) time as well. Since the com-
putations liken the one in the original Kalman smoother we will omit further details at
this point in time.
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3.3.2. Likelihood Expression for Parameter Inference

We end this section by formulating the likelihood function that results from the state-

space model given in and (| -

Assume the model parameters 0 = [p, X%, (, po, 00,0 are unknown and therefore to
be estimated, based on the available observations V(t;) = v(t;), ¢« = 1,...,1, of the
spatially discretized spatiotemporal process U. Denote by

ﬁ(tl:i) = [@(tl)a 0 ﬁ(tz)] (340)

the vector of the discrete Fourier transformed observations ©(t;) = ®wv(t;) up to time
t;. Due to the Markov property of the spectral process (a(t)); and measurement noise
being temporally white, the likelihood function fy., .p, o(0(t1:1) | €) factorizes to

£(8) = firr,.6(0(t1r) | 0)
I-1
= fV(t1)|9(ﬁ(t1) | 0) H fV(t¢+1)|V(t1:i),0(ﬁ(tliiJFl) | ﬁ(tlti)ve)'
=1

Following equation (3.34)), we have for the components of V' (t;y1) | V (t1,), 6:
Viltin) | V()0 = a(tisn) + &(tipn) | V()0
_JCN(mj g(tit1) rj0(titn)), if j € In,5 #0,
N(mgg(ti+1),ro6(tiv1)), ifj=0,
where 7;9(tiv1) = Kjg(tit1) + v and m; g(ti+1), Kjg(tiy1) denote the Kalman
filtering mean and variance outputs
m; o(tiv1) = Ela;(tiv1) | 0(t1:), 6]
K; o(tiv1) = Elog(tis1) o (tiv1) | 9(t14), 6]
for each 7 € Jn under model parameters 6.
Denote by far(-;m, K) and fear(+;m, K) respectively the density of a real and proper

complex Gaussian with mean m and variance K. The likelihood function then takes on
the form (with x denoting arithmetic multiplication)

- ﬁfN (d0(t:)img o (t), o0 (t)
i=1

I
<IT I Jen <@j(tz’);m;,e(ti)arj,e(ti)>
i=1j€JK,j#0 (3.41)

I
1 ~ —
I oy (500 =000
I
<11

exp(—”@-(t-) ol H2>
1J6311:£7é0 m7j.0(ti) rolt) 0T

=
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In practice, to prevent computational overflow, it is useful to consider the log-likelihood
instead, given by

1

16) = 5 3 ~los(2m) ~lon(rot) — s (t) (4
i=1 AT
, (3.42)
+Y 0 ) —log(m) —log(rje(t:)) — rjﬂl(ti) [95(t:) — mj o (t)|*.

i=1 jeTK ,j#0

Note that after applying the discrete Fourier transform, a single evaluation of the like-
lihood, including the filtering, can therefore be done in O(I|Jk|) time, where |Jx| is
the number of Fourier coefficients taken into account and I the number of observation
times. This is a remarkable improvement compared to the issue of cubic computational
complexity raised in remark
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3.4. Experiments

The following section presents experimental results of the models performance in terms
of both the process state estimation and model parameter inference. The experiments
are conducted on simulated data of the spatiotemporal process U using the linear state
space model as formulated in equation (|3.33)):

Process Level: a(tit1) = F(A)a(t;) + v(A;)
U(tiv1) = @ ativa)

Observation Level: V(tj11) = U (tiy1) + €(tiy1), i€ {1,...1}.

We assume a spatial domain that equals the rectangle D = [0, 27]?, evenly gridded by
the mesh D = {xym = 27(%, %) :n=0,...,N —1,m =0,..., N — 1}. In our particular

True process L-l(t,, x), t=0.0 Observation V(t;, x), t;=0.0

192
1.68
144
1.20
0.96
0.72
0.48
0.24
0.00
0 1 2 3 4 5 6

X
Observation V(t, x), t=5.0

1.800
1575
1.350
1125
0.900
0.675
0.450
0.225

0.000
o 1 2 3 4 5 6

X
True process L'l(t,, x), t=5.0

0.384

0.288
0.320

0.240
0.256

0.192
0.192

0144 0.128

>
0.096 0.064

0.048 0.000
0.000 —0.064
-0.048 -0.128
—0.096 -0.192

o 1 2 3 4 5 6 0 2 4

x x
True process U(t, x), ti=10.0 Observation V(t;, X), tj=10.0

0.270

0.225

0.180

0.135

0.090 =
0.045

0.000

—0.045

—0.090

Figure 3.1.: Examples of the simulated process U and observations V for three different
observation times. Note the differing color scales.
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simulation we choose N = 70. For the initial condition we assume a bell curve
U(0,2) = 2exp(—2[x — x|®)

centered at g = (5, 5). From the initial condition, the process is simulated forward in
time in the spectral domain with time steps At = 0.02 over the time span ¢ € [0, 10].
The spatiotemporal, ’true’ process f](t) is respectively computed by the inverse discrete
Fourier transform at each time step. Note that the equally distanced time steps are
chosen for experimental simplicity only and more general setups are possible.

The observations V' (t;) = (V(ti, nm))nm are made available at every tenth time
step, corrupted by spatial Gaussian white noise with standard deviation o. = 0.05.
The model parameters are chosen as follows: The drift parameter p = [0.12,0.1]7

0.12 0.05\ .
0.05 0.12) 15 set
such that diffusion is anisotropic. We choose a weak damping parameter ¢ = 0.005 and
the stochastic Matérn forcing term to be parametrized by pg = 0.3 and o¢p = 0.9.

Examples of the sampled process and observations are given in figure Note that
color scales are differing inbetween times.

resembles a slightly stronger drift in the x—direction, whereas ¥ = (
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3.4.1. Filtering & Smoothing Results

We run the spectral Kalman filter specified in algorithm and its smoothing pendant
on the given discrete-time observations {V (t;) : t; = 0,0.2, ...,10} of the simulated pro-
cess above. To analyze the models estimation perfomance inbetween measurements,
we choose to run the continuous-discrete Kalman filter and -smoother by including
‘measurement-free’ steps as described in remark

Figure [3.2] shows the true and estimated paths for four different spatial wave numbers
&;, with shaded areas resembling the distance of one standard deviation. The spatial
waves have been picked to represent a range of frequency magnitudes. We observe:

e As expected, the Kalman smoother performs better than the filter. Whereas the
smoothing estimates recover a path with small-scale fluctuations, the Kalman fil-
ters measurement-free prediction steps are dominated by the filters linear mean
propagation. Further recognizable is the reduced uncertainty of the smoothing
estimates.

e Furthermore, the spectal processes’ convergence behavior described in remark
is well visible. For large spatial frequencies, a;(t) rapidly converges to its cen-
tered stationary distribution, whereas low frequencies remain non-stationary in
the given time-frame. Note also the difference in the stationary distributions vari-
ances for larger wave numbers. This behavior again suggests that the impact of
high frequency components in the Fourier decomposition of the true process U (t, x)
vanishes rapidly.

Both observations are also recognizable in figure which shows the mean absolute
estimation error between the true simulated process f](t, @) and its reconstruction based
on the filtering and smoothing estimates of the spectral process «(t). The latter recon-
struction is shown once using all Fourier coefficients o;,7 € Jn, and additionally for
two different low pass filters with cutoff frequencies ||€;|| < 5 and ||&;| < 3. Taking
into account that we can make use of the real DFT, the respective number of Fourier
coefficients for these three reconstructions are 2520,39 and 15.

Both algorithms manage to improve the process estimation beyond observation quality,
even inbetween measurement steps. Unsurprisingly, the smoothing estimate outperforms
the Kalman filter in all three frequency filter configurations.

What is slightly suprising however, is that in this particular parameter setting, the low
pass filtered reconstruction with cutoff frequency ||£;|| < 5 manages to almost match es-
timation accuracy of the fully reconstructed process. This again indicates that, spatially,
the process is dominated by its low frequency components.

In our particular parametrization, this cutoff frequency seems to be close to the sweet
spot, as already the low pass frequency cutoff |§;|| < 3 starts out with a noticeable
worse estimation performance. It improves as time progresses and spectral processes
relating to frequencies in the intermediate range converge to their respective stationary
distributions.

