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Abstract

The focus of this work is on the development of new random field models and
methods suitable for the analysis of large environmental data sets.

A large part is devoted to a number of extensions to the newly proposed
Stochastic Partial Differential Equation (SPDE) approach for representing Gaus-
sian fields using Gaussian Markov Random Fields (GMRFs). The method is
based on that Gaussian Matérn field can be viewed as solutions to a certain SPDE,
and is useful for large spatial problems where traditional methods are too compu-
tationally intensive to use. A variation of the method using wavelet basis functions
is proposed and using a simulation-based study, the wavelet approximations are
compared with two of the most popular methods for efficient approximations of
Gaussian fields. A new class of spatial models, including the Gaussian Matérn
fields and a wide family of fields with oscillating covariance functions, is also con-
structed using nested SPDEs. The SPDE method is extended to this model class
and it is shown that all desirable properties are preserved, such as computational
efficiency, applicability to data on general smooth manifolds, and simple non-
stationary extensions. Finally, the SPDE method is extended to a larger class of
non-Gaussian random fields with Matérn covariance functions, including certain
Laplace Moving Average (LMA) models. In particular it is shown how the SPDE
formulation can be used to obtain an efficient simulation method and an accurate
parameter estimation technique for a LMA model.

A method for estimating spatially dependent temporal trends is also developed.
The method is based on using a space-varying regression model, accounting for
spatial dependency in the data, and it is used to analyze temporal trends in veget-
ation data from the African Sahel in order to find regions that have experienced
significant changes in the vegetation cover over the studied time period. The
problem of estimating such regions is investigated further in the final part of the
thesis where a method for estimating excursion sets, and the related problem of
finding uncertainty regions for contour curves, for latent Gaussian fields is pro-
posed. The method is based on using a parametric family for the excursion sets
in combination with Integrated Nested Laplace Approximations (INLA) and an
importance sampling-based algorithm for estimating joint probabilities.
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Introduction and summary

1 Background

Spatial statistics is the scientific discipline of statistical modeling and analysis of
spatially structured phenomena. One of the key features in spatial statistics is the
autocorrelation of data; observations at locations in close spatial proximity often
tend to be more similar than observations at locations far apart!. One of the earli-
est works involving spatially correlated data was done by R.A. Fisher in the 1920’
(Fisher, 1926). Fisher studied design-based inference of agricultural field trials,
and noted that plots (rectangular experimental units in the field) close to each
other were more similar than plots farther apart, which violated the assumption
that the studied plots were mutually independent. Instead of modeling the spatial
dependence, Fisher proposed using randomization and blocking of the plots so
that larger blocks of plots where approximately independent.

Later, important work by Krige (1951) and Matheron (1963) laid the ground
for the field of geostatistics; a hybrid field of statistics, mathematics, mining en-
gineering, geology, and other subject matter areas. In their works, some of the
first methods for modeling spatial dependence were proposed, many of which
now are fundamental in spatial data analysis. Similar methods for modeling spa-
tial dependence were independently derived by the Swedish forestry statistician
Bertil Matérn (Matérn, 1960). The doctoral thesis by Bertil Matérn is one of
the most important contributions to the field of spatial statistics, and especially
it introduced a new class of spatial covariance functions, now bearing his name.
The Matérn covariance function is to this day the most popular model of spatial
dependence, and is the focus of a large part of this thesis.

Another important branch of spatial statistics is the study of discrete spatial
variation, where the models are defined on discrete domains, such as regular grids
or lattices. The most popular models in this area are the so-called simultaneous
autoregressive (SAR) models, introduced by Whittle (1954), and the conditional

"Tobler’s first law of geography: “Everything is related to everything else, but near things are
more related than distant things.” Tobler (1970)
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autoregressive (CAR) models, first introduced in the seminal paper by Julian Besag
(1974). These models have later been extended and there is now a large theory of
Markov Random Fields (MRF) and Gaussian MRFs (GMRFs) (Rue and Held,
2005) which is frequently used in this thesis.

Parallel to the development of spatial data analysis, there has also been much
progress in the theory of random fields (see for example Adler, 1981). In many
of the classical applications of random field theory in environmental sciences, the
cost for obtaining measurements limited the size of the data sets to ranges where
computational cost was not an issue. Therefore, the methods were typically de-
veloped without any considerations of compurtational efficiency. Today, however,
with the increasing use of remote sensing satellites, producing many large climate
data sets, computational efficiency is often a crucial property. Thus, in many
applications there is a need to balance the modeling desires with computational
limits. This has created an entire new area within random field methods where
the computational aspects are put at the center of interest.

It is this area where the common thread of the work constituting this thesis
belongs. Hence, the thesis contents lies somewhere in between the applied top-
ics in spatial data analysis and the theoretical studies of random fields, with the
emphasis on efficiency of computational methods. A large part of the work is
focused on the development of new random field models and methods, but all of
these are created with applications in mind and are intended to be applicable to
large environmental data sets. Because of this, there are a number of applications
to spatial data analysis presented throughout the thesis which serve as examples to
show that the developed method indeed can be used in practice.

1.1 Outline

The structure of this thesis summary is as follows. Section 2 gives an introduction
to continuous spatial modeling and random fields. Section 3 introduces hierarch-
ical models and the problem of spatial prediction. Section 4 introduces discrete
spatial modeling and GMRFs. Computational aspects are also discussed in this
section, and an application of a GMRF model taken from Paper A is presented.
Section 5 discusses the problem of estimating excursion sets for latent Gaussian
fields, which is the topic of Paper E. Section 6 presents some popular computa-
tionally efficient representations of continuous Gaussian fields, and Section 7 in-
troduces the stochastic partial differential equation (SPDE) approach which is the
main focus of this thesis. Extensions of the SPDE approach are given in Section 8

2



2. Modeling spatial data

and, in particular, the nested SPDE approach of Paper C is discussed in Sec-
tion 8.1 and the non-Gaussian extensions of Paper D are discussed in Section 8.2.
Finally, Section 9 concludes with comments on the five appended papers.

2 Modeling spatial data

A statistical model can be seen as a mathematical abstraction of a data-generating
mechanism; may it be a physical process, the financial market, or something else.
For spatial phenomena, the model is usually a random field.

Definition 2.1. A random field (or stochastic field), X (s, w),s € D, w € 2, isa
random function specified by its finite-dimensional joint distributions

FQuyospmsty o h8n) = PX(s1) < y1y000 X(sn) < )
for every finite 7 and every collection sy, . . ., s, of locations in D.

The set D is usually a subset of R?, and for the special case 4 = 1, X(s, w) is
called a random process (or stochastic process). At every location s € D, X (s, w)
is a random variable where the event w lies in some abstract sample space (2. It is
important to ensure that the random field has a valid mathematical specification.
In general, this is done using the Kolmogorov existence theorem which states
that the collection of finite-dimensional distributions defines a valid random field
if it is consistent under permutations and marginalization (see e.g. Billingsley,
1986, for details). To simplify the notation, one often writes X (s), removing the
dependency on w from the notation.

An important special case is when the random field is Gaussian. The statistical
properties of a Gaussian random field are completely specified by its mean value
function, u(s) = E(X(s)), and covariance function, C(s,t) = Cov(X(s), X(t)).
For existence of a Gaussian field with a prescribed mean and covariance it is
enough to ensure that the latter is positive definite.

Definition 2.2. A function C(s, t) is positive definite if for any finite set of loca-

tions sy, ...,s, in D, the covariance matrix
C(s1,s1) C(s1,82) -+ Cls1,s,)
C(s2,81) Clsz,82) -+ Cls2,s,)
C(Sm sl) C(sm 52) e C(Sm Sn)

is non-negative definite.
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The mean value function captures the large scale trends in the random field,
and is often modeled using a regression basis of some known functions of the spa-
tial coordinates. In accordance with Tobler’s first law, spatial covariance functions
often decrease with increasing spatial separation of the points s and t. The exact
form of the covariance function, however, has to be chosen to fit the data set at
hand. A common simplifying assumption is that the random field is stationary.

Definition 2.3. A random field X(s) is called szrictly stationary if for any vector h
and for every collection sy, . . .,s, of locations in D

FQi,...opms1+h .o sy +h) =FQOr, .., yusst,- .. ,80).

Hence, a random field is strictly stationary if its finite dimensional distribu-
tions are shift invariant. In particular this implies that the mean value function
and the covariance function are shift invariant if they exist.

Definition 2.4. A random field X (s) is called weakly stationary if for any vector
h and any locations s, t € D

u(s +h) = u(s), and Cs+ht+h) =C(s,t) =C(s —t).

If the variance, V(X(s)), of a strictly stationary field is finite, it follows that
it is also weakly stationary. A weakly stationary field is in general not strictly
stationary; however, if the random field is Gaussian and weakly stationary, it is also
strictly stationary. Therefore, as there is no distinction between the two concepts
of stationarity in the Gaussian case, one simply writes that the field is stationary.

An important subclass of the weakly stationary fields are the isotropic fields.
These have covariance functions that depend only on distance, and not direction,
between points, i.e. C(s1,s2) = C(||s1 — s2|]). Among the isotropic covariance
functions, the Matérn covariance function (Matérn, 1960) is one of the most
popular choices for modeling spatial data.

Definition 2.5. Let K, (x) denote the modified Bessel function of the second kind
of order v, and let v, K, ¢ > 0. The Matérn covariance function is then given by

1—v 2
Ch) = 2%

= - (k|h|)"Ky(k|h]), heR?. (1)
(4m)2T(v+ Sk

Here v is a shape parameter for the covariance function, x a spatial scale para-
meter, ¢? a variance parameter, and I is the gamma function.

4



2. Modeling spatial data
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Figure 1: Matérn correlation functions shown for v = 0.5 (solid line), v = 1.5

(dashed line), and v = 10 (dotted line), with x = \/8v/0.5.

There are a few different parameterizations of the Matérn covariance function
in the literature, but the one used in the definition above is most suitable in our
context. With this parametrization, the variance of a field with this covariance is

¢’ I'(v)
42 T(v+ D2V

C(0) =

In Figure 1, the Matérn covariance function is shown for three different values
of v. An important special case is the exponential covariance function; the solid
line in the figure obtained when v = 0.5. The smoothness of the field increases
with v, and another important special case is the Gaussian covariance function,
sometimes also called squared exponential, obtained in the limit as v — oo if K
is scaled accordingly. For more properties of the Matérn covariance function, see
e.g. Stein (1999).

Specifying a Gaussian random field through its covariance function is the
most popular method in spatial statistics; however, there are other representations
that, in some situations, are more convenient. One alternative is to specify the
random field in the frequency domain. By Bochner’s theorem (Bochner, 1955), a
function C is a valid covariance function if and only if it can be written as

C(h) = / exp(ih 'k) dA (k) )
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for some non-negative and symmetric measure /A. Equation (2) is called the spec-
tral representation of the covariance function, and if the measure A has a Lebesgue
density S, this is called the spectral density. The spectral density associated with
the Matérn covariance function (1) is

¢* 1

Sl = .
2n)4 (k2 + |[K[|2)"+S

Another popular representation, first proposed by Matheron (1971), that can
be used instead of the covariance function is the (semi)variogram y(h), that for a
stationary process is defined as

h) = V(X(s +b) — X(5).

If a process has a constant mean value function (if it exists) and a variogram only
depending on h, and not on the location s, it is called intrinsically stationary. 1f
a random field is weakly stationary with covariance function C(h), one has that
y(h) = C(0) — C(h). Hence, all weakly stationary processes are intrinsically
stationary. The converse is, however, not true and the class of intrinsically sta-
tionary processes is therefore larger than the class of weakly stationary processes.
An example of an intrinsically stationary process that is not weakly stationary
is the Brownian motion. The Brownian motion and its counterpart on R?, the
Brownian sheet, can be defined using white noise. The following general definition
of white noise is taken from Walsh (1986).

Definition 2.6. Let (D, M, A) be a o-finite measure space. A Gaussian white
noise based on A is a random set function W on the sets A € M of finite A-
measure such that W(A) is a N(0, A(4)) random variable and if A N B = (), then
W(A) and W(B) are independent and W(A U B) = W(A) + W(B).

In most cases, D is an Euclidian space such as R? and 2 is the Lebesgue
measure. The white noise is a Gaussian process defined on the sets in M with co-
variance function Cov(4, B) = EW(A) W(B)) = A(A N B). It is straightforward
to check that this covariance function is positive definite, and it is therefore a well-
defined Gaussian process. There are other ways of defining white noise, and it is
often thought of as the derivative of a Brownian sheet. If we set D = Rf{_ and take
A as the Lebesgue measure, the Brownian sheet is a process B(s), s € Ri defined
by B(s) = W((0,s]). If s = (s1,...,57) and t = (#1,...,12y), its covariance

6



3. Hierarchical models, inference, and kriging

function is given by Cov(B(s), B(t)) = H;{:1 min(s;, ;). Thus, the covariance
function is not stationary and the Brownian sheet is therefore not weakly station-
ary. For d = 1, the Brownian motion is intrinsically stationary since y(h) = |4|,
but the Brownian sheet is not intrinsically stationary for & > 1.

Stationary and isotropic models are easy to work with, but may not be suffi-
cient in certain applications. Introducing non-stationary mean value functions is
in general not a problem since one can define the process as X(s) = u(s) + Z(s),
where Z(s) is a stationary process. Introducing non-stationarity in the covariance
function is, on the other hand, more problematic since it is difficult to extend
stationary and isotropic covariance functions to non-stationary and non-isotropic
versions while preserving the crucial property of positive definiteness. One altern-
ative is the spatial deformation method by Sampson and Guttorp (1992) where
a stationary covariance model is defined on a transformed domain A(D) which
results in a non-stationary covariance function on the original domain D. Most
other methods for specifying non-stationary models do not use the covariance
representation directly but instead some other representation that induces a cer-
tain valid covariance function. We will get back to such alternative representations
in Section 6.

3 Hierarchical models, inference, and kriging

Geostatistical measurements are often sampled under measurement noise, and a
statistical model for the data thus has to take this into account. Another prob-
lem with geostatistical data is that the spatial domain, D, often is a continuous
region. Hence, even if one could measure the latent field X (s) exactly, it cannot
be sampled exhaustively. One of the most important problems in geostatistics
is, therefore, spatial reconstruction of X(s) given a finite number of observations
Y = (11,...,Y,)" of the latent field at locations si, . . . ,s, taken under meas-
urement noise.

The most popular method for spatial reconstruction in geostatistics was de-
veloped by Georges Matheron. Matheron based his work on the Master’s thesis
of Daniel G. Krige, and therefore named the method kriging. Depending on the
assumptions on the mean value function u(s) for the latent field, linear kriging
is usually divided into three cases. The method is called Simple kriging if u(s) is
known; Ordinary kriging if u(s) = u and u is unknown; and Universal kriging if
us) = > Brbi(s) where by, are known basis functions and the parameters 3

7



Introduction and summary

are unknown. The kriging estimator of X(s) at some location sy is derived as the
minimum mean squared error linear predictor (for extensive details on kriging,
see Stein, 1999, Schabenberger and Gotway, 2005). There is, however, a close
connection between kriging and estimation in hierarchical models which we use.

A hierarchical model is constructed as a hierarchy of conditional probability
models that, when multiplied together, yield the joint distribution for all quantit-
ies in the model. Let X be a vector containing X (s) evaluated at the measurement
locations and any additional locations where the kriging prediction should be cal-
culated, and let ¥ be a vector containing all model parameters. At the top level
of the hierarchical model is the data model n(Y|X, ), which specifies the distri-
bution of the measurements given the latent process. Here 7(-) denotes a density
function. This level is sometimes also called the measurement equation since it
specifies how the data is generated as a function of the latent process. A typical
situation is when the latent field is measured under additive noise,

Yl':X(SZ‘)—FGZ'.

A common assumption is that €1, . . ., €, are independent identically distributed
with some variance o, uncorrelated with the latent process?. At the next level is
the process model n(X|+y), which typically is given by the model for the continuous
latent field of interest. The process model can in itself be written as a hierarchical
model, specified by a number of conditional sub-models. The final part of the
hierarchical model is the parameter model n(+) which is the joint prior distribu-
tion of the parameters. If a parameter model is used, the model is called a Bayesian
hierarchical model. An alternative approach is to assume that the parameters are
fixed but unknown, in a frequentist setting, and estimate the parameters from
data. The model is then sometimes referred to as an empirical-Bayesian model, or
empirical hierarchical model (Cressie and Wikle, 2011).
Inference in hierarchical models is performed using the posterior distribution

X, v|Y) o oYX, ) nX|y) aly).

Kriging predictions are calculated from the marginal posterior distribution

©(X]Y) O(/TL'(X|Y, )y |Y) dy,

’In geostatistics, the variance o is called the nugget effect, a somewhat curious name that has
its origin in mining applications where nuggets literally exist and varies on scales so small that they
cannot be distinguished from measurement noise.
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and one typically reports the posterior mean E(X|Y) as a point estimator and the
posterior variance V(X|Y) as a measure of the uncertainty in the predictor. The
posterior distribution for X and +y generally have to be estimated using Markov
Chain Monte Carlo (MCMC) methods (see e.g. Robert and Casella, 2004). A
better alternative when the process model is Gaussian is to use the Integrated
Nested Laplace Approximations (INLA) introduced by Rue et al. (2009), which
allows for precise inference in a fraction of the computation time required by
MCMC inference for latent Gaussian models.

In an empirical hierarchical model, inference is instead performed using the
conditional posterior ©(X|Y,y). Here ¥ is an estimate of iy obtained using for
example maximum likelihood estimation, or maximum a posteriori estimation in
the Bayesian setting’. The parameter model 7(y) can often be chosen so that
the posterior mean and variance of X agree with the classical kriging predictions
(see e.g. Omre and Halversen, 1989). Even if this is not done, we will throughout
this thesis refer to the conditional mean of the posterior distribution as the kriging
predictor.

Example 1. As an example, consider a purely Gaussian model with known para-
meters v. Let X be a vector containing X (s) evaluated at the measurement loc-
ations and let X, contain X(s) at the locations, tj, ..., t,, for which the kriging
predictor should be calculated. With X = (XIT,XZT)T, one has X; = A;X, and
X, = A)X for two diagonal matrices A; and A, and a Gaussian hierarchical
model can be written as

YX, vy ~ NAX, X¢), and X|y ~ N(0, Xy),

where 3¢ is the covariance matrix for the measurement noise € = (€1, ..., €,) "
and Xy is determined by the covariance function 7(s, t) for the latent field. It is
straightforward to show that the posterior is X|Y, v ~ N(ZA, EEIY, ), where
3 = (2;(1 + AITZglAl)_l, and the well-known expression for the kriging
predictor is given by the conditional mean

EX|Y,y) = ASA S Y = A A] (A SyA] + )Y
=Zox (Ex + Ze) 'Y = Ty 27Y, 3)

3Traditionally in geostatistics, the estimation is done in two steps using the variogram. In the
first step, the empirical variogram is estimated from data using a non-parametric estimator, and in
the second step, a parametric model is fitted to the empirical variogram.
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where the elements on row 7 and column j in Xy, x, and Xy are given by the
covariances 7(t;,s;) and 7(s;,s;) + Covl(e;, €;) respectively. The variance of the
kriging predictor is found using the Woodbury identity (Woodbury, 1950) on
the matrix 3:

VOGIY,¥) = A SA] = A (Bx — Syl (B, + DA Sk ) A]

_ —15T
— ZXZ - ZXZXIEY 2X2X1'

4 Lattice data and Gaussian Markov random fields

In Section 2, the domain D was a continuous region, typically a subset of R,
Another important branch of spatial statistics is the analysis of data on discrete
domains, such as lattices (regular grids) or more generally on any collection of
countably many spatial locations.

Models on discrete domains are naturally specified differently than those on
continuous domains. On discrete domains, a popular choice is to use GMRFs. A
random variable

x = (x1,.. %) ~N@ Q™

is called a GMRF with respect to a given neighborhood system if the joint dis-
tribution for x satisfies (x;|x_;) = 7n(x;|xn7) V 7, where N is the neighborhood
of 7 and x_; denotes all elements in x except x;. The neighborhood of 7 typic-
ally consists of all points that, in some sense, are close to 7. In theory, there are
no restrictions on the size of the neighborhood, and one could for example have
x\; = X_; which shows that any multivariate normal distribution with a symmet-
ric positive definite covariance matrix is a GMRF and vice versa. However, the
advantages of the Markov assumption naturally occurs when the neighborhood is
small, and on a regular lattice, the neighborhood can for example be chosen as the
four closest nodes.

Note that GMRFs are typically parametrized using the precision matrix Q,
which is the inverse of the covariance matrix. One of the reasons for this is the
following important implication of the GMRF condition. If 7 # j then:

xi Lxjlx_piy <= Qi =0+=j¢N.

This means that the following properties are equivalent: /) x; and x; are condi-
tionally independent; 2) the corresponding element in the precision matrix, Qj,
is zero; and 3) 7 and j are not neighbors.

10



4. Lattice data and Gaussian Markov random fields

Simultaneous model specifications of GMRFs, or so-called SAR models, date
back to the work by Whittle (1954). A SAR model can be written as

x; — E Bixi =e, i=1,...,n,

JiFi

where ¢; ~ N(0, I{;l), ¢; L e fori# j,and B = [B;] is a matrix determined by
the neighborhood structure. Following the work of Besag (1974), it is today far
more common to implicitly define GMRFs by specifying each of the conditional
distributions

xl"X_,'NN ZIBZ']‘)C]',FLZ-_I y iZl,...,}’l.
Elad

These models are known as CAR models, and the conditional distributions must
satisfy certain regularity conditions to ensure that a joint model exists with the
specified conditional distributions (Rue and Held, 2005). One reason for the
popularity of the CAR models is that conditional specifications can be preferable
for estimation and model interpretation, and in fact, any simultaneously specified
model can be expressed as a conditionally specified model but not vice versa (see
Cressie, 1991, for details).

A disadvantage with the CAR models of Besag (1974) and Besag et al. (1991)
was that while they have been used for both lattices and spatially motivated
graphs, they were only spatially consistent for regular lattices, which limited their
applicability. However, recently Lindgren et al. (2011) derived the CAR models
in a new way that both removes the lattice constraint and allows for the construc-
tion of spatially consistent non-stationary CAR-like models. The method is based
on re-formulating the problem in terms of SPDEs in combination with the finite
element method from numerical analysis. We return to this method in Section 7.

4.1 Computational details

Since Qi # 0 only if 7 and j are neighbors, most GMRFs have sparse precision
matrices. The sparsity of the precision matrix facilitates the use of computation-
ally efficient techniques for sparse matrix operations when working with GMRFs.
This fact is used in all papers of this thesis, and in this section we will briefly dis-
cuss the computational advantages and some techniques that are used extensively
throughout the thesis.

11



Introduction and summary

Consider, for example, a regular lattice in R? consisting of 7 locations. Simu-
lating a general Gaussian field x ~ N(W, 2) on the lattice is done by first simulat-
ing a vector v of 7 independent identically distributed standard Gaussian variables
and then calculating

x =W + Ly, (4)

where L is the Cholesky factor of 3. For a positive definite matrix 33, the Cholesky
factor is the unique lower triangular matrix with strictly positive diagonal elements
satisfying 3 = LLT. A simple algorithm for calculating the Cholesky factor of
a matrix is given in the following pseudocode, taken from Algorithm 2.8 in Rue
and Held (2005). To simplify the presentation, vector notation is used in the
algorithm, so v}, <= Q.. is short for setting v, = Q; for k = j,...,n, and so
on.