Figure visualises the smoothing reconstruction using the different low pass filter
settings at the two observation times ¢; = 5, 10.
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Filter Estimate and True Process gj(t), j= (0,1)

Smoothing Estimate and True Process aj(t), j = (0,1)
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Figure 3.2.: Filtering and smoothing paths for differing spectral processes a;(t). Differ-
ent colors represent the true and estimated process for the real and imagi-
nary part respectively. The shaded areas represent the mean estimate + the
estimated standard deviation m(t) £ /K (t).
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Figure 3.3.:

=— Measurement Noise
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Mean absolute error ||U(t;) — ® 'a(t;)|| of the spectral filtering (upper
panel) and smoothing estimates (lower panel) of a(t;) over the spatial do-
main as a function of time. The grey line represents the averaged measure-
ment error €(¢;). The other colors represent different numbers of Fourier
modes considered in a(t;).
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3.4.2. Parameter Estimation Results
We are now concerned with the setting in which the model parameters
0 := [u: 3%, ¢, po, 00, Ue]

are unknown and therefore to be estimated based on the available observations V' (¢;) =
v(t;) € RV 2,i =1,...,50. Recall that the model log-likelihood function is given by

I

1 L - 2
(o) =5 > —log(2m) — log(rje(ti) — m”“j(ti) —my o(ti)]]
i=1 7,614
! 1
+3 Y —log(m) —log(rje(t) — ol 197 (t:) — m3 g (t:)]1%,
i=1 jeJk,j#0 J,0\bi
Smoothed process L-l(t,x], no LPF, t =5.0 Smoothed process l:/(t,x), no LPF, t = 10.0
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Figure 3.4.: Process reconstructions of U(t,«) based on the Kalman smoother. The
columns correspond to the second and third time step in figure (3.1} Dif-

ferent rows correspond to different numbers of Fourier modes used in the
reconstruction: LPF €| < K denotes a filter with cutoff frequency K.
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where 0(t;) = (Pv(t;)); denotes the j-th discrete Fourier coefficient of V'(t;). For the
parameter estimation, we set K = 5.

The (log-)likelihood can be passed onto any likelihood-based parameter estimation
method. We choose to adapt the Bayesian setting and treat the model parameters ©
as a random variable whose posterior © | V(tlz 1) is now to be estimated, based on the
Bayes theorem

forv,.n(0 1 0(tr)) < L(0)fe(6). (3.43)

Here, f@ denotes the prior density function of ®, whose exact form we shall specify
shortly.

Estimation of is done by sampling form a Markov chain generated by the
Metropolis-Hastings (MH) algorithm, a general Markov chain Monte Carlo scheme that
ensures convergence of the Markov chain to its stationary distribution f®|f/( fil) under
very flexible conditions. We shall treat is as a simple ’off-the-shelf’ solution for Bayesian
inference. For more detail, see e.g. Brooks et al. [2011]. For completeness sake, its
general formulation is summarized in algorithm

Besides the likelihood function and prior distributions, the Metropolis-Hastings re-
quires a proposal density ¢(- | @) which determines the rate at which the chain explores
the parameter space. The diffusion matrix requires special attention due to its symmetric
positive definite property. We parametrize it via a Cholesky decomposition

Y =LL",

Ly

Lo

prior densities for the rest of the model parameters, we follow Sigrist et al.| [2015].
We choose Gaussian proposals in g and L, centered at the current chain state

0] . . . .
where L = [ I } is some lower triangular matrix. For the choices of proposal and
3

q(pp | pi) ~ Nz(uiyai)
q(Lp | L;) ~ N3(Lj, 0%).

To keep parameters positive, all other proposals are drawn from log-posterior normal
distributions, e.g.

9(Gp | G) ~ LN (In(Gi), oF)

and likewise for pg, oo, 0. The proposal densities hyperparameters o2, = pu, ..., o, are

subject to tuning. The proposal term in the acceptance ratio takes on the form

q(0; ] 6,) _ CpPO,pT0,pT¢p
q(6, | 0;) GiP0,i00,i0¢i ’

(3.44)

where the proposal terms in p, 3 vanish due to the symmetry of the normal distribution.
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The priors are chosen to be flat on either the unit interval or [—1,1]:

C, P0,00,0¢ ~~ Unif([O, 1])
K1, p2 ~ Unlf([_17 1])
Ll,LQ, L3 ~ Unif([—l, 1])

Algorithm 3.2: Metropolis-Hastings Algorithm

Input: proposal density ¢(- | -), likelihood function £(8), priors f(6), number
of iterations n.

Output: Markov chain samples 0;—¢ ..,

Initialization: 6 ~ 7(0).

for:=0,...,n do

Propose:

Draw 0, ~ q(- | 6;);

Acceptance Ratio:

Calculate a(6),0;1) := min (1, L(e,?)f(g,',) Z(eilg’?));

Accept/Reject:

Draw u ~ Unif([0, 1]);

if u< a(()p, 9i+1) then

| 0iy1=206,
end
else

| 01 =0;
end

end

Figure [3.5] shows the samples of the Metropolis-Hastings algorithm run with 50, 000
iterations, of which the first 20,000 have been discarded as ’'burn-in’. The proposal
variance hyperparameters have been fine tuned such that the acceptance ratio of the
chain over the last 30,00 iterations lies between 30 to 50 percent. The figure shows that
indeed the simple MH Markov chain is able to recover the model parameters, even given
a likelihood function based on a low number of Fourier modes.

Noteworthy is the behavior of the chain in the parameters O'g and pg - the parameters
that solely define the variance term in the forward propagation of the spectral processes.
Both their chain samples show large deviations and are respectively over- and under-
estimated. Noting that the spectral processes variance is a monotone function of both
parameters, this suggests that the misguided estimation in these parameters seems to
even out in the likelihood function.
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Figure 3.5.: Metropolis-Hastings samples for the last 30,000 out of 50,000 iterations.
Different panels show samples for different parameters. The orange line
represents the true parameter value, whereas the yellow line represents the
sample mean.
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4. Solving the Stochastic Convection
Diffusion Equation on the Torus

The previous chapter derived a method for computationally efficient filtering, smoothing
and parameter estimation of the stochastic convection-diffusion equation. For this pur-
pose, it was assumed that the stochastic forcing term can be represented by a Fourier
spectral decomposition. This led to a “formal solution” of the approximated equation
that was again given by a linear combination of Fourier basis functions.

As we will show in section the approximation of the forcing term is only correct
under the assumption of spatially periodic boundary conditions, i.e. when the problem
is defined on the two-dimensional torus.

However, reformulating the problem under this assumption allows us to derive a true
solution to the equation. This will be done in section within the framework of
weak solutions introduced in chapter In particular, we will show that under these
assumptions, the previously obtained formal solution indeed approximates the equations
weak solution, leading to stronger convergence results.

4.1. Matérn Processes on T2

For the rest of the chapter, denote once again by &; = 2w (%, %), j € Z2, the j-th
elementary spatial wave vector on the domain [0, L]? with corresponding Fourier basis
function ¢;(x) = exp(i€; - ) and by Jx = {j € Z* : —% +1<5 < %, i =1,2} the
first K? spatial wave vectors, centered at the origin.

Recall that in section for any fixed time t € [0,T], we approximated the Matérn
process (W% (t,x)), on [0, L]? via a finite sum

9t = [ e - w)intt €

R
~ bj(x)nj,
JjeIK

(4.1)

where (7;); are independent, complex Gaussian variables with variance E[n;7;] = (2%)2 (&),
f(€) denoting the spectral density of the Matérn covariance function.
Note that this approximation is not “exact in J”, meaning that the right hand-side
in does not converge to the Matern field (W@ (¢, ), as we let K — oco. This is
due to the fact that the stochastic integral - in order to take advantage of the Fourier
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basis functions on [0, L]? - is approximated via a partition with intervals

Ag; = [2#(%—%),2% (%—Fi)] X [27r (%—i)ﬂw(%—{—i)], jez?

Therefore, the approximation converges only when one takes the limit in both L and K
simultaneously, a disadvantageous fact as the spatial domain is assumed to be constant
and one naturally wants the quality of an approximation to be a function of the number
of basis functions only.