Algorithm 4.1. Cholesky factorization of a positive definite matrix Q.
forj=1—=ndo
Vin 5= Qjinj
fork=1—;—1do
Vion < Vjin — Lj:n,ijk

end for

Linj = vjinj/ /7
end for
return L

Several alternative algorithms exist for calculating the Cholesky factor, but as
for Algorithm 4.1, they all require 7° /3 floating point operations in the overall
process. Simulating x using (4) requires one Cholesky factorization, a matrix-
vector multiplication, and a vector addition. The most expensive part is the
Cholesky factorization, so the cost for performing the simulation is thus O(»?).

To instead simulate a GMRF x ~ N(g, Q') on the lattice, one has to solve

x=W+ L™ v, (%)
where L now denotes the Cholesky factor of Q. Since L is lower triangular, one
should not calculate its inverse but instead solve the system L u = v in order to

evaluate L™ "v. This method is called back substitution because the solution, u, is

12



4. Lattice data and Gaussian Markov random fields

calculated in a backward loop

Similarly if one were to calculate L™v, this is done using a forward loop and is
therefore called forward substitution. Performing back substitution (and forward
substitution) in general requires #* floating point operations, and if L is sparse
this number can be decreased by only evaluating the non-zero terms.

The computational cost for simulating a GMREF is thus determined by the
cost for calculating the Cholesky factor L. If Q is a sparse matrix, Algorithm 4.1
can be modified to take this into account. An easy example is if Q is a band matrix
with band width p. In this case, the bandwidth of L is p and the elements below
the pth diagonal in L do not have to be evaluated in the algorithm, resulting in a
reduction of the number of floating point operations to 7(p” + 3p), assuming that
2 < n. In this situation, it is also easy to show that the number of floating point
operations required for performing the back substitution is 27p. Thus, both the
Cholesky factorization and the back substitution are linear in 7.

For general sparse matrices Q, one can reorder the nodes so that the reordered
matrix has a small bandwidth and then use the methods for band matrices. This
technique is called bandwidth reduction, and is intuitively easy to understand
and rather easy to implement with simple changes to Algorithm 4.1. However, in
general there exist other methods, such as nested dissection or minimum degree
methods, that can reduce the number of non-zero elements in L, and therefore
the number of required floating point operations, further. For details, see Rue and
Held (2005) and the references therein. An example can be seen in Figure 2. In
Panel (a), a sparse 100 x 100 precision matrix Q is shown. The matrix reordered
using a bandwidth reduction method and a minimum degree method are shown
in Panels (b) and (c) respectively. The Cholesky factors of the matrices in Pan-
els (a-c) are shown in Panels (d-f). The matrix Q has 1608 non-zero elements,
and the Cholesky factors in Panels (d-f) have 3452, 1836, and 1616 non-zero
elements respectively.

Using an efficient Cholesky factorization method, the computational cost for
simulating a GMREF using (5) can be reduced from O3 to O3/?) given that
the neighborhood size is 7 < 7 (Rue and Held, 2005), a substantial reduction if
n is large. Given the Cholesky factor, many other operations, such as kriging and
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w o G

Figure 2: (a) A sparse precision matrix Q, and its corresponding Cholesky factor
in (d). Only nonzero elements are shown and these are indicated by a dot. (b) The
matrix Q reordered using a bandwidth reduction method, and its corresponding
Cholesky factor in (e). (c) The matrix Q reordered using a minimum degree
algorithm, and its corresponding Cholesky factor in (f).

likelihood evaluations, can also be calculated efficiently using back substitutions
and sparse matrix multiplications, and the computational gain is therefore sub-
stantial for most steps of any statistical analysis if sparsity properties can be used.
A practical application of a GMRF model is given in the following section.

4.2 Estimation of spatially dependent temporal trends using GMRFs

The African Sahel is a region in northern Africa that has received much attention
regarding desertification and climatic variations (Olsson, 1993, Nicholson, 2000,
Lamb, 1982), and several authors have used satellite imagery to study vegetation
in the region (Tucker et al., 1985, Justice and Hiernaux, 1986, Seaquist et al.,

14



4. Lattice data and Gaussian Markov random fields

Figure 3: Vegetation index data from the Sahel region 1983. Black denotes a low
index value, green a high value, and white missing data or water. Each pixel in
the image is of size 8 km x 8 km.

2003). Notably, Eklundh and Olsson (2003) observed a strong increase in sea-
sonal vegetation index over parts of the Sahel for the period 1982-1999, using Ad-
vanced Very High Resolution Radiometer (AVHRR) data from the NOAA/NASA
Pathfinder AVHRR Land (PAL) database (Agbu and James, 1994, James and Kal-
luri, 1994). The PAL dataset consists of calibrated vegetation index measurements
which are mapped to 8 km x 8 km pixels on a regular lattice consisting of approx-
imately 117 000 nodes over the Sahel region. The measurements for 1983 can be
seen in Figure 3. The study in Eklundh and Olsson (2003) was based on ordinary
least squares (OLS) linear regression on individual time series extracted for each
pixel in the satellite images, and a drawback with this method is that the spatial
dependencies in the vegetation cover are neglected in the estimation. Hence, im-
proved estimates can be obtained by correctly modeling the spatial dependency.
This is the focus of Paper A and a brief summary of the method is given in this
section as an example of an application where the ability to use efficient methods
for sparse matrices is crucial because of the size of the dataset.

Let X, denote the latent vegetation field at time # and assume that the meas-
urements Y, at time ¢ are generated as Y,|X,, ¥, ~ N(A/X,, 3,). Here A, is
a diagonal matrix determined by which pixels are observed, X, is restricted to
follow a spatially varying linear regression, X, = K; - # + K, and X, is as-
sumed to be diagonal. As a process model for the yearly vegetation X, at times
t = 0,1,...,7 — 1, a second-order polynomial intrinsic GMRF (Gamerman
et al., 2003, Rue and Held, 2005, Section 3.4.2) model is used. Assuming that
X, L X, if n # 5, the corresponding distributions for the field of regres-
sion coefficients K = [KIT, KZT] is K ~ N(0, (kQ)~"). Here, x determines the
strength of the spatial dependency and the precision matrix Q is sparse and de-
termined by the intrinsic GMRF prior and the regression basis.
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Significant Negative Non-Significant Negative Non-Significant Positive Significant Positive

Figure 4: Significance estimates for the slope of the linear trends using the OLS
model (upper figure) and the GMRF model (lower figure). Note the large number
of significant positive linear trends in the GMREF estimate.

The parameter £ and the measurement noise variance at each pixel are es-
timated using the Expectation Maximization (EM) algorithm (Dempster et al.,
1977), and given the estimated parameters, the posterior distribution of K is

K|Y, 2., & € Nty Q;qu) , with
by = QeyA' 2C1Y and Quy = FQ+ATZ A

Based on the posterior distribution, standard hypothesis testing is used for each
pixel to find areas that have experienced a significant change in the vegetation
cover over the studied time period. The result can be seen in Figure 4. The GMRF
estimates (bottom panel) are smoother and exhibit larger contiguous regions with
significant trends than a comparable analysis using OLS (top panel). The larger
contiguous regions and smoother estimates will most likely aid interpretation of
the data, and make it easier to identify underlying reasons for the detected changes
in vegetation.

5 Estimating excursion sets for latent Gaussian models

In certain applications, such as the Sahel example from the previous section, one
is not only interested in point estimates of the latent field, but also wants to find
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5. Estimating excursion sets for latent Gaussian models

regions where the field exceeds some given level. In Figure 4, the area that repres-
ents regions that have experienced a significant increase in vegetation is calculated
as D,, = {s : P(Ki(s) > 0) > 0.95}, where the probabilities are calculated under
the posterior distribution of Kj. The problem with this definition of D,, is that
of multiple hypothesis testing; the confidence level (o« = 0.05 in this case) does
not give us any information about the family-wise error rate. That is, the probab-
ility P(Ki(s) > 0,s € D,,) is, in general, not equal to 1 — o. How to construct
such excursion sets with a specified family-wise error is a difficult problem with ap-
plications in a wide range of scientific fields, including brain imaging (Marchini
and Presanis, 2003) and astrophysics (Beaky et al., 1992), and this is the focus of
Paper E.

Formally, we define the positive # excursion set, A:, for a function f'(s),
s€D, by A (f) = {s € D;f(s) > u}. For a stochastic process X(s), the
excursion set E;r »(X) is defined as the largest set D such that X(s) exceeds the
level % with a certain probability 1 — o for all s € D,

E,:a(X) = argmax{|D| : P(D C 4T (X)) > 1 — a}.
D

There are several ways these sets can be estimated for latent Gaussian mod-
els. One method is to simulate from the posterior distribution using MCMC and
then find the largest region satisfying the probability constraint based on the sim-
ulations. Another method is to use a shape optimization method in combination
with a numerical integration method. Notably the quasi Monte Carlo methods
by Genz and Bretz (2009) can be used to estimate high-dimensional Gaussian
integrals, and therefore Gaussian probabilities. Both these methods are compu-
tationally intensive, and much more so than for example calculating kriging pre-
dictions. To be able to estimate these sets for large spatial problems, a different
strategy, based on a combination of a parametric family for the possible excursion
sets, sequential Monte Carlo integration, and Integrated Nested Laplace Approx-
imations is proposed in Paper E. The method is especially efficient if Markov
properties of the latent field can be used, and it can also be used for the related
problem of finding uncertainty regions for contour curves.

Using the method for the Sahel example, we are able to find regions that
have experienced an increase in vegetation while controlling the joint error. The
result for the western part of the Sahel region (a subset of the original domain)
can be seen in Figure 5. The estimated excursion set E&r 0.05(K2) is shown in red
and the point-wise positive significant trends in green. The interpretation of the
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Excursion set

Figure 5: Results from the Sahel vegetation data. The estimated excursion set
E&' 0.05 (K1) is shown in red and the point-wise positive significant trends in green.

result is that one with high certainty can conclude that the areas indicated in red
have experienced an increase in vegetation over the studied time period. Hence,
conclusions drawn by Eklundh and Olsson (2003) seem valid, also when taking
the spatial dependency of the vegetation measurements into account and when
estimating the excursion sets controlling the family-wise error.

6 Efficient representations of continuous Gaussian fields

As mentioned in Section 2, continuous Gaussian models are traditionally specified
through the mean value function and the covariance function. This method for
specifying the models is difficult to use if non-stationary models are needed, and
inference using covariance-based models is in general computationally expensive.
One example was given in Section 4.1 where simulating Gaussian models was
discussed, and another is spatial prediction. For example, to calculate the kriging
prediction (3) in Example 1 requires inverting the 7 X 7 covariance matrix Xy,
which is not computationally feasible if the number of observations, 7, is large.
The desire of using complicated non-stationary models under computational re-
strictions has led to a large number of new statistical methods, and a few of these
are introduced in this section.

6.1 Low-rank methods

In many of the techniques for building computationally efficient models, the
main assumption is that a latent zero-mean Gaussian process X(s) can be ex-
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pressed, or at least approximated, through some finite basis expansion

m

X(s) =Y wips), ©)

j=1

where w; are Gaussian random variables and {gpj}jm:l are some pre-defined basis
functions. To understand why this increases the computational efficiency, con-
sider the Gaussian hierarchical model in Example 1. Using the approximation
(6), X can be written as X = Bw ~ N(0, BX,B "), where column 7 in the matrix
B contains the basis function @;(s) evaluated at all measurement locations and all
locations where the kriging prediction is to be calculated. With B; = A;B and
B, = A;,B, the kriging predictor can be written as

EX|Y,y) =By(Z,' + B/ Z:'B) 'B; 2 Y. 7)

If the measurement noise is uncorrelated, 3¢ is diagonal and easy to invert. If
31 is either known, or easy to calculate, the most expensive calculation in (7)
is to invert the 7 x m matrix (3" + B/ EEIBl). This requires O(*) floating
point operations, and by choosing 7 < 7, the computational cost for calculating
the kriging prediction can thus be substantially decreased.