However, the fact that this sum resembles a Fourier series decomposition indicates its
ability of approximating a spatially periodic process. Indeed, in the following section we
we will show:

Theorem (Informal). In the limit K — oo, the sum > ;. 7. ¢;()n; as defined in (4.1)
converges in the L?-sense to a Matérn process defined on the torus T?.

We begin by reviewing some basic properties of the torus which will allow us to apply
the generalized Bochner’s and spectral representation theorem for stationary processes
on the torus. A result by Borovitskiy et al. [2020], which generalized Matérn processes
on compact Riemannian manifolds, then provides us with an explicit expression for their
covariance function and spectral density on the torus.

Definition 4.1 (The d-dimensional Torus). Let S := {z € C : ||z|]| = 1} be the unit
cirlce in C. The d—dimensional torus is defined as the product

T¢:=Sx..xS.
~———

d-times
We need the following properties of the torus:

Lemma 4.1. The d—dimensional Torus is a compact, abelian group in regards to
component-wise multiplication in C. Its dual group T¢ |'is given by functions of the
form

o(z) =[]+, dez”

and is therefore commonly identified with Z.

Proof. These are standard results. Proofs can for example be found (or are direct con-
sequences of the results in) in section 1.2 of Rudin [1962]. O

1Tl}e dual group (é, -) of any locally compact, abelian group G is defined as the set of functions
G={¢:G—T: ¢is a continuous group homomorphism} with operation (¢ - )(x) := ¢(z)9(x).
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Remark 4.1. Let & ~ y be the equivalence relation on R? defined by ¢ ~ y <=
x —y € Z% Recall that there exists a canonical homeomorphism ¢(-) between the
d-dimensional torus T¢ and the quotient space (R/Z)?% := (RY/ ~) given by
q: (R/Z)* — T¢
q(x) = (exp(2mizy), ..., exp(2mizyg)).

It is therefore common to identify the torus with (R/Z)?. In that case, the corresponding

o —

dual group (R/Z)4 is the group of functions of the form

¢:(R/Z)? — T
o(x) = exp(2mix - 7).
Note that these are the Fourier basis functions (¢;); that wrap the unit interval [0, 1]¢
around the torus T¢.
Of course, one may likewise consider the quotient space (R/LZ)? with the canonical

homeomorphism ¢ : © +— (exp(%ﬂixl), e exp(%ﬂixd)) € T4 and dual group of Fourier

basis functions ¢; : & — exp(%’rij : :L') on [0, L]?. In that case, all results derived in this

chapter hold true and we can therefore assume without loss of generality that L = 1.

We now state the generalized versions of Bochner’s and the spectral representation
theorem.

Theorem 4.1 (Bochner’s Theorem (Generalized)). Let G be a locally compact, abelian
group with dual group G. A continuous function h : G — C is positive-definite, in the
sense that

4,j=1

for all Ay,.... A\, € C,z1,....,x, € G,n € N, if and only if there exists a unique, finite,
non-negative measure p on G such that

h(x) = /G o) dpu(6) (4.2)

for all z € G.
Proof. See |Rudin| [1962], section 1.4.3. O

Theorem 4.2 (Spectral Representation Theorem (Generalized)). Let T' be some index
set and (X (¢))er be a stochastic process. Further let (A4, .4) be some measurable space.
There exists a spectral representation, such that for all ¢t € T

X(t) = /A o(t,a)dZ(a), (4.3)
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where ¢(-, -) is some complex-valued function and Z(-) is an orthogonal random measure
on (A, A) if and only if there exists a measure p on (A, .A) such that

BLX()X(0) = [ o(s,0)30a)duta) (4.4)

for all s,t € T. Then, it holds

0, ifElﬂEQZ(Z)

[ ( 1) ( 2)] {/I(El), lf El - EQ
for all B, Fy € A.

Proof. See [Yaglom| [1987Db], chapter 2 note 17. O

As usual, we say that a stochastic process U on the torus is weakly stationary if it has
constant mean and a covariance function given by

k(x+r,x) =c(r)

for all z,» € (R/Z)? and some positive definite function ¢ : (R/Z)? — C. The special
cases of the previous two theorems lets us now obtain a spectral representation for these
processes:

Corollary 4.1 (Spectral Representation on the Torus). Let (U(x))ger/z)e be a sta-
tionary process with covariance function ¢(r). Then there exists a unique measure p on
7% such that for all r € (R/Z)?

c(r) =Y di(r)u(d). (4.5)

jezd

Furthermore, there exists a stochastic process (Z;)eza such that for all x € (R/ AL

Ux) =Y ¢;(x)Z; (4.6)

jezd
and it holds
Ewﬂﬂz{a. Lizk (47)
n(g), ifj=k.
We again refer to u and Z as the spectral measure and spectral process of U respectively.
Proof. Recall that ¢ € (@d if and only if ¢ = ¢; for some j € Z%. The first claim

—

then follows from Bochners theorem by identifying (R/Z)4 with Z¢, equipped with the
canonical o-Algebra P(Z4).

Likewise, the second claim follows directly from the generalized spectral representation
theorem with (A, A) = (24, P(29)) and ¢(zx,j) = ¢j(z) for all x € (R/Z)%,5 € Z¢. O
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We now wish to find a spectral representation for the Matérn processes on the torus.
Recall from section that the Matérn processes can be defined as solutions to the
fractional stochastic Laplace equation

(K2 — A2 () = W ().

Recent work by Borovitskiy et al. [2020] generalized this approach by replacing the
Laplace operator with the Laplace-Beltrami operator, the generalization of the Laplace
operator on manifolds, thereby introducing a framework which allows one to define
Matérn processes on compact Riemannian manifolds by solving the arising fractional
stochastic Laplace-Beltrami equation.

We summarize the results for the case that is of our interest - the torus - in the
following lemma. For the general results, we refer to |[Borovitskiy et al.| [2020], appendix
D.

Lemma 4.2 (Matérn Processes on the Torus). Let U be a solution to the fractional
stochastic Laplace-Beltrami equation

(02— A)? Ule) =W(z), a=v+2

Here, A, denotes the Laplace-Beltrami operator and W is spatial white noise, both
defined on the d—dimensional torus. Then, U is a stationary, centered Gaussian process
with covariance function

2 —2 12y —

c(r) = o5 > (oo + |1275]1*) 5 (r). (4.8)
jezd
We refer to U as a Matérn process on the torus. In particular, its spectral measure on
7% is given by

. 2, —_92 12y —
1(3) = o5(py ~ + [12mg]17) " (4.9)
Proof. This follows from theorem 4, Borovitskiy et al.| [2020]. O
Let us now return to the case treated in section|3.1} where we considered the stochastic
forcing term W@k (¢,x) to be temporally white and spatially coloured with Whittle
covariance function; the Matérn covariance function with v = 1 and d = 2. Assume

now that W@ (t,) is spatially periodic, i.e. & € (R/Z)2. Then, for any fixed time t,
(W@k(t,x))4 has covariance function and spectral measure given by

c(r) =Y fi¢j(r) and
jezd (4.10)
fi = otlpo” + 1&11*)7?

respectively. In particular, by the generalized spectral representation theorem, there
exists a proper complex Gaussian process (1; )jezd such that

W(t,z) = > ¢j(x)n;, (4.11)

jezd
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with covariance given by

0, ifjAk
E[n;me] = {f' ;j 7_é . (4.12)
Iz =FR.

Note that f; = (2m)? f(&;), where f denotes the spectral density of the Matérn covariance
function on R?. We therefore recover the approximation as introduced in and this
approximation indeed converges in the number of Fourier basis functions, i.e.

A > pi(@)n; = W(t,x)
JETx

in the L?(P)-sense, for all z € (R/Z)?,t € [0,T)] fixed. When letting time vary, in order
to retain the temporally white nature of W% (¢, z), we again assume that (n;(t)); are
independent, temporally white Gaussian noise processes. However, the next section will

deal with this rigorously within the framework introduced in section
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4.2. The Weak Solution on T?

The previous section showed that we can approximate the temporally white, spatially
Matérn process W@k (t,x) defined on the torus by a linear combination of Fourier basis
functions. We now derive a solution to the corresponding stochastic convection diffusion
equation driven by W@ (¢, ) on T2. This will be done in the framework of generalized
random processes and weak solutions introduced in section [2.4

In this sense, let us define the stochastic convection diffusion equation as

{dU(t) = AU(t)dt + dWx(t), t € (0,00), (4.13)

U(0) = Uy,

where A is the convection-diffusion operator, Uy is a generalized Gaussian random field
and WO is a Q-Wiener process, all acting on a Hilbert space H.

We therefore need to identify a suitable underlying Hilbert space H, construct W<k
such that it corresponds to the Whittle covariance function in the spatial domain and
show that the convection-diffusion operator A is the generator of a Cy-semigroup on H.

The underlying Hilbert space To take advantage of the Fourier spectral decomposition,
we assumed our formal solution in chapter 3 to be spatially periodic on [0,1]2. The
natural choice of the underlying Hilbert space is therefore the C-Hilbert space £2(T?)
of square-integrable, complex valued functions on the torus, equipped with the inner
product

(hg)ei= [ (=g,
T2
where we define integration over T? as
/ h(z)dz := / h(exp(2mix))dx.
T2 [0,1]2

By definition of the integral and the canonical homeomorphism between T2 and [0, 1]2,
we have that £2(T?) is isometrically isomorphic to £2([0, 1]?) and it is useful to identify
these with each other and simply denote them by £2.

The @Q-Wiener process Lemma [4.2| showed that the Whittle covariance function for a
periodic process on [0, 1]? is given by

Kx,y) = Y 1i05(@)6;(y), (4.14)
jez?

where f; = 02(py? + |1€;]1?)72. Recall that the Fourier basis functions (¢;(x)); form
an orthonormal basis function in £2. By Mercer’s theorem, the corresponding Hilbert-
Schmidt integral operator Qi (h) := f[o,l]g h(y)k(x,y)dy is a nuclear covariance operator

on £? with eigenfunctions and eigenvalues (¢;);, (f;);-
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To construct the corresponding regular Q-Wiener process W% let (wj); be a family
of independent complex valued Wiener processes. Following remark and we can
represent W<k by

WO(t) := > \/fidjw;(t) (4.15)
jez?

such that E [(h, W@ (s)) z2(h, WOk (t)) 2] = (Qih, g) > min(s,t).

The convection-diffusion Cjy-semigroup It remains to show that A generates a Cp-
semigroup on £2. To do this, we take advantage of the fact that the Fourier basis func-
tions are eigenfunctions of A by constructing a corresponding diagonal Cy-semigroup:

Lemma 4.3 (Diagonal Cy-semigroups). Let H be a separable C-Hilbert space with
orthonormal basis (hj);j>1 and let (Aj)j>1 be a sequence in C. Then, the operator
A:D(A) C H— H defined by

Ah =Y Xj(h, hy)h;
i>1
with domain D(A) = {h € H : } .51 [Aj(h, hi)|? < oo} defines a Cy-semigroup (S(t):)
on H if and only if sup;>; Re();) < o0o. In that case, (S(t)); is given by
S(t)h =" exp(Ajt)(h, h;)h;.
Jj=1
Any Cy-semigroup of such form is called a diagonal Cy-semigroup.

Proof. A proof for the real valued case can be found Curtain and Zwart [1995], 2.1.13.
The complex case follows likewise. ]

We can now show that, in the sense of weak derivatives, the convection-diffusion
operator A defines a diagonal Cyp-semigroup on £2. Recall that for any ¢ € £2, the weak
derivative D%g € £2, if existent, is uniquely defined by the property E|

(D%g,v) 2 = (—1)1*N(g, D) 2 (4.16)
for all smooth functions v € C*°(T?), where D denotes the differential operator D =

oa1taz
[
Ox, "0z,

for some o € N2. Following this, one defines the formal adjoint A* of A by
A =p-V+V -2V -, (4.17)
such that Ag, if existent, is uniquely defined by
<Agv v>L2 = <g7 A*v>£2 (418)
for all v € C*°(T?).

2The definition of a weak derivative is motivated by the fact that equation (4.16)) indeed holds for any
|| —times differentiable g. This can be shown by integration of parts plus the fact that v is periodic.
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Corollary 4.2. The convection-diffusion operator generates the diagonal Cy-semigroup
St)g = > exp(At){g,d;)20; (4.19)
JEZ?
on L2, where \j = —ip"€&; — 5;72@ — ( are the eigenvalues of ¢; in regards to A.
Proof. Define the operator A : D(A) C £2 — L2 by
Ag =" Njlg, ¢5) 205
JEZ2
Note that sup; Re()\j) = —( by positive-definiteness of X. Following lemma A
generates the diagonal Cp-semigroup
St)g = > exp(\t){g, d;) 205
jer?

on £? and its domain is given by

D(A)=SgeL?: Y N9, 85)2> < o0
jer?
By uniqueness of generators of Cy-semigroups, it suffices to show that Ag = Ag
whenever existent. Using Riesz-Fischer’s theorem and the fact that A¢; = Aj¢j;, it
holds for all v € C°°(T?):

<Aga _<Z)\ g?¢] £2¢Ja >

2
JEZ r

=Y {9.65)2(Njdj,0).2

Jez?

- Z (9, B5)c2 (D, A™0) 2

jez2

= <Z <g,¢j>£2¢j,A*v>

jez? c
= (g, A™v) 2.
This shows that Ag = Ag for any g € D(A). Conversely, when g € D(A), there exists
some h € £2 such that (9, A%Pj)r2 = (h,pj).> for all j € 7Z?. Therefore, it holds by

Parseval’s identity
|h||£2 - Z ’ ¢] £2

JEZ2

= 37 (g, A%65) 22

jez2

= Z P‘]<ga¢]>£2|2 < 00,

jez2
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where we used that A*¢; = \;j¢;. In particular D(A) = D(A) and this proves the claim.
O

With all the groundwork done, we can finally derive a weak solution to the problem
at hand:

Theorem 4.3. There exists a unique weak solution (U (%)); to the stochastic convection-

diffusion equation (4.13)).

Further, let the initial condition Uy = . g icz2 0 0¢j be a regular generalized Gaussian

random field on £2, where a; ¢ ~ CN (0, 3, 2,)s 3 € Z*, are independent complex (real if
J = 0) Gaussian variables. Then solution is given by

Ut) =Y aj(t)o; (4.20)
jez?

where (a;); are the complex Ornstein-Uhlenbeck processes given by

o5(t) = exp(\gt)ago + /T /0 exp (s — 5))dhu (5).

Proof. By uniqueness, it suffices to show the existence on any domain [0,7], T > 0. For
this we need to show that the Cyp-semigroup (S(t));e(o,r) generated by A is such that

/ns (O Qrl3dt < .

Recall that S(t)g = > cz2 exp(Ajt)(g, ¢j)c2¢; and therefore S(t)¢; = exp(Ajt)¢; for
all j € Z2. With this we get

ISV Qilhs = D (S()VQrds, SV Qrds)us

jez?

= Z fJ ¢37 )¢j>HS

Jjez?

= Z fi exp(\jt)exp(\;t)

jez?

=) fiexp(—2(&fT&; + Q)t)

jez?

<> f
jer?

< 00,

where > . 7> fj = ¢(0) is the marginal Whittle covariance on the torus. It thus holds:

/||S (O)v/Qul|2gdlt < Te(0) <
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By theorem this shows the existence of a unique weak solution on any interval
[0,T]. Tt is given by

U(t) = S()Us + /0 CS(t — 5)d W (s)

Now, let Ug be a regular generalized random function on £2 with representation Uy =
> jez? aj0¢; for a sequence of independent complex Gaussian variables aj 9,7 € Z2. We
then have

ST =Y a;0S(t)d;

jez2

= 2{: ajA)exp(Ajt)¢j

jez?

for any ¢ € [0, T]. Furthermore, by definition of the Ito integral in £? it holds

/0 St — 5)dW%(s) = 3 /0 VTS (= 8)bj, i) codduo; (5

i,j€Z?
t
=2 \/E/ oxp(X; (t — 5))dw;(5)@;-
jezz 0

Setting o (t) = exp(Ajt)ag o+ \/ fj fot exp(A;(t — s))dw;(s) gives the second claim. [J

Corollary 4.3. In the sense of a £2-valued random process, for any fixed ¢ € [0, 7], the
spectral approximation

Uk(t,@) == Y a;(t)é;(z)

J€ETK

as derived in proposition converges in L2(P) to the weak solution (U(t)); of the
stochastic convection diffusion equation:

Jim E[|0x(6) = U®]%) = 0.