If the basis expansion (6) is used as a model approximation, a natural ques-
tion is how the basis functions {¢; 71 should be chosen. One way to obtain an,
in some sense optimal, expansion of the form (6) is to use the eigenfunctions of
the covariance function for the latent field X(s) as a basis, which is usually called
the Karhunen-Loeve transform. This is, however, seldom used in practice since
analytic expressions for the eigenfunctions are only known in a few simple cases.
In certain situations, numerical approximations of the eigenfunctions can be ob-
tained by performing principal component analysis on the empirical covariance
matrix which is estimated from data. These discrete approximations, sometimes
referred to as empirical orthogonal functions (EOFs), can however be poor ap-
proximations of the true eigenfunctions since the empirical covariance matrix is
affected by the measurement noise. Also, because the EOFs are discrete, they have
to be interpolated in some way to produce a continuous model approximation.

A popular method that fit in to the general construct of low-rank approxima-
tions is the fixed-rank kriging method by Cressie and Johannesson (2008). Their
recommendation is to use multiresolutional basis functions, such as wavelets, and
a related method for constructing non-stationary covariance models using wave-
lets is given in Nychka et al. (2002). There are many other methods that can be
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viewed as low-rank approximations, e.g. the predictive process method by Baner-
jee etal. (2008) and the process convolution method presented in the next section.
For additional details on the low-rank methods, see Gelfand et al. (2010).

6.2 Process convolutions

In the process convolution method, the Gaussian random field X(s) on R? is
specified as a process convolution

X(s) = //e(s, w)B(duw), (8)

where # is some deterministic kernel function and B is a Brownian sheet. This
representation of stationary Gaussian processes is not new, but has become popu-
lar lately because it provides an easy method for producing non-stationary mod-
els by allowing the convolution kernel to be dependent on location (Barry and
Ver Hoef, 1996, Higdon, 2001, Cressie and Ravlicovd, 2002, Rodrigues and
Diggle, 2010).

If, however, the process is stationary one must have 4(s, u) = k(s —u) and the
covariance function for X is expressed in terms of the convolution kernel through

C(h) = //e(u — h)k(u) du. )

Thus, the covariance function C, the spectrum S, and the kernel 4 are related
through @n?|Fk)|> = F(C) = S, where F(-) denotes the Fourier transform.
The method can also be used to define non-Gaussian models by replacing B with
some non-Gaussian process (see e.g. Aberg et al., 2009), and this is discussed
further in Paper D.

An approximation that is commonly used in practice for process convolution
models is to approximate the integral (8) by a sum

X(s) ~ Z k(s — uj)wj,
=1

whereuy, . . . , u,, are some fixed locations in the domain, and w; are independent
zero-mean Gaussian variables with variances equal to the area associated with each
location u;. Thus, with this approximation, the method can be used to obtain a
low rank approximation of the form (6), with basis functions ¢;(s) = k(s — u;),
of a Gaussian field.
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6.3 Covariance tapering

The covariance tapering method, introduced by Furrer et al. (20006), is not a
method for constructing covariance models, but a method for approximating a
given covariance model to increase the computational efficiency. The idea is to
taper the true covariance, C(h), to zero beyond a certain range, 6, by multiplying
the covariance function with some compactly supported, positive definite, taper
function 7g(h). Using the tapered covariance, Cyzy(h) = 75(h)C(h), the matrix
Yy in the expression for the kriging predictor is sparse, which facilitates the use
of sparse matrix techniques.

The sparsity of Xy increases as 6 is decreased, but the taper function and
the taper range should, of course, also be chosen such that the basic shape of the
true covariance function is preserved, and of especial importance for asymptotic
considerations is that the smoothness at the origin is preserved. A popular choice
for taper functions are the Wendland functions (Wendland, 1995),

4
Wendland;: 79(h) = <max [1 — Mﬁ]) <1 + 4@) :

0 0
RN b, 35|
Wendland,: 79(h) = (max [1 — 7,0 1+ 6T + —5 )

These were for example used by Furrer et al. (2006) to study the accuracy and
numerical efficiency of tapered Matérn covariance functions.

6.4 Markov approximations

Although GMRFs are computationally efficient, they are seldom the most natural
model choices. One reason is that it is hard to specify the precision matrix such
that the corresponding covariance function is similar to some commonly used co-
variance function for a given data set. However, for regular lattices in R2, Rue and
Tjelmeland (2002) showed that, for a large family of covariance functions, Gaus-
sian fields can be well approximated by GMRFs with small neighborhood struc-
tures. The second, more serious problem, is that spatial data is seldom located on
regular lattices. Several approaches for using lattice-based GMRFs for non-lattice
data have been suggested in the literature; notably, nearest neighbor mapping of
the data locations to the grid locations (Hrafnkelsson and Cressie, 2003), assum-
ing that the GMRFs values for non-lattice points are equal to the closest lattice

21



Introduction and summary

point (Wikle et al., 1998), or using linear interpolation of the GMRF:s lattice val-
ues to assign values to non-lattice locations (Werner Hartman, 2006). Although
these approaches are simple, a more general approach would be to use an efficient
continuous representation of the latent Gaussian field where Markov properties
could be used, and such a representation is the topic of the next section.

7 The SPDE approach

Recently, Lindgren et al. (2011) derived a method for explicit, and computation-
ally efficient, continuous Markov representations of Gaussian Matérn fields. As
previously mentioned, the method can be used to re-define the CAR models to
remove the lattice constraint and to allow for non-stationary extensions. How-
ever, the most important implication of the work is that it provides a spatially
consistent method for approximating continuous Gaussian fields using GMRFs
which thus enables the use of sparse matrix techniques for GMRFs when doing
inference for continuous Gaussian fields.

The method is based on the fact that a Gaussian Matérn field on R? can be
viewed as a solution to the SPDE

(K2 — A)X =W, (10)

where W is Gaussian white noise, A is the Laplacian, and o = v+ 4/2, this was
first noted by Whittle (1963). An approximation of X(s) of the form (6) is then
constructed through Hilbert space approximations of the solution to the SPDE
with respect to the basis {¢;}. The procedure can be viewed as a finite element
approximation of the solution to the SPDE, where the stochastic weights in (6)
are calculated by requiring the stochastic weak formulation of the SPDE to hold
for only a specific set of test functions {¢;,7 = 1,...,n},

{(H2 —ASX ()i = ln} LoWW),i=1,...,a}. (1)

To simplify the presentation, we only outline the procedure for the fundamental
case o = 2. Lindgren etal. (2011) then use ¢; = ¢;, and using the basis expansion
(6) for X one has

n

(5 = D)X () =Y wi{pi, (5 — D)),

J=1
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where (f, g) = [ f(s)g(s)ds is an inner product and the integral is taken over
the region of interest. The left hand side of (11) can then be written as Kw where
K is a matrix with elements Kj; = <g02-, (k% — A)g0j> and w = (wy,...,wy)".

Under mild conditions on the basis functions, one has

(i, (52 = D) = &% (i, ;) + (Vo Vagy) -

Hence, the matrix K can be written as the sum K = k2C + G where C and G are
matrices with elements C;; = (¢;, ¢;) and G;; = (V¢;, V¢;) respectively. The
right hand side of (11) is a Gaussian vector with mean zero and covariance matrix
¢*C, so one has w ~ N (0,¢?K " 'CK'). The final step is to approximate C
with a diagonal matrix C with diagonal elements C; = ZZZI C, = f ®i(s) ds,
which makes the precision matrix Q = ¢ 2KC™ 'K sparse if G is sparse.

A similar procedure is used for the case o« = 1, and for higher order /2 € N,
the approximation is obtained by recursively using the two cases « = 1 and o = 2.

7.1 Wavelet basis functions and a comparison

A natural question is what type of basis functions one should use in the method.
Lindgren et al. (2011) use the standard finite element basis of piecewise linear
basis functions induced by some triangulation of the domain D. An example of
such a basis, taken from Paper C, on the sphere can be seen in Figure 6. Using
these basis functions produces a piecewise linear approximation of the continu-
ous field; however, there might be other types of basis functions that give better
approximations of the continuous field.

To investigate this, the procedure is extended using wavelet basis functions in
Paper B. Among the most widely used constructions in multiresolution analysis
are the B-spline wavelets (Chui and Wang, 1992) and the Daubechies wavelets
(Daubechies, 1992), that both have several desirable computational properties.
Explicit expression for the matrices C and G are derived for the Daubechies wave-
lets and the B-spline wavelets and the procedure is extended to the correspond-
ing wavelet bases on R?, using tensor product functions generated by & one-
dimensional wavelet bases. By considering the covariance error when the method
is used for approximating Gaussian Matérn fields, it is shown that there is no gain
in using any more complicated basis functions than the piecewise linear first order
B-splines, unless the range of the covariance function is very large.

As opposed to the methods introduced in Section 6.1, the SPDE method
can be seen as a high-rank model approximation since the sparsity of the preci-
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Figure 6: The left part shows a triangulation of the Earth used to define a set
of piecewise linear basis functions. Each basis function is one at a node in the
triangulation, and decreases linearly to zero at the neighboring nodes. The right
part of the figure shows one of these functions.

sion matrix can be used to reduce the computational cost for inference even if
as many basis functions are used as there are measurements. To demonstrate the
accuracy of the method, a detailed comparison between the SPDE method using
different types of wavelet basis functions, the process convolution method, and
the tapering method is also performed in Paper B. The computational aspects of
the spatial prediction problem are studied, and the results show that the SPDE
method generally is more efficient and accurate than both the process convolu-
tion approach and the covariance tapering method when used for approximating
Gaussian Matérn fields.

8 Extensions of the SPDE method

Instead of defining Matérn fields through the covariance function (1), Lindgren
et al. (2011) used the solution to the SPDE (10) as a definition. Besides allow-
ing for the efficient Matérn approximations, the representation has several other
advantages: The definition is valid not only on R? but on general smooth man-
ifolds, such as the sphere, and facilitates non-stationary extensions by allowing
the SPDE parameters k* and ¢ to vary with space. For example, logr can be
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expanded using weighted smooth basis functions,
log(s) = Y _ Bib(s),

and similar expansions can be used for ¢. This extension requires only minimal
changes to the method used in the stationary case, see Paper C for a detailed
explanation of this case. Spatially varying anisotropy can also be incorporated by
replacing the Laplacian A in (10) with the more general operator V - (D(s) V).
The model can be extended further by including a drift term b(s)-V and temporal
dependence, which leads to the general model

(% + (s, +b(s,2) - V= V - (Ds, t)V)> X(s,2) = @(s, ) W(s, 1), (12)

where # is the time variable and b is a vector field describing the direction of
the drift. Further extensions are derived in Paper C and Paper D, and these are
discussed in Section 8.1 and Section 8.2 respectively.

8.1 Nested SPDE models

A limitation of the popular Matérn covariance family is that it does not contain
any covariance functions with negative values, such as oscillating covariance func-
tions. One way of constructing a larger class of stochastic fields is to consider a
generalization of the SPDE (10) of the form £,X = £, W for some linear dif-
ferential operators £ and £;. In Paper C, the class of nested SPDE models is
introduced. The nested SPDE models are stochastic fields generated by the SPDE

<H(/<;f - Aﬁ) X = <H(bz- + BIV)) W, (13)
i=1 i=1

for some parameters o, € N and k; > 0, b; € Rand B; € R?. The class of
models contains a wide family of stochastic fields, including both the Gaussian
Matérn fields and fields with oscillating covariance functions. Some examples of
possible covariance functions that can be obtained with this model are shown in
Figure 7.

As for the standard Matérn SPDE, the class of models is easily extended to
non-stationary versions on general smooth manifolds by allowing the parameters
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Figure 7: Covariance functions of random fields obtained from the nested SPDE
model (13) with different parameters.

in the SPDE to vary with space. Using the Hilbert space approximation technique
for the nested SPDE models does not produce GMRF weights directly; however,
it is shown that Markov properties still can be used so that all computational
advantages are preserved when extending the method to the nested SPDE models.

8.1.1 An application to random linear wave theory

In Paper C, the nested SPDE models are used to analyze a large data set of global
total column ozone measurements. Another interesting application of this model
class, presented in Lindgren et al. (2010), is its use in random linear wave theory.
This is a theory for ocean surface waves that is widely used in, for example, naval
architecture and coastal engineering. The condition of the ocean surface is, in this
theory, modeled as a stochastic field (Holthuijsen, 2007). The most important
concept in random linear wave theory is the wave spectrum, which defines the sea
state, i.e. the most relevant properties of the ocean surface. The wave spectrum

is most often defined through the directional spectrum E(w, §) = S(w)D(0, w).

26



8. Extensions of the SPDE method

The function S(w) is called the wave frequency spectrum, and does not contain
any information about the direction of the waves. The directional information is
contained in the angularly dependent part D(6, w), which is normalized such that
2
D@O,w)df =1, Yo >0. (14)
0

The most well-known parametric form of S(w) is the so-called Pierson-Moskowitz
spectrum Spar(w) = Apwys W exp (—BpM w_4), where Apys and Bpys are para-
meters related to the main sea state parameters®. As for the angularly depend-
ent part, an often used form is the cos-2s-distribution® which can be written as
DO, ) = c(s) cos® (271(9 — 91)), where the constant ¢(s) is a normalization

factor such that the condition (14) is satisfied.
Lindgren et al. (2010) proved the following theorem, showing that the stand-
ard wave model with a Pierson-Moskowitz wave-frequency spectrum and a cos-2s
angular distribution can be obtained as a limiting case from a subclass of nested

SPDE models.
Proposition 8.1. The spectral density for X (s) given by the nested SPDE model

s+2
Bpprg—? z s
PeMg A\ x(s) = (BTV) Wi(s)
s+ 2

converges to a random wave model with a Pierson-Moskowitz wave frequency spec-
trum and a cos-2s angular distribution D(0) = ¢(s) cos®(0 — 01) ass — 0o. Fora
fixed s, the nested SPDE model has an exact cos-2s angular distribution and an error
of % in the wave frequency spectrum approximation measured in the Ly-norm.

The nested SPDE representation of the wave model has two main advantages.
Firstly, since it is a local representation, non-stationary extensions are easy to ob-
tain by spatially varying the parameters of the SPDE. Secondly, the nested SPDE
formulation is valid on other domains than R?, and one can therefore use it for
modeling waves on, for example, the globe. Another advantage with is that Hil-
bert space approximations can be used to obtain computationally efficient model
representations.

4Usually, one has Apyy = angZ 2m)* and Boy = 5f,>4M471, where apy and fpas are the energy
scale and peak frequency respectively.

3Note that s denotes the space variable in D, while s denotes the parameter in the cos-2s-
distribution. Also note that @ and 0 in this section are used as parameters in the wave frequency
spectrum, and not as an event in the abstract sample space {2 and a tapering range respectively.
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25 30

Figure 8: A Pierson-Moskowitz wave frequency spectrum (blue curve) and ap-
proximations for the worst case s = 1 (dashed curves) and the frequently used
case s = 15 (solid curves). The green curves are the approximations from Propos-
ition 8.1 and the red curves are L;-optimal approximations for the given operator
orders.

The limitation is that the parameters in the cos-2s-distribution are connected
to the order of the approximation, since & = s4-2 is used. This should not be a big
problem in practice since the convergence is reasonably fast. As shown in Figure 8,
the wave frequency spectrum is similar to the Pierson-Moskowitz spectrum even
for the worst case s = 1, and the difference for the, in practice popular, case
s = 15 will likely be smaller than the parameter estimation error if the model
is estimated from data. If one is not satisfied with the approximation, a better
approximation can be obtained using £1 = [[¥7 (k2 — A)z. Figure 8 also shows
the L;-optimal approximations assuming that £; is on the product form. A last
thing to note is that, since the nested SPDE models are purely spatial models, the
angularly dependent part is always symmetric in the sense that D(0 + 1) = D(6).
That is, one can obtain cos-2s distributions of the form cos®(6 — ) but not of
the form cos® (%) To avoid this problem, one would have to include time
in the generating SPDE, which would require a spatio-temporal extension of the
nested SPDE models. This is likely possible using an extension similar to (12)
but is a subject for further research.
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8.2 Spatial Matérn fields driven by non-Gaussian noise

The fact that a Gaussian Matérn field on R? can be viewed as a solution to the
SPDE (10) seems like a fairly straightforward statement; however, the formal
presentation of this connection is far from obvious and requires a detailed analysis.
In Paper E, this connection is studied for a more general class of models

(K2 — A):X =M, (15)

where M is an arbitrary independently scattered L,-valued random measure with
E(|M(dx)|*) = Cdx for some C < oco. Examples of such measures are Laplace
measures and standard Brownian sheets. The most obvious problem with the
statement is that equation (15) has no point-wise meaning. Thus, (15) is viewed
as an equation for two random (tempered) distributions so the equation has to be
interpreted in the weak sense

TX(p) = M(¢), (16)

where ¢ is in some appropriate space of test functions and 7 = (k? — A)2.
To describe the solutions of (15), the Sobolev spaces H, of fractional order # are
needed. These can be seen as an extension of the classical Sobolev space, of L,
functions with all partial derivatives of order 7 or less in L;, to fractional values of
n. The following characterization of the solutions to (15) is then shown.

Proposition 8.2. Assume that M is an independently scattered Ly-valued random
measure with E(|M(dx)|?) = Cdx. Then for k > 0, a > 0, there exists a random
Sfunctional X : H, X 2 — R such that for a certain set (2, P(§2) = 1 and for all
w € (2 and all o € H,

X, ) = / GHoM(dx, o),

where G*p(x) = f Guls,x)@(s) ds and

1,@'

2

Gals, ) = —————
(4n) T 12w

a—d
(klls —x[)"2 K (il|s —x]).

This is the unique H,-solution to (15) if n > d /2, and moreover we have X € H,,
almost surely form < o —d /2.
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Figure 9: A simulation of a stationary Laplace-driven SPDE (15) on R (lower
panel), its marginal density (upper left) and covariance function (upper right).

Using this proposition in combination with the Sobolev embedding theorem
(see e.g. Adams, 1975), one finds the solution can be identified with a random
function with a Matérn covariance function if o« > /2. This fact is then used
to extend the SPDE method by Lindgren et al. (2011) to a more general class
of non-Gaussian models with Matérn covariances. An example of such a non-
Gaussian process can be seen in Figure 9. As an application, the method is used
for the Laplace moving average (LMA) models with Matérn covariances by Aberg
and Podgérski (2011). The LMA model is specified as a process convolution
where a Matérn kernel function is used and the Brownian sheet is replaced with
a Laplace field. Parameter estimation for this model class has previously been
performed using method of moments estimation (see Podgérski and Wegener,
2011). However, using the SPDE representation of the LMA model, a maximum
likelihood parameter estimation method based on the EM algorithm is derived,
as well as an efficient sampling method for the model class.
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9 Comments on the papers

Paper A
Fast Estimation of Spatially Dependent Temporal Vegetation Trends
using Gaussian Markov Random Fields

Bolin, D., Lindstrim, J., Eklundh, L., and Lindgren, E

A summary of the paper is given in Section 4.2. The main contribution of the
paper is the formulation of the spatially dependent regression model and the de-
rivation of the estimation procedure for the model. The paper also contributes to
the remote sensing community by using the spatially dependent regression model
to analyze vegetation data from the African Sahel.

The method was developed in collaboration with J. Lindstrom, who also did
parts of the writing. L. Eklundh wrote parts of the introduction. All other work
was done by me, including all implementations and the main part of the writing.

Paper B
How do Markov approximations compare with other methods for
large spatial data sets?

Bolin, D. and Lindgren, F

A summary of the paper is given in Section 7.1. The paper contributes by ex-
tending the SPDE method using wavelet basis functions and provides a detailed
comparison between the SPDE method, the process convolution method, and the
covariance tapering method with respect to their ability to approximate Gaussian
Matérn models.

The setup for the comparison was designed in collaboration with the co-
author, who also did proofreading of the article and made several improvements to
the manuscript. All other work was done by me, including all implementations.

Paper C
Spatial models generated by nested stochastic partial differential equa-
tions, with an application to global ozone mapping

Bolin, D. and Lindgren, F

A summary of the paper is given in Section 8.1. The main contribution of the
paper is the introduction of the class of nested SPDE models and the derivation
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of its properties. Another contribution is a new representation of a basis that can
be used for modeling vector fields on the sphere. The paper also addresses remote
sensing problems by using the nested SPDE models to analyze total column ozone
data.

Parts of the model formulations and the data analysis were done in collab-
oration with the co-author, who also did proofreading of the writing and made
several improvements and clarifications to the text. All other work was done by
me, including all implementations and proofs.

Paper D
Spatial Matérn fields driven by non-Gaussian noise

Bolin, D.

A summary of the paper is given in Section 8.2. The paper contributes by ex-
tending the SPDE method to non-Gaussian models using a careful analysis of a
general class of SPDEs. It is also shown that the SPDE representation can be used
to derive a maximum likelihood estimator and an efficient simulation method for
Laplace moving average models.

Paper E
Excursion and contour uncertainty regions for latent Gaussian models

Bolin, D. and Lindgren, E

A summary of the paper is given in Section 5. The main contributions of the
paper are the definitions of the various excursion sets and uncertainty sets for
level curves and the introduction of the excursion functions as a visual tool that
can be used for illustrating uncertainty in these quantities. A new method for
calculating these sets in practice is also introduced and the method is used to
analyze the Sahel vegetation data and air pollution data from the Piemonte region
in northern Italy.

The problem formulation was done in collaboration with the co-author, who
also provided many of the various definitions, and made several improvements
and clarifications to the text. All other work was done by me, including the
construction of the method used for calculating the sets and all implementations.
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Fast estimation of spatially dependent
temporal vegetation trends using
Gaussian Markov random fields
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Abstract: There is a need for efficient methods for estimating trends in spatio-
temporal Earth Observation data. A suitable model for such data is a space-
varying regression model, where the regression coefficients for the spatial loca-
tions are dependent. A second order intrinsic Gaussian Markov Random Field
prior is used to specify the spatial covariance structure. Model parameters are es-
timated using the Expectation Maximisation (EM) algorithm, which allows for
feasible computation times for relatively large data sets. Results are illustrated
with simulated data sets and real vegetation data from the Sahel area in northern
Africa. The results indicate a substantial gain in accuracy compared with meth-
ods based on independent ordinary least squares regressions for the individual
pixels in the data set. Use of the EM algorithm also gives a substantial perform-
ance gain over Markov Chain Monte Carlo-based estimation approaches.

Key words: Gaussian Markov random fields; temporal trends; vegetation data;
EM algorithm; spatio-temporal modeling; African Sahel

1 Introduction

Current awareness of global warming has directed scientific interest towards ef-
fective monitoring of land surface changes. Trends in vegetation cover are related
to changes in climatic drivers, feedback mechanisms between the atmosphere and
land surface, and human interaction. A region with rapid recent changes is the
African Sahel. This zone has received much attention regarding desertification
and climatic variations (Olsson, 1993, Nicholson, 2000, Lamb, 1982). The re-
gion saw an increase in rainfall in the 1960’s, but since then, rainfall over the Sahel
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has decreased severely (Hulme, 2001). Starting in the late 1960, the area suffered
droughts for over twenty years, culminating with a severe drought and famine in
1983-1984. Since the 1983-1984 famine, and because of the growing archive of
meteorological satellite observations, several authors have used satellite imagery
to study vegetation in the Sahel (Tucker et al., 1985, Justice and Hiernaux, 1986,
Seaquist et al., 2003).