Proof. This follows immediately from the previous theorem and the definition of the It6
integral in £2. O

This can be seen as an improvement of the result in lemma where we proved
the approximations pointwise weak convergence to the stationary solution, under the
assumption that the initial condition is given by the processes invariant measure.

We now turn our attention to proving the processes convergence to its invariant mea-
sure in the infinite dimensional case. We start by showing the weak solution indeed
defines a generalized random field on £? for any fixed time ¢. For this, recall that for
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any j € 72, (a(t))¢ is a proper complex (or real for j = 0) Gaussian process with mean
zero and covariance function

kj(s,t) := exp(Ajs)exp(A;t) [032,0 + m (exp(2(£§2€j + C)s) — 1)

for s < t. Denote by r;(t) the variance of o (t); k;(t) = K;(t,1).
Proposition 4.1. In the situation of theorem the process (U(t)); is a L2-valued
Gaussian process with covariance operator function
Koah = 3" #(5,8) (. 63) 205 (4.21)
JEeZ?

In particular, any U(t) is a generalized Gaussian random field on £2? with covariance
operator

Qeh =" kj(t)(h, ¢5) c205- (4.22)
JEZ2
Proof. The fact that U = (U(t)); is indeed a £2-valued Gaussian process follows from
its integral representation and lemma [2.7] To derive K, define for any s <t fixed
ksi(@,y) = Y k(s t);(x)d(y). (4.23)
JEZ2

To show that ks, is well-defined, note that by the symmetric positive-definiteness of X
we have

EISE; > Sinll&; 3

where X,;n > 0 is the smallest eigenvalue of 3. Therefore, we can choose some M > 0
such that for all £; with ||&;]|3 > M:

exp(— (€5 B¢ +Q)(t+5)) <1,
0 < [exp(—(& & +Q)(t — 5)) —exp(—(§5 & + (¢ +5))] <1,
2063 +¢) = L.

For all such &; it then holds:

(s, 1)) = [exp(hs)exp ()] |03 + grersies ey (xp(2(6] B¢ + C)s) - 1)]
< exp(— (€] 2& + Q) + 5)) 050
+exp(— (& 3¢ + Ot + ) W (exp(2(&5 Z¢; + O)s) — 1)’

=exp(—(&] & + )t +5))o g
+ m [exp(— (& 2&; + Q) (t — s5)) — exp(— (& BE; + ) (t + 5))]

2
< 050+ fj-
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With this, it follows that

Yo lkilst)l= D0 k(s 0+ Y0 k()]

jeZ? jEZ2, jEZ?,
l&;l15<M l&;l5>M
2
< D> IR+ Y0 (050 + 1)
jez2, Jez?,
l&;ll5<M l&;l5>M
< 00,

where we have used the fact that Zj 032.’0 < o0 by regularity of the initial condition Uy
and that Ej fj < oo is the marginal variance of the Whittle covariance function.

This assures the convergence of ks ¢(x,y). The fact that it is a continuous, conjugate
symmetric and positive definite function follows from Bochner’s theorem. Note that

Ks,th = Z Hj(svt)<h7 ¢j>£2¢j'

Jez?

is the integral operator corresponding to ki(x,y) on £2. By Mercer’s theorem, it is
therefore a well defined, nuclear covariance operator.
Lastly, K, is indeed the covariance operator function of U. For all h, g we have:

B (0 U()e (0,000 | =B | Y (0 65)e205(5) D (9,650 e205(0)

Jjez? jez?
= Z E[%‘(S)WM, ¢j>c2 <¢j»g>52
jez?
= <Z /‘ij(S,t)<h, ¢j>£2¢jyg>
JEez? 2
= <K57th,g>£2.

O]

In the finite dimensional case, we have seen that the solutions to linear SDEs converge
weakly against their stationary measure. It is therefore only natural to consider the
convergence behavior in the Hilbert space valued case as well. For this we define:

Definition 4.2. Let X (¢),t € [0,00) be a process of regular generalized Gaussian ran-
dom fields with covariance operators Q;. We say that (X (t)); converges weakly to a
generalized Gaussian random field X, with covariance operator Qo if

lm tr(Qr — Qo) = lim Y (Qr — @)y, hy)u = 0. (4.24)

jez2
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Then, in particular

(h, X))y —— (h, Xeo) (4.25)

t—o00

weakly for all h € H.

Proposition 4.2. In the situation of theorem the process U = (U(t)); converges
weakly to the regular generalized Gaussian random field Uy, with covariance operator

i
h= I B A 4.26
Q jEEZQ 2(£JTEEj+C)< Gj) 2 b; (4.26)

Furthermore, Uy is invariant for U in the sense that, if Uy 4 Uy then (U(t)): is a
stationary £? valued Gaussian process.

Proof. The fact that Qo is a well defined, nuclear covariance operator follows by the
same arguments as in the proof of proposition [4.1] .

Recall that tr(Q; — Q) is independent of the choice of orthonormal basis. Therefore,
by the fact that (¢;); are eigenfunctions of Q and @Q; for any ¢, we have by absolute
convergence of the series

r(Qr — Qoo) = D _ (@1 — Qo) s b m

Jjez?

(o
-2 ( i 2(522&%)) =

jez?

For the second claim, let Uy 4 Uso- Then there exists a representation
Up = Z aj0Pj
jez?
fi )
T2 ZE+0)

Recall that o; o is invariant for the Gaussian process o;;. Therefore, under Uy 4 Uso,
we have that o is stationary for all j € Z? with covariance function

kj(s,t) = eXp(}‘J(t_S))Q(gTEng%—C)
3

with independent Gaussian variables a; o ~ CA(0

for all s < t. By proposition it follows that Ks; = Kgyy 4y for all 7. d

We end this chapter with the following corollary that recovers the spectral density of
the “ordinary”” Gaussian process corresponding to the weak solution.

93



Corollary 4.4. The stationary solution of the stochastic convection-diffusion equation
on T? has spectral spectral given by

9(w,j) = fj—;w[(sgzgj +O?+ (w+p"g)?, weRjeZ (4.27)
Proof. Note that
T [
K ih = xp(N\;i(t — 8)) o (h, D3 ) 205
,t J'EZZ2Q p( J(t S))2(£;E€J+C)< ¢J> (b]

is the integral operator on £? corresponding to a covariance function on the torus defined

0j(x)0i(y), =z, yeT.

To recover previous notation of corollary write 7 =%t —s,7r =y — x. Then

ks,t(ya m) = ks,t(mv y)

= i
= J,EZZ2 eXp()\J (t )) 2(5;223' n C) qu( )¢g (,y)
= ex i(t—s # () —
- EZ:Q p(Aj(t — 5)) 2ETse; 7 0 iy — )

- k578+7_(m + r’ m)
=:c(T, 7).
Clearly, c(7,7) is the covariance function of a stationary Gaussian process defined on

[0,7] x T2. By the generalized spectral representation theorem, there exists a unique
spectral density g(w,j) on R x Z? such that

(r,7) = /R S g(w,5) expliwn) ey (r).

jez2

Now, the same computation of the frequency domain integral as in remark gives:

|3 53672 + 0+ (o 65" explior) o ()

jez?
= Y s el — 63 - 0n) s (0
jez? J
B o
2 a@gme 0
=c(1,7)
and this proves the claim. O
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5. Future Work

In chapter 3, we have introduced a spectral method for the linear stochastic convection-
diffusion equation, motivated by the need of computationally efficient statistical inference
on its approximated solutions and model parameters. Chapter 4 verified the spectral
method in its approximation properties to the weak solution of the SCDE. The results
in these chapters open up a number of further research questions:

e How flexible is the spectral filtering method in regards to more complex statistical
applications, e.g. when one cannot assume constant model parameters?

e The derivation of the weak solution to the SCDE showed that the spectral approx-
imation becomes exact when the solution is defined the torus. Does this open up
opportunities to consider processes defined on more complicated manifolds?

e The usage of Fourier basis functions is particularly efficient due to their property
of being eigenfunctions for any linear differential operator. How can one make use
of this when confronted with non-linear differential equations?

We give first considerations to each of these questions in the following chapter.