Recently, Eklundh and Olsson (2003) observed a strong increase in seasonal
vegetation index over parts of the Sahel using Advanced Very High Resolution
Radiometer (AVHRR) data from the NOAA/NASA Pathfinder AVHRR Land
(PAL) database (Agbu and James, 1994, James and Kalluri, 1994), for the period
1982-1999. The study was based on ordinary least squares (OLS) linear regression
on individual time series extracted for each pixel in the satellite images. The
changes were interpreted as a vegetation recovery from the earlier drought periods
(Olsson et al., 2005), and was found to be related to an increase in rainfall (Hickler
et al., 2005).

However, the time period of space observations is relatively short and the
data affected by numerous disturbances, e.g. inter-sensor calibration and satellite
drift (Lindstrém et al., 2006), atmospheric water vapour (Tanré et al., 1992),
aerosol variations (Hanan et al., 1995), geometric errors, clouds, and effects of
anisotropic surface reflectance (Holben, 1986, Prince and Goward, 1996). The
noisy data affect significance levels of the derived trends, reducing the possibility
of generating unambiguous trend images. A drawback with the OLS method,
is that spatial dependencies in the vegetation cover are neglected. The model
presented in this work aims at generating a more efficient analysis by including
these dependencies. For comparison, it is tested on the same data as were used in

Eklundh and Olsson (2003).

There are several ways of incorporating spatial context into the analysis. A
simple approach is to use smoothing, either on the calculated regression coetfi-
cients, or directly on the spatio-temporal data using three-dimensional smoothing
(Fan and Gijbels, 1996, Di Giacinto et al., 2005). Another approach is to con-
struct a Bayesian Hierarchical model (Wikle et al., 1998, Gelman et al., 2004),
where the spatial dependence is introduced either by letting the regression errors
be spatially dependent (Cressie, 1991, Chapters 2-5) or by utilising a spatially de-
pendent prior on the regression coefficients (Besag et al., 1991, Gamerman et al.,
2003).

Here, we formulate the regression based on a Bayesian hierarchical model.
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The data is considered to be noisy observations of underlying fields. A prior on
the regression coefficients is then introduced by assuming a spatial dependence
structure for each of the underlying fields and further assuming that the time
evolutions of the pixels in the fields are restricted to lie in the space spanned by
the regression functions. This restriction introduces a spatial prior on the re-
gression coefficients. The parameters of the model can, potentially, be estimated
using a Markov Chain Monte Carlo (MCMC) based approach, but the large data-
set makes this computationally infeasible (Bolin, 2007). Instead we estimate the
model parameters using the Expectation Maximisation (EM) algorithm (Demp-
ster et al., 1977), which allows for reasonably fast computations even when the
studied data-set is large.

2 Statistical model

Assume that we have observations in an area of size 7; X 7, pixels at the times
t=0,1,...,7 — 1. We will, from now on, assume that all images are column
vectorised, so that an image is represented by a vector of size # = n;7;. Denote
an observation at time ¢ € [0, 7 — 1] by ¥, € R"™™, where #, is the number of
missing data points at time . We assume that each observation is generated as,

Yt‘XN 26, S N(AtXt7 26})7

where X, is an underlying field with prior distribution 7(X,), ¥, is a measure-
ment noise covariance matrix, and A, is an observation matrix determining the
observed pixels. That is, if the field is measured at the locations 7, . . . , 7,—,,, the
observation matrix, A,, will be of size (n — 7,) X 7, and have all elements equal to
zero except for

Arjy=...=Ap,_, =1

In—ny

Assuming that X,, and X,, are independent for #; # £, the probability density
for X' = (XOT, e ,X;_I)T would be

-1
xX) = [] =X,). 1)
t=0

To estimate time varying trends in the observations, we introduce a 7" X m-matrix
F = [fi,...,f,] containing basis functions for the trends. These basis functions

43



A

are chosen to be linearly independent, i.e. rank(F) = . Restricting X to follow
these trends, we get

X=(F®DK, (2)

where K = [KIT, . ,K;]T contains the coefficients for the trends and I is an
n X n identity-matrix. The prior distribution for K is obtained by evaluating (1)
conditionally on the restriction (2).

2.1 Gaussian Markov random fields

A suitable prior describing the spatial dependencies in X, is a Gaussian Markov
Random Field (GMRF) (see Rue and Held, 2005, for extensive details). A ran-
dom variable x = (x1,...,x,) | € N(w, Q) is called a GMREF if the joint
distribution for x satisfies 7(x;|x_;) = n(x;|xn;) V 7. Here N; is the neighbour-
hood of 7 and x_; denotes all elements in x except x;. An important implication

of this is that if 7 # j then:
xZ-ij‘x_{l-J} “— QZ-Z,'=0<:>]'§7:‘./\/}. (3)

This means that the following properties are equivalent: 1) x; and x; are condi-
tionally independent 2) the corresponding element in the precision matrix, Q;; is
zero and 3) 7 and j are not neighbours. Since Q;; # 0 only if 7 and j are neigh-
bours, most GMRFs will have sparse precision matrices. The sparse precision
matrix is the main reason for using GMRFs in this work; none of the following
computations would be feasible for full matrices because of the large number of
observations and nodes in the fields.

In the analysis, we will use a special type of GMRFs called Intrinsic Gaussian
Markov Random Fields IGMRFs). An IGMREF is improper, that is, its precision
matrix does not have full rank.

Definition 2.1. Letx = (xq,...,x,) ,and let Q be an 7 x 7 symmetric positive
semi-definite matrix with rank » — £, such that

QiJ#O — ]EM

Then x is an Intrinsic GMRE with parameters @ and Q if its density is

N=

a0 — 1L (—1@: — Q- w) . )
2n)= 2
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2. Statistical model

Here, |Q|. denotes the product of the 7 — % non-zero eigenvalues of Q, and
following Rue and Held (2005), we will call this the generalised determinant of
Q. It should be noted that the density of an IGMREF is not a true density, since
it is invariant to additions of vectors from the null-space of Q. Hence, it cannot
be normalised to integrate to one. The parameters, W and Q, no longer represent
the mean and precision, since these formally do not exist; however, we will for
convenience continue denoting them as mean and precision.

We choose a second-order polynomial IGMRF (Gamerman et al., 2003, Rue
and Held, 2005, Section 3.4.2) as a smooth prior. The field is invariant to the
addition of an arbitrary plane, p(7,7) = a4 + bi + ¢j, and the precision matrix, KQ
has a rank deficiency of 3. Here k is a scaling parameter that governs the strength
of the dependence in the IGMRE The second order IGMRF can be seen as a set
of penalties on

(A(ZI,O) + A%OJ))xizja (5)

where A o) and A 1y are forward-differences in the directions (1,0) and (0, 1)
respectively, and A%l,o) + A%OJ) is a discrete approximation of the Laplace op-
erator. Due to (5), this IGMRF can be interpreted as penalties on the second
derivatives if the field is used to model an underlying continuous field.

2.2 Regression model

Using the second order IGMRE, described above, a distribution for each X, in
(1), with an unknown precision parameter «, we get that X|x € N(0, (Ii@_l),
where Q = I ® Qy and Qy is the precision matrix for a second order IGMRE
Given the restriction in (2), we can now derive the distribution of the parameter

field, K.

Proposition 2.2. K|« is an IGMRF of rank m(n—3) with zero mean and covariance
matrix (KQ) ™!, where Q = (F'F) ® Qy.

For proof see Appendix A.
Note that the sparsity structure of Q is partially determined by the orthogon-
ality of the regression basis, F, see Figure 1.

Using the distribution for K| from Proposition 2.2, we can now write the
observations, Y, as YK, X, € N(AK, X,). Here, 3; is a block diagonal matrix
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Figure 1: The figure depicts the sparsity structure in Q, Proposition 2.2, for a
field with 400 nodes and three regression basis vectors for orthogonal regression
basis (left) and non-orthogonal regression basis (right) respectively. The number
of non-zero elements in each of the matrices is denoted 7z.

such that
0 X,

and A = diag(A;,...,A7_1)(F ®I), where I is an # X 7 identity matrix. The
posterior distribution for K given data, 33, and x becomes

mK|Y, X, k) < (YK, Xo) n(K|k) n(k) n(Xe)
x (Y|K, 3)n(K|k).

This follows since we choose to use flat priors for £ and X, i.e. m(k) o 1 and
n(3e) o< 1. It can be shown (Rue and Held, 2005, p. 39) that the posterior
distribution of K is K|Y, ¢, £ € N(ptg|y, Qiy) » with

bey = QA S'Y  and Qy =rQ+ATE'A (6)
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3. EM parameter estimation

2.3 Noise model

To complete the model we need a noise model, i.e. we need to determine the
structure of 3. Many of the factors that the measurement noise should model
are local phenomena, such as aerosol and cloud cover. Since it seems unreason-
able that the scale of these disturbances would be the same over the entire, large,
region, we assume a noise model with a different noise variance at each pixel. Fur-
ther, for simplicity, we take the noise to be spatially uncorrelated. Thus X, is a
(nT =, n;) X (nT =, n,) diagonal matrix with 7 unique diagonal elements,
o1,...,0%, which represent the noise variances of the 7 different pixels. Note
that 3¢ can be constructed by starting from the matrix I ® diag(o7 ... o2),

where I'isa 7" x T identity-matrix, and then removing all rows and columns that
correspond to missing observations.

3 EM parameter estimation

By construction, the structure of the precision matrix, Q, in (6) is known a pri-
ori, whereas the parameters £ and 3. have to be estimated. These parameters
can, potentially, be estimated using an MCMC based approach. However, two
difficulties arise when attempting to estimate this model with MCMC. Firstly,
given the large number of variance parameters in 3., parameters that are likely
to be correlated, we find it very challenging to construct an efficient proposal dis-
tribution that ensures good mixing of the Markov chain. Secondly, even if this
issue is avoided by assuming a simpler measurement noise model with one com-
mon variance parameter for all the pixels in the field, the large data-set makes an
MCMC based estimation approach computationally infeasible (see Bolin, 2007,
for details).

A better alternative is to interpret the problem as a missing data problem.
This interpretation facilitates use of the EM algorithm, allowing for much faster
computations of maximum likelihood parameter estimates (a comparison of com-
putational times for simulated data is given in the last paragraph of Section 6.1).

Augmenting the observed data, Y, with the unknown regression coefficients,
K, we obtain the complete data, (Y, K), and the augmented likelihood becomes

L(k, %Y, K) = n(Y,K|r, 3;) = (YK, o) n(K]|x).
Taking the parameters as, § = (k, 3;), the loss-function is

Q(0,0Y) = E(log(L(O|K, Y))[Y, ), 7)
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where 6 is an estimate of # at iteration 7, and the expectation is taken over K.
The likelihood consists of two parts, ©(Y|K, X;) and n(K]|x). For the first
part we have that (Y|K, 3.) € N(AK, X.), hence

2

=_= n; log(az) —|— (Y AK + const.
7

J/el

log(=(Y[K, %)) = log (ﬁ) - AR TSV - AK)

Here, 7; is the number of observations at pixel j (not to be confused with 7,,
the number of missing observations at time #), and the last sum runs over these
observations, with (Y — AK);, referring to the deviation of the k™ observation of
pixel 7, from the regression line. Similarly, since K|x € N(0, (kQ)™!), we get

log(n(K|k)) = % log(|xQl«) — gKTQK + const. (8)

By Proposition 2.2, the rank of Q is 72(n — 3), where 7 is the number of pixels in
the image, giving

log(x(K|r)) = @

log(k) — gKTQK 4+ const. 9)

Thus, the loss-function becomes

00,09 = "= log(r) — TEKT QKI)
: (10)
— = Z (n] log( 02) + — Z E(Y — AK)? \*)) + const.,
=1 ] k=1

where the notation E(. .. |*) means E(. .. [Y, k¥, 39).
To calculate arg max, Q(6, 0 D), we differentiate (10) with respect to the para-

meters  and 07, . . ., 0> and set these derivatives equal to zero, yielding
ol = Z E((Y — AK)? [+), for 1 <j < n,and
= (11)
(i+1) _ m(n - 3)
E(KTQK|¥)
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3. EM parameter estimation

Recall that these updating equations are derived under the assumption of flat
priors for  and o7, -+ , 2. However it can easily be shown that Gamma and
independent inverse-Gamma priors for £ and o7, - - - , 0> respectively will yield
tractable updating expressions in (11).

In general, the expectations in (11) can now be found by simulating from
the posterior density, 7(K|Y, ), using a Monte Carlo-approach. However, in
this case the observations given the underlying field, =(Y|K, =), are Gaussian
which in turn implies that the posterior density, ©(K|Y, %), is Gaussian and we
can calculate the updating rules in (11) analytically. The first expectation in (11)
becomes

E((Y — AK)} %) = ¥ — 2Y; A, o E(K|%) + E(Ag;, oK)’ |%)

= (¥, = AGoEK%)" + A Vil Af 4. (12)

Here, A, ) denotes the row in A corresponding to the kh observation of pixel 7,
and E(K|*) = By and Vg, = QI;|1Y are given by (6).
Using that both the expected value and the trace of a matrix are linear oper-

ators, and the cyclic property of the trace, tr(ABC) = tr(CAB), we can calculate
E(K"QK]|*) as

E(K' QK|*) = tr(E(K' QK|%)) = tr(QE(KK ' |))
— tr(Q(Qj_(‘ly + EK|9EX®)))
= t(QQ ) + E(K]+) " QEK]+). (13)

Calculating tr(QQl_qlY) and A(]'b.)Q[;'lYAE];.) in (12) and (13) might not seem
feasible for large fields. However, three things should be noted: Firstly

—1 AT AT ~1
Agi. 0 Qi y A0 = UAG, oA, Qyy)-

Secondly, due to the trace operator, only the diagonal elements of the products
(oQ[_(‘IY) need to be calculated. Thirdly Q and A&,,)A(ﬁ”.) are at least as sparse as
Qg |y thus to calculate the traces we will a# 7most need the elements of Q;qu that
correspond to neighbouring points in the GMRE, given the Cholesky factor these
elements can be calculated without calculating the entire inverse (Rue and Martino,

2007), making (12) and (13) computationally feasible.
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4 Testing for significant trends

A relevant question to ask is where changes in the vegetation have occurred over
the course of the studied time period. A method which has been used to answer
this question for the Sahel data set, is to find the significant trends in the data
(Eklundh and Olsson, 2003). For an OLS regression this is relatively straight-
forward, although one has to keep in mind that the obtained significant trends
describe whether trends at each pixel are individually significant, and not if the
trends for all pixels in an entire region are significant. To obtain the latter, one
has to consider techniques for multiple hypothesis testing, one option would be
to do hypothesis testing on the contour lines of the X; estimates. How to do such
tests is, however, far from trivial, and will not be investigated here.

Using the GMRF model and the parameter estimation algorithm described
above, maximum-likelihood estimates of x and o7, - - - , o2 are obtained. Given
these, the conditional posterior for the K-field is

K’Ya H,O%,"' 7051 S N(H[(|Y7Q;(‘ly>7
with W and Qg |y defined in (6).

The conditional variances of the K-estimates are given by the diagonal ele-
ments in Qi_(‘ly Let #. be the coefficient corresponding to the trend f; at pixel x;,

and let &, denote the corresponding standard deviation given by the square root
of the relevant diagonal element in Q;(‘IY A simple hypothesis test would now be

to reject the null hypothesis Hp : £ = 0 against Hj : /eﬁ # 0, ata 95% confidence
level if

&

1

i

> 20.0255

where 29,025 is the 2.5%-quantile of the N(0, 1)-distribution.
Simulation studies (see Table 1) indicate that this test rejects the null hypo-
thesis too often, i.e. the corresponding confidence interval for ki is too small. The

problem is that the uncertainty in the estimated parameters x and o7, - - - , o2 are
ignored. A solution to this problem is to instead, as in OLS regression, reject the
null hypothesis if
| > #0.025(F), (14)
o
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5. Data

where #) 25 (f) is the 2.5%-quantile of the Student’s t-distribution with /" degrees
of freedom. To perform this test, we have to determine f', which in OLS depends
on the number of data points used to estimate kﬁ-, and thus 61 Since s determines
the smoothness in the parameter field, a large x-value would imply that the re-
gression parameters are highly correlated. In this case, the estimate of a parameter
at a specific pixel is influenced, not only by the observations at that pixel, but also
by observation of surrounding pixels. On the other hand, if K = 0, the model
breaks down to 7z independent OLS regressions, and each parameter is estimated
using only the observations of the corresponding pixel. Thus, it is reasonable
to assume that / will be dependent on k. It is, however, not easy to determine
an analytic expression for £, and we therefore use a simulation based algorithm
for estimating the degrees of freedom: Given estimated values of x and 3, we
simulate new K-fields and corresponding data sets. From these data, we use the
EM algorithm to calculate new ML-estimates, *, 27, and new posterior means
K* = E(K|Y, x*, 7). The residuals, € = Zj {_;I' ® (K; — K]*), are calculated
and each residual, €;;, is normalised by division with its corresponding standard
deviation V(3 ; ﬁ(t)](]«*(i))l/ 2. In standard OLS regression, the residuals would
now follow a Student’s-t distribution with unknown degrees of freedom. Thus we
estimate f by maximising the log-likelihood, of the t-distribution > ot log tf(eﬁt),
with respect to f, using a simplex search method (Lagarias et al., 1998). Simula-
tion studies, Table 1, indicate that (14) with /" estimated as described above gives
correct significance levels.

5 Data

Many Earth Observation studies use Normalised Difference Vegetation Index
(NDVI) data (Rouse et al., 1973) as a remotely sensed measure of ground ve-
getation. The principle behind the NDVI is that leaf chlorophyll absorbs red
light, whereas the cell structure of leaves reflects light in the near-infrared spectra.
With these properties in mind, NDVT is calculated as

_ RNiR — RreD

NDVI = :
RNIR + RRED

(15)

where Ryir and Rpgp are the measured reflectancies in the near-infrared and
red spectral bands, respectively. Thus, dense vegetation tends to have positive
NDVI values, while soil and other areas with little vegetation tend to have NDVI
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values close to zero. Many studies have confirmed that NDVI correlates well with
important vegetation variables, e.g. biomass, and vegetation greenness (Myneni
et al., 1997, Sellers et al., 1997).

The Sahel is a semi-arid region, and it should be noted that NDVI data is
well suited for studies of such areas; because of the low humidity, the atmospheric
contamination of the data is fairly low (Chappell et al., 2001), and because of the
sparse vegetation, saturated NDVI values are less of a problem than for areas with
denser vegetation cover (Prince, 1991).

5.1 Data preprocessing

The PAL database is derived from measurements by the AVHRRs on-board the
NOAA series of meteorological satellites (Kidwell, 1998). Before the NDVI values
are calculated, the AVHRR data undergoes a number of calibration steps (see
Agbu and James, 1994, for details). The data is then mapped to 8 km x 8 km
pixels and 10-day maximum value composites are generated to compensate for
negative bias due to clouds (Holben, 1986). In spite of these corrections, the data
still contains unwanted noise.

The end result of the above processing is a set of 10-day maximum value com-
posites, for a total of 36 values per year. However we are interested in assessing
the year-to-year change in vegetation growth. Therefore the seasonal NDVI in-
tegral which gives a measure of the total vegetation growth during each year is of
interest.

In order to generate annual data, we use the Savizky and Golay (1964)
algorithm of the TIMESAT processing scheme (Jénsson and Eklundh, 2002,
2004). The method begins by estimating the number of annual growing seasons
and the corresponding season lengths. When the approximate onsets and ends of
the growing seasons have been found, the time series is smoothed using a robust
locally weighted least-squares fit of a quadratic polynomial to the upper envelope
of the NDVI data (Press et al., 1992). The fitis adapted to the envelope of the data
to account for negatively biased noise, and the weights in the least-squares fitting
are determined using cloud cover data from the NOAA/NASA Cloud AVHRR
(CLAVR) data set (Stowe et al., 1991). To obtain annual data, the seasonal integ-
rals are calculated from the fitted functions and used in the following analysis. To
further reduce the amount of noise in the data, all seasons which have more than
one missing observation are removed. Also, to avoid artificial growing seasons in
desert areas, all seasons which have less than two NDVI values above 0.1 are set
to zero.
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6. Results

6 Results

Recall that the model presented in Section 2.2 (from now on referred to as the
GMRF model) is to be used for estimating trends in vegetation data. In this
section, the model is compared to simple independent OLS regression for each

pixel (from now on referred to as the OLS model), using simulated data and real
NDVI data.

6.1 Simulated data

The two models are compared, using 17 years of simulated data. For these tests,
we use two orthogonal trend basis functions, one constant and one linearly in-
creasing. Hence, K; will contain the intercepts, and K; the slopes for the linear
trends.

To create a spatially dependent data set, Y = (Yy, ..., Yj¢), we generate de-
pendent K; - and K;-fields from the distribution in Proposition 2.2, with k = 0.5.
To create a data set without spatial dependencies, we instead generate K; and K,
by independently drawing values from N(0, 1). In both cases, Y,, # € [0, 16], is
created as Y, = f1(0)K; + (1)K, + ¢, where ¢ is a draw from N(0, 3¢,) and X,
is defined as in Section 2.3, with pixel variances 07 drawn independently from
a uniform distribution on [0, o]. We use images of size 40 x 40 pixels in four
different cases:

D1  Spatially dependent data with K = 0.5 and o = 1.
D10 Spatially dependent data with £ = 0.5 and o = 10.
R1 Random data (k = 0) with o = 1.
R10 Random data with o = 10.

The accuracy of the models are compared using the following tests:
1. Calculate the percentage of pixels correctly labelled as significant trends,

i.e. the number of significant trends with correct sign divided by the total
number of pixels.

2. Estimate the number of times that the confidence intervals for the estim-

ated trend coefficients cover the actual value. This number should be close
to 95%.

3. Compare the estimated K-fields with the actual K-fields using the Frobenius
norm: Kf = ||K; — K!||£.
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Kf K5 e Cov (%)  Sig (%)

D1 OLS 6.84 1.39 8.40 95.01 94.73
GMRF 3.63 0.74 8.09 94.87 97.12
D10 OLS 21.66 4.42 84.43 95.06 84.40
GMRF 6.27 1.28 79.86 94.85 95.41

R1 OLS 6.83 1.40 8.38 94.96 94.43
GMRF 6.81 1.43 11.92 94.88 94.42

R10 OLS 21.63 4.45 83.75 94.90 82.78
GMRF 21.02 4.57 84.57 94.44 82.58

Table 1: Results for simulated data. Each value is the average over 100 different
runs. Here, K, K5, and X show the difference, measured in the Frobenius
norm, of the true and estimated K;- , K;- and X,-fields, respectively. Cov is the
estimated coverage percentage for the K confidence intervals, which should be
close to the nominal 95%. Sig is the percentage of correctly labeled significant
trends.

4. Compare the 3. estimates with the actual measurement noise variances:

=% = Xllr

Each of the tests are done on 100 different data sets for each of the four cases
described above. The results for the tests are summarised in Table 1. As seen in
the table, the two models are fairly similar for random data whereas the GMREF-
estimations of the K-fields are more accurate for spatially dependent data. This
can be seen in Figure 2 where generated K-fields are shown together with the
two estimates. The lower variance of the estimates also results in a higher per-
centage of correctly labelled significant trends for spatially dependent data. The
GMREF algorithm is implemented in C/C++ using GMRFLib (Rue, 2007). For
these simulations, the average time for each step in the EM algorithm was 0.26
seconds, which, for example, resulted in an average computation time of 9.80
seconds for the D1 simulations. The computations were performed on a dual
CPU (2 x 2.1GHz) personal computer. For comparison, an MCMC based es-
timation algorithm was also implemented in C/C++, assuming a simpler meas-
urement noise model with one common variance parameter for all the pixels in
the field (see Bolin, 2007, for details). The average computation time for one it-
eration in this algorithm was 0.11 seconds, which resulted in a computation time
of 1050 seconds for parameter estimates based on 10* iterations.
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Figure 2: Results from a simulated data set with x = 0.5 and o« = 10. The
two upper rows show the true K;- and K;-fields and the estimates generated by
the OLS model and the GMRF model. Notice that the GMRF estimates are
smoother and more accurate. On the bottom row, the left figure indicates where
the true Ky-field is positive (red) and negative (blue). The other two figures show
the significance estimates for the K;-trends. Notice that more correct significant
trends are found by the GMRF model.
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Significant Negative

6.2 Sahel data

We base the analysis on the seasonal NDVI integrals of the 18 years of data. The
results from the previous section indicate that more accurate vegetation trend
estimates can be obtained using the GMRF-model instead of independent OLS
regression for each pixel.