5.1. Some Immediate Generalizations

This section covers some immediate generalizations of the spectral filtering method for
the SCDE. Each are formalized based on the conditions introduced in chapter 3. Details
that are left out in the following are therefore assumed to be as specified previously.
At large these extensions don’t interfere with each other and can therefore be employed
‘parallelly’.

5.1.1. Temporally Varying Convection-Diffusion Operator

Filtering, Smoothing & Parameter Inference Assume that the PDE model parame-
ters wu, 3, ¢ of the stochastic convection-diffusion equation are not constant but rather
functions of time, i.e. we are concerned with the equation

0 - 7@
atU(tvm) A(t)U(t7m) + W k(t,ib), (51)
U(0) = Uy,
where the differential operator A(t) is defined as
A(t) := —p(t) - V+ V-3V = ((t). (5.2)
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Assume for now that p(t), 3(¢), ((¢) are known. The same considerations as in theorem
show that we can construct an approximated solution U(t,z) = 3 ;¢ 7 @(t)¢j(x)
by deriving its spectral processes as strong solutions to the Langevin equation

{daj(t) = \j(t)a; (£)dt + \/ F(&5)dw;(t), (5.3)

a] (0) = aj,o:

with A\;(t) :== —ip(t)"&; — E;E(t)fj —((t).
Let p;(t, s) be the corresponding state transition function defined via its properties in
equation (2.79)), i.e. it is the solution to the ODE

{atpj (t,s) = X\j(t)pj(t,s)

pi(s,s) =1 54

Assume that ); is such that the corresponding state transition function exists and is
unique (this is for example guaranteed by piecewise continuity of A;). The strong solution

to equation (|5.3)) is then given by

a;(t) = p;(t,0)05(0) + 1/ f(&5) /0 p;j(t, s)dw;(s). (5.5)

Filtering and smoothing for the spectral processes a; can therefore be done via the
Kalman filter and -smoother as introduced for time-varying linear systems in section
2.0.2)

In cases where the functions pu(t),¥(t),((t) are unknown but dependent on some
parameter 0 € R¥, it is evident that parameter estimation can be done based on the fil-
tering likelihood function derived in . Note that, depending on the parametrization
of pg(t),Xe(t),e(t), sampling from the posterior @ | V' might become more complex
than previously seen in the experiments in section [3.4.2] and more sophisticated sampling
techniques will become necessary.

Existence of a Weak Solution A natural question that arises is whether a Fourier
spectral decomposition based on the processes (o;); does indeed approximate a weak
solution to the SPDE

U(0) = Up.

Equations of this kind are known in the literature as non-autonomous Ornstein-Uhlenbeck
equations (see e.g. Seidler| [1993], Veraar| [2010]). Under rightful assumptions, one can
show the existence and uniqueness of a weak solution to . Without going into too
much detail here, the objective is to show that the family of operators (\A(t)); is such
that there exists a solution P = (P(t, s)s<¢ to the operator valued ODE

{atp(t, s) = A(t)P(t,s)

P(s,s) =1Id (5:7)
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and that the solution P is an exponentially bounded evolution family on L2, i.e. fulfills
the requirements that

1. forall s <r <tel0,T]: P(t,s)P(s,r)=P(t,r),
2. for all h € £? fixed: (t,s) — P(t,s)h is continuous,
3. there exist constants M > 0,c¢ > 0: ||P(t,s)||., < M exp(—c(t — s)).

The weak solution to (5.6) is then again given by a stochastic convolution

U(t) = P(t,0)Uy + /t P(t, s)dW % (s). (5.8)
0

Our previous considerations for the case of constant PDE parameters suggest that the
right operator family (A(t)); for our application is defined on £2(T?) by

= Nj(t)(h, 85) 205 (5.9)

jez?
Based on this, we propose: E|
Proposition 5.1. The operators P(t,s) : [0,T] x [0,t] — £? defined by

P(t,s)h =Y pj(t,s){h, ¢;) 26 (5.10)
jez?
form an exponentially bounded evolution family such that P solves equation (5.7)).

Under the assumption that proposition holds, we get a weak solution U given by

with
t
/0 P(t, 5)dW % (s) = 3 JE/ (£, 8)b5. b5) ey (59

jez?
_Z\/E/thdeJ 5)¢;.
jez?

Together with a similar spectral decomposition for P(¢, s)Uy one gets the generalization

of corollary

Jim Bl Y a5t — U@)]2]) =0,

J€EITK

where o denote the spectral processes as defined in (5.5)).

!Proving this is not as trivial as one would hope. In fact, it is not clear if the exponential boundedness
of P(t,s) is the right assumption to base the existence of a weak solution on. Thankfully this is a
future work chapter.
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5.1.2. Spatially Varying Convection-Diffusion Operator

Filtering, Smoothing & Parameter Inference Newly published work by [Liu et al.
[2021] extends the spectral filtering method as introduced in section to the case of
spatially varying PDE parameters, i.e. when the convection-diffusion operator is given
by

Alxz) .= —p(x) - V+ V- XE(x)V - ((x).

Again, one seeks to find a finite dimensional solution U (t, z) = >jer aj(t)oj(x) to the
approximated SCDE equation

0 717 _ 7 i7Q
?U(tam) - A(w)U(t>m) + WQ(ta $), (511)
UOx) =2 jes %i(@);(0),
with spatially periodic boundary conditions and approximated stochastic forcing term
We(t,z) = ¢(@)n;(t).
JjeJ
The key idea applied by [Liu et al|[2021] is to construct a solution in the Fourier-
Galerkin sense, i.e. a solution U (t, x) that satisfies

0 ~
=U(t
<at ( ,iL'), ¢k:>
for any k € Z2. In particular, U then solves the approximated SCDE in the weak sense

on any finite dimensional subspace V = span({¢x : k € J}) C £3(T?). With this
approach, one obtains the following result:

Theorem 5.1. Let J C Z? be finite with |J| = K. Let «a(t) be the K-dimensional
stochastic differential equation satisfying

da(t) = Ga(t) + Qdw(t),

= (A@)0 (L) + WOt 2). k),
£2(12) L3(T

where Q = diag[f(&;)], (w(t)); is a K-dimensional complex Wiener process and G is
the matrix given by

Gus = [ 1T @)& + (T 2(@))"€) ~ 5@ - (@) 5(e)n(alde. (512

Then U(t,x) = > jer @j(t)¢j(x) solves the approximated SCDE 1D in the Fourier-
Galerkin sense.

Proof. See proposition 1, |Liu et al. [2021]. O

This result derives a system of coupled spectral processes, given by a multivariate
complex Ornstein-Uhlenbeck process.

Assuming that p(x),¥(x),{ are known and such that the integral in (5.12]) can
be solved in closed-form or efficiently numerically approximated, filtering and smooth-
ing can be done via the Kalman filter- and smoother. If one furthers assumes that
po(x), Xg(x),p(x) are parametrized by some 6, estimation of € can again be done
based on the filtering likelihood function derived in ([2.92)).
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Existence of a Solution Assuming that ¥(x) is symmetric positive definite for all x,
the SCDE

{gtw, z) = A@)U(tz)+ WOt ) (5.13)

U@,z) = Up(x)

is a linear second-order parabolic SPDE. The existence of a solution is then ensured
(under further assumptions of operator-norm boundedness and measurability of A) by
e.g. Lototsky and Rozovsky| [2017], theorem 4.4.3.

However, deriving the solution in closed-form is not as straight-forward as in our
previous example. Therefore, ensuring that the solution is indeed approximated by the
spectral decomposition of the previous theorem is subject to further research.

5.1.3. General Linear PDEs

Denote by 8 € N? a multi-index with || = 81 4+ f2. For any = € R? let 2 = xllxg".
Further, let P(x) = > 5<% ¢s 2P be some polynomial of order k € N with constant
coefficients cg € R. We can then define a corresponding differential operator

BlE]
A=P(Vg)i= Y cp—5—5 (5.14)
i 00wy

By the differential properties of the Fourier basis functions (¢;); we have:

Apj = P(i&;)d;. (5.15)

In other words, the Fourier basis functions are eigenfunctions for any linear differential
operator A of type (5.14) with eigenvalues \; := P(i§;). Further assume that the
polynomial P is such that

Re()\;) = Re(P(i&;)) < 0 (5.16)

for all j € Z2. In that case, it is easy to see that the spectral Filtering model derived in
chapter 3 can be generalized to the linear SPDE

0 .

5 U () = AU(t, @) + WOk (t, ).

The spectral approximation is again given by a Fourier series decomposition with its
spectral processes solving the complex Langevin equation

daj(t) = )\jaj(t)dt + f(Ej)dwj(t), te (0,7].

Note that the assumption guarantees both that aj; are well-defined complex
Ornstein-Uhlenbeck processes as well as the existence of a weak solution that the spec-
tral approximation converges to. The proof of the second fact follows identically to the
one given in theorem

99



5.2. The Stochastic Heat Equation on Riemannian Manifolds

In chapter 3, the need for computationally efficient filtering and parameter estimation for
the stochastic convection-diffusion equation motivated a spectral decomposition based
on the Fourier basis functions. The following chapter verified that this spectral decom-
position indeed approximates the unique weak solution when the problem is defined on
a domain with spatially periodic boundaries, i.e. the torus.

This raises the question of how to deal with situations in which the spatial domain
is a more complicated manifold. We now give first considerations of how one could go
about solving this problem, motivated by the recent work of Borovitskiy et al.| [2020]
who have generalized Matérn processes on Riemannian manifolds.

Let (M,g) be a compact Riemannian manifold without boundary and A, be the
corresponding Laplace-Beltrami operator. Consider the stochastic heat equation

{dU(t) = LA U(t)dt + dW(t), € (0,00), (517)

U(0) = Uo,

where ¥ > 0 is a diffusion constant and W®* is a regular Q-cylindrical Wiener process on
L%(M). We assume that the covariance operator of W@ relates to a Matérn covariance
function, not necessarily restricted to the Whittle case as before.

For now, we restrict ourselves to the heat equation due to the Laplace-Beltrami oper-
ators property of inducing an orthonormal basis of eigenfunctions on the space L?(M)
of square-integrable functions on M:

Theorem 5.2. There exists an orthornomal basis of L*(M) of eigenfunctions (¢;); of
—A, with non-negative eigenvalues (1;); such that n; — oo.

Proof. See e.g. (Canzani [2013], theorem 44. O
This fact was also used by Borovitskiy et al.| [2020] to show:

Theorem 5.3. Let (¢;); be the orthornormal basis of L?(M) of eigenfunctions of —A,
with non-negative eigenvalues (7;);. Then, the Matérn covariance function on (M, g) is

given by
2, -2 -4
ka,y) = ag (o> +m5) " 2 ¢(2);(y) (5.18)
jz1
for all z,y € M.
Proof. See [Borovitskiy et al.|[2020], theorem 5. O

With these two results, we are able to show:
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Theorem 5.4. There exists a unique weak solution (U(t)); to the stochastic heat equa-
tion (5.17) on (M, g). If the initial condition Uy = Zj>1 ajo¢; is a regular generalized
Gaussian random field on L?(M), the weak solution is given by

) => a;(t)s (5.19)
j>1

where (a;); are the Ornstein-Uhlenbeck processes given by

t
a;(t) = exp(\jt)aj0 + \/E/o exp(A;(t — s))dw;(s), (5.20)
with parameters

)\j = —Enj,
. (5.21)
=0t (pg" +m) 2.

Proof. The proof follows the same manner as in theorem and we therefore give the
main steps only.

By theorem we can construct a Q—Wiener process on L?(M) that corresponds to
the Matérn kernel by

Wk (t) Z V Fidjw;(t

7j>1

As there exists an orthonormal basis (¢;); of —A, on L?(M) with eigenvalues n; > 0,
YA, generates a diagonal Cp-semigroup on L*(M ) defined by S(t)h = >_;5; exp(Ajt),
Aj = —Xn; <0, and one shows that

ISOVQRIZ <Y fi < oc.

Jj=1

Following theorem there exists a unique weak solution
t
Ut)=St)Uy+ / S(t — s)dW@(s).
0

By the definition of the Ito integral plus the fact that (¢;); are eigenfunctions of —A,
we receive

/St—deQk ;\/ﬁ/ exp(A;(t — s))dw;(s).

Lastly, under the assumption that Uy = > j>1Q5 (0)¢; is a regular generalized Gaussian
random field on L?(M), we have

S(t)Up = Z exp(A;t)a;(0) ;.

Jj=1

Setting (a;); as in the proposition ends the proof. O
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As in the previous chapters, this transforms any statistical task concerning the infinite
dimensional SPDE solution into a task on the one-dimensional spectral processes (o).
These are again uncoupled Ornstein-Uhlenbeck processes for which computationally ef-
ficient algorithms are readily available.

Of course, the non-trivial task in this situation is finding the eigenfunctions and eigen-
values of A,. In the following subsection, we provide some insight into an example of
high practical importance - the case where the underlying manifold is the unit sphere
i1,

5.2.1. The Stochastic Heat Equation on S%!
Let S4! be the d-dimensional unit sphere
Sl .= {x e RY: |x| = 1}.

Denote by Ag the Laplace-Beltrami operator on the unit sphere. For any j € N, let #H/
be the space of homogeneous, harmonic polynomials ¢ on R% of degree j, meaning that
¢ is of the form ¢(x) = Z\,B\zj c :cﬂ,c[g € C,z € RY, such that

A¢ =0,

where A is the usual Laplacian on R?. Further denote by H the homogeneous, harmonic
polynomials ¢ restricted onto the unit sphere S¢!:

HY = {$ga1 : ¢ € H} C L*(S77).
Then one can show that:

Theorem 5.5. Any ¢ € H7,j € N, is an eigenfunction of —Ag with eigenvalue n; =
JjG+d—2):

—Agp =3 +d—2)¢.
Furthermore, it holds that

(s =P H, (5.22)

Jj=0
where @ denotes the orthogonal sum of Hilbert spaces in regards to (-, -) 2.
Proof. These results are derived in e.g. |Canzani| [2013], section 5.4. O

A direct consequence of the previous theorem is that for any h € LQ(Sd_l), we have

dim(HY) ' '
h=>1 D (hop)ey
j>0 k=1
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where the convergence is in the L?-sense and qﬁj ,k=0,...,dim(H7), are the orthonormal
bases of H7 respectively, also referred to as spherical harmonics of degree j and order k.
Note that (see|Canzani [2013], cor. 28)

(G +d—3)!

dim(H7) = (2j +d — 2) Nd—2)!

(5.23)

is the geometric multiplicity of the j-th eigenvalue 7; of Ag.
By theorem the weak solution to the stochastic heat equation (5.17)) on the sphere
591 is therefore given by

dim(HY) ' '
vty =y > ae].
j>0 k=1

where for every j € N, ai, k = 1,...,dim(H7), are independent Ornstein-Uhlenbeck

processes as given in ((5.20) and (5.21) with n; = j(j +d — 2).

This result has the practical side effect that the computation of the propagation- and

covariance matrices for filtering and smoothing of the spectral processes af must only

be done once for every j € N, therefore making any statistical inference based on the
spectral approximation even more computationally efficient. We give first experimental
results for the spectral filtering and smoothing of the stochastic heat equation in the
following subsection.

5.2.2. Spectral Filtering and Smoothing for the Stochastic Heat Equation
on S?

Let d = 3. For the unit sphere S? in R? we get from (5.23)) that for any H7,j € N:
dim(H’) = 25 + 1.

For any j € N, an orthonormal basis of H J is given by the real-valued spherical harmonics
vk e{—j4,...,0,...5}, defined as

\/§C,Z cos(k:L)P,z (cos(0)), it k>0,
¢1.(0,0) = { CLPI(cos()), if k=0,
\@C’i sin(—kL)sz(cos(G)), it k<0,

where (0,¢) € [0, 7] x [0,27] are the spherical coordinates, C’,z are constants such that

||gz5i||L2 =1 and P,z are the associated Legendre polynomials (see Canzani| [2013], chapter
5.4 for more details). For any degree j € N, the eigenvalue 7n; of —Ag for the spherical
harmonics of degree j is given by

n; =Jj(j+1).
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Data Simulation In the same manner as previously done in chapter [3.4], we simulate
the weak solution to the stochastic heat equation as given in theorem on S? by means
of simulating the forward propagation of the spectral processes (af,(t))t, k € =34, ...., J,J €
1, dJ.

We skip the exact details, as the procedure follows our previous one with only two
exceptions. First, for the sake of simplicity, we assume that observations of the spa-
tiotemporal process are not corrupted by measurement noise.

Secondly, the transformation between the spectral- and space-time domain is not
given the DFT @ anymore, but rather must be done by direct numerical integration
of the spherical harmonics coefficients o (t) = (U(t), ¢},),>. For our simulation, this is
done using the Gauss—Legendre quadrature method implemented in the SHtools python
library (Wieczorek and Meschede| [2018]).

Figure shows a number of samples for the simulated process with the following
model parameters

> = 0.005, 0 = 3.5, po = 0.4.
The initial condition Uy is chosen to be a spherical Matérn field with parameters
2 _ _
ainit — 8, pi’l’L’it — 05

From the initial condition, the process is simulated forward over the time domain 7" =
[0, 10] with discretized time steps of length At = 0.02. The spherical harmonics of up to
degree J = 100 have been used for this simulation.

Experimental Results: Filtering and Smoothing For the filtering and smoothing ex-
periments, we assume that full observations of the simulated process U (t) - and therefore
of the spectral processes (ai(t)) j.k - are available at every 25-th time step (or, in other
words with time steps of length At,,s = 0.5). We run the Kalman filter and -smoother
as specified in algorithm and algorithm The results are presented in figures [5.2
and 5.3

Unsurprisingly, we obtain results likening the ones in section [3.4] with the Kalman
smoother outperforming the filter by a noticeable larger degree than before. This is due
to the observations being more sparse in time compared to our previous experiments.

Likewise to the Fourier spectral decomposition, the spherical harmonics decomposition
is dominated by its low degree coefficients, with spectral processes corresponding to high
degrees rapidly converging to their stationary distribution centered around 0 (see fig.
52).

As a result, for both the Kalman filter- and smoother, the reconstruction based on
only the first 5 degrees almost matches the reconstruction performance using the full
100 degrees that the simulation is based on (see fig. |5.3)).

For a lower degree cutoff (here, j <= 2), the reconstruction becomes considerably
worse. Note also that in this case, the mean squared error in the reconstruction differs
only marginally between the Kalman filter and -smoother, due to the fact that its error
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Uit t=4.0 Uit.x) Uit). t=6.0 Uit x)

Figure 5.1.: Examples of the simulated solution U (t) of the stochastic heat equation on
the sphere S2. Different panels show different simulation times.
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stems mostly from the low number of spherical harmonics used in the decomposition,
not from the wrong estimation of their respective coefficients.

We leave the task of inferring the model parameters for future projects. However, given
that this task is merely dependent on the filtering likelihood of the spectral processes,
we expect similarly good results as obtained in section
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5.3. Non-Linear SPDEs

We finish this thesis with a first heuristic consideration of how to approach non-linear
SPDEs with Fourier spectral filtering method. We make use of notation as introduced

in chapter

As a first example, consider the nonlinear stochastic Burger’s equation

{atU(t, v) = Ut 2)0,U(t2) + % 2U (L) + W (t,2), (t,x) € [0,00) x [0, 1]
U(O,l’) = U0($)7
(5.24)

with spatially periodic boundary conditions, diffusion constant > > 0 and stochastic
forcing term W® (t,2). Assume W@k (t,z) is temporally white and spatially colored
and is approximated by the finite sum

W(t,2) = WOt z) = 3 n(1)d5(x),
JjeET

with 7;(t) ~ CN (0, f(£;)). Once again, the ansatz is to look for a solution of the form

Ut,z) =Y _ o;(t)g;(x)
JjeJ
with temporally evolving spectral processes aj(t). Substituting the ansatz and approxi-
mated forcing term W¢ into 1} we receive

D o)) =D ait)i@) | | D &y () ()

jeJ jeJ J'eT
=Y SGait)pi(x) + Y ni(t)es(x).
JjeTJ JjeTg

Noting that for all j,j" € Z, we have ¢;(x)pj(x) = ¢jqj(x), we get

Yoaitsa) | | D igpapt)gp(a) | = Y i&pait)ay ()i (x).

jed =N JJ'eT

Therefore, by matching spectral processes, we receive a system of coupled stochastic
differential equations

da(t) = =S& a;(t)dt + (Z ifk%k(ﬂ%@)) +\/ () duwj (1)

keJ

The corresponding multivariate SDE a(t) = [a;(t), j € J] is highly nonlinear. A possible
solution to the smoothing problem and parameter inference could be obtained using
Backward Filtering Forward Guiding (Mider et al.| [2020]).
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Figure 5.2.: Filtering and smoothing paths for spectral processes ai(t) of different de-
grees j and orders k. Different colors represent the true and estimated
process. The shaded areas represent the mean estimate + the estimated

standard deviation m(t) £ /K ().
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Figure 5.3.:

= Filtered Estimations, Degrees j < 100
e Filtered Esttmations. Degreesj< &
= Filtered Estimations, Degrees j < 2

Time t

= Smaoathing Estimations, Degress j = 100
== Smaoothing Estimations, Degress j= 35
= Smoothing Estimations, Degrees j=2

Time t

Mean squared error ||U (t)—U;(t)||? between the true simulated process U (t)
and the reconstructed process Uj(t) based on the filtering (upper panel)
and smoothing estimates (lower panel) of the spectral processes o (t) of
degrees j = 0, ...., J. Different colors represent different numbers of spherical
harmonics degrees considered in the reconstruction.
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A. Appendix

A.1 Lebesgue-Stieltjes Integral

We summarize the construction of the Lebesgue-Stieltjes integral for functions of several
variables. For a detailed introduction, see e.g. McShane| [1947], chapter 7, or Weir| [1974],
chapter 9.

Asssume F' : R — R to be a bounded function with non-negative increments AF(t).
We may then define a pre-measure ug on the intervals At via

pp(At) == AF(t).

The Carathéodory extension theorem extends jr to a unique measure on B(R"), referred
to as the Lebesgue-Stieltjes measure of F. We call the integral in regards to pupr the
Lebesgue-Stieltjes integral and denote it by

[ owar = [ gt (A1)

Note that the Lebesgue-Stieltjes integral agrees with - if existent - the Riemann-
Stieltjes integral, defined over any interval T' C R” as the limit

/Tg(t)dF(t) = lim g(tAF(t).

k—o0
AtePy

Over R", this integral is defined as an improper one in the usual way.
The Riemann sum representation also suggests - and indeed it is true that - when F
is smooth enough with the partial derivatives

on AR
=—F(t)= 1
IO =g g FO = im =5y

existing, the Lebesgue-Stieltjes integral reduces to the Lebesgue integral

[ atware = [ gws

Furthermore, for any function G : R®* — R, let the total variation of G over an
interval T C R"™ be defined as

Va(T) := sup { Z AG(t) : P is a sub-interval partition of T" ;.
P latep
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If Vo (T) < oo, we call G of bounded variation on I.

It can be shown that a function of bounded variation is of the form G = G; — Go,
where both G1, G2 are bounded and have non-negative increments. One then defines
the Lebesgue-Stieltjes integral in regards to G via

/gdGz/gdGl —/gng.

A.2 1t6's Lemma

Theorem A.1 (It6’s Lemma - Multidimensional Case). Let (X (¢)); be a n-dimensional
Ito process of the form

X(t)=Xo+ /Ot f(n)dw(r) + /Otg(T)dT, 0<t<T (A.2)

where w is an m-dimensional Brownian motion, f(-) is a (n X m)—dimensional process
such as above, and g(+) is a n-dimensional process such that g; is a.s. integrable on [0, T']
forall 1 <i<n.

Let ¢(t, x1, ..., z,) be a continuous function with continuous partial derivatives 0;¢, Oy, ¢
and 8%1_%_(;5 for all 1 <4,7 <n. Then

o(t, X (1)) :¢(0,X(o))+/0 Orp(7, X (7))dr
n t
+Z;/o Oz, 6(7, X (7))dXi(7) (A:3)
s i /t 0, (7, X (7))dX;(7)d X (7)
2 o (T LT

2,j=1

where dX;(7)dX;(7) is computated via dw;(7)dw;(T) = §; jdr, dw;(7)dT = 0 and drdr
= 0.

Proof. See |[Kuo| [2006], theorems 7.4.2 and 7.4.3. O
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