The GMRF model assumes as common precision parameter for the entire
field, which is probably not valid for the entire Sahel. Therefore, the following
results were obtained by dividing the area into smaller subareas, with a (large)
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overlap between the subareas, and applying the GMRF model to each of these
subareas. This way, & is assumed to be constant only on the smaller subareas, and
the overlap between neighbouring subareas ensure that no discontinuities appear
in the joints between the subareas.

Using two orthogonal trend basis functions, one constant, and one linearly
increasing, we obtain estimates shown in Figures 3 and 4. In the figures, we see
that the estimates are somewhat similar, but that the GMRF estimates are much
smoother than the OLS estimates. A big difference in the estimates can be seen
in Figure 5. Here, the areas with significant linear trends are shown, and we see
that, compared to the OLS, the GMREF estimate has more significant trends and
larger contiguous regions with significant trends. This result is expected since
the GMRF estimate takes advantage of the spatial dependencies in the data, and
therefore uses more observations for each point estimate. As indicated in Sec-
tion 4, contour plots of the K; estimates might also be of interest for visualisation
and hypothesis testing. In Figure 6, a contour plot of the GMRF K, estimate
is shown. In this figure, it is easy to see where large increases in vegetation has
occurred. This is a big advantage with the GMRF method, since similar contour
plots for the OLS estimate are too noisy to easily interpret. The larger contiguous
regions and smoother estimates will most likely aid future interpretation of the
data and make it easier to detect underlying reasons for the detected changes in
vegetation.

Besides detecting purely linear trends, it is also of interest to find areas which
experience a large increase or decrease in seasonal NDVI during the first half of
the time period, and a lower increase or decrease during the second half. To do
this, we add a third trend basis function, 53 = [%, % —1,...,0,1,..., %], nor-
malised to have length one. Contour plots of the resulting field, K3, can be seen
in Figure 7. The figure contains two different contour plots, the first one shows
the contours of the K3 field for pixels where the K, field is positive. A positive
value in this field means that there was a higher increase in vegetation growth dur-
ing the second part of the time period, whereas a negative value corresponds to a
higher increase in vegetation growth during the first part of the time period. The
second plot shows the contours for the pixels where the K field is negative. Here,
a positive value means that there was a larger decrease in vegetation during the
first part, whereas a negative value corresponds to a larger decrease in vegetation

during the second half.
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K, Estimate

Figure 3: OLS estimates of the intercepts (upper figure) and slopes (lower figure)
for the Sahel data. Notice that, especially, the K, estimate seems to contain a large
amount of noise.
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Figure 4: GMREF estimates of the intercepts (upper figure) and slopes (lower fig-
ure) for the Sahel data. Notice that both these estimates are much smoother than
the corresponding estimates in Figure 3.
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Significant Negative Non-Significant Negative Non-Significant Positive Significant Positive

Figure 5: Significance estimates for the slope of the linear trends using the OLS
model (upper figure) and the GMRF model (lower figure). Notice the large num-
ber of significant positive linear trends in the GMRF estimate.

7 Extensions

In this section, we will discuss three possible extensions of the model, and the
increase in complexity and potential difficulties that they would incur. A first
extension is to allow for spatial dependencies in the variance of the measurement
noise. Since the measurement noise includes phenomena, such as cloud cover and
aerosol, the model should, reasonably, allow for varying noise variances. These
variances will, however, vary slowly across the image, and the measurement noise
estimation could therefore be improved by adding a spatially dependent prior for
the noise. There are, in principle, no problems doing this. The only difference
in the model will be that explicit updating rules in the EM algorithm are hard to
find, most likely necessitating numerical optimisation schemes.

Another interesting extension is to allow for varying strength in the spatial
dependencies. That is, instead of using a single precision factor, &, in the GMRF
prior, we let k vary across the field. This is probably a more accurate model for
describing vegetation since the strength of the spatial dependencies most likely
varies with the character of the land. Because of the problem structure, the dif-
ferent weights will not separate in the likelihood expression, and the resulting
optimisation problem becomes highly non-linear and computationally demand-
ing.
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Figure 6: Contour plot of the GMRF estimate of the K, field. Here, colours
corresponding to positive values correspond to areas with a positive linear increase
in vegetation. Notice that a large number of these areas coincides with areas with
significant positive trends in Figure 5. Also observe that this figure has a different
colour scale than Figure 4.

Finally, introducing non-Gaussian observations to handle heavy tailed resid-
uals, or allowing generalised linear regression models, would also improve the
model. However, for non-Gaussian observations, the expectations in (11) will
most likely have to be found using simulation techniques, which increases the
computational burden of the algorithm.

8 Concluding remarks

There is a need for efficient methods for estimating trends in Earth Observa-
tion data. The spatio-temporal regression model constructed in this work shows
great promise for utilising the spatial dependencies in satellite-derived NDVI data.
Tests on real and simulated data sets indicate that there is a substantial gain in
precision, compared with using independent ordinary least squares regressions
for the individual pixels. By estimating the model parameters using the EM al-
gorithm, we also obtain a substantial gain in computational cost compared with
a full MCMC-based approach.

The GMREF estimates are smoother and exhibit larger contiguous regions with
significant trends than a comparative analysis using OLS. The larger contiguous
regions and smoother estimates will most likely aid interpretation of the data and
make it easier to identify underlying reasons for the detected changes in vegeta-
tion.

The model we have used assumes as common precision parameter for the en-
tire field, which is probably not valid for the entire Sahel. Therefore, the results
presented in Section 6.2 are obtained by first dividing the area into smaller sub-
areas. This way,  is assumed to be constant only on the smaller subareas. To
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Figure 7: Upper figure: Contour plot of the Kj field for the pixels where the
K, field is positive. A positive value in this field means that there was a higher
increase in vegetation growth during the second part of the time period, whereas
a negative value corresponds to a higher increase in vegetation growth during the
first part of the time period. Lower figure: Contour plot of the K3 field for the
pixels where the K, field is negative. Here, a positive value means that there
was a larger decrease in vegetation during the first part, whereas a negative value
corresponds to a larger decrease in vegetation during the second half.

avoid discontinuities in the joints between the areas, extra pixels, overlapping the
neighbouring subareas, are added in the computations. Although this procedure
will allow for some variation in the strength of the spatial dependencies, it does
not solve the problem entirely. Hence, some improvements are anticipated to
further improve the results for the Sahel region.
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A. Proof of Proposition 2.2

A Proof of Proposition 2.2

This follows from a change of variables in the distribution 7(X|k):

(X|k) o exp(—%XTliQX) = exp —%KT FoD I QE®NK
Q

Using common calculation rules (mixed product) for the Kronecker product, the
expression for Q simplifies to

Q=FD"I2Q)EF®I) = (F'F)® Q,. (16)

Hence, K| € N(0,(kQ)™"), and the corresponding graph can be determined
from the non-zero pattern of Q. To determine the rank of the field, we have
to determine the rank of Q. Since X, is a second-order IGMRE Qjy has rank
n— 3, and FTF has, by construction, full rank. A basic property of the Kronecker
product is that rank(A ® B) = rank(A) rank(B), and hence, Q has rank m(n — 3).

O
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How do Markov approximations
compare with other methods for large
spatial data sets?
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Abstract: The Matérn covariance function is a popular choice for modeling de-
pendence in spatial environmental data. Standard Matérn covariance models are,
however, often computationally infeasible for large data sets. In this work, recent
results for Markov approximations of Gaussian Matérn fields based on Hilbert
space approximations are extended using wavelet basis functions. These Markov
approximations are compared with two of the most popular methods for effi-
cient covariance approximations; covariance tapering and the process convolu-
tion method. The results show that, for a given computational cost, the Markov
methods have a substantial gain in accuracy compared with the other methods.

Key words: Matérn covariances; kriging; wavelets; Markov random fields;
covariance tapering; process convolutions; Computational efficiency

1 Introduction

The traditional methods in spatial statistics were typically developed without any
considerations of computational efficiency. In many of the classical applications of
spatial statistics in environmental sciences, the cost for obtaining measurements
limited the size of the data sets to ranges where computational cost was not an
issue. Today, however, with the increasing use of remote sensing satellites, pro-
ducing many large climate data sets, computational efficiency is often a crucial
property.

In recent decades, several techniques for building computationally efficient
models have been suggested. In many of these techniques, the main assumption
is that a latent, zero-mean Gaussian process X(s) can be expressed, or at least
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approximated, through some finite basis expansion

n

X(s) = w;&(s), (1)

J=1

where w; are Gaussian random variables and {é']}]”:1 are some pre-defined basis
functions. The justification for using these basis expansions is usually that they
converge to the true spatial model as 7 tends to infinity. However, for a finite 7,
the choice of the weights and basis functions will greatly affect the approxima-
tion error and the computational efficiency of the model. Hence, if one wants an
accurate model for a given computational cost, asymptotic arguments are insuffi-
cient.

If the process X (s) has a discrete spectral density, one can obtain an approxim-
ation of the form (1) by truncating the spectral expansion of the process. Another
way to obtain an, in some sense optimal, expansion of the form (1) is to use the
eigenfunctions of the covariance function for the latent field X (s) as a basis, which
is usually called the Karhunen-Loeve (KL) transform. The problem with the KL
transform is that analytic expressions for the eigenfunctions are only known in a
few simple cases, which are often insufficient to represent the covariance structure
in real data sets. Numerical approximations of the eigenfunctions can be obtained
for a given covariance function; however, the covariance function is in most cases
not known, but has to be estimated from data. In these cases, it is infeasible to
use the KL expansion in the parameter estimation, which is often the most com-
putationally demanding part of the analysis. The spectral representation has a
similar problem since the computationally efficient methods are usually restricted
to stationary models with gridded data, and are not applicable in more general
situations. Thus, to be useful for a broad range of practical applications, the
methods should be applicable to a wide family of stationary covariance functions,
and be extendable to nonstationary covariance structures.

One method that fulfills these requirements is the process convolution ap-
proach (Barry and Ver Hoef, 1996, Higdon, 2001, Cressie and Ravlicovd4, 2002,
Rodrigues and Diggle, 2010). In this method, the stochastic field, X(s), is defined
as the convolution of a Gaussian white noise process with some convolution ker-
nel K(s). This convolution is then approximated with a sum of the form (1)
to get a discrete model representation. Process convolution approximations are
computationally efficient if a small number of basis functions can be used, but in
practice, this will often give a poor approximation of the continuous convolution
model.
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1. Introduction

A popular method for creating computationally efficient approximations is
covariance tapering (Furrer et al., 2006). This method can not be written as an
approximation of the form (1), but the idea is instead to taper the true covariance
to zero beyond a certain range by multiplying the covariance function with some
compactly supported taper function (Gneiting, 2002). This facilitates the use of
sparse matrix techniques that increases the computational efficiency, at the cost of
replacing the original model with a different model, which can lead to problems
depending on the spatial structure of the data locations. However, the method is
applicable to both stationary and nonstationary covariance models, and instead of
choosing the set of basis functions in (1), the taper range and the taper function
have to be chosen.

Nychka et al. (2002) used a wavelet basis in the expansion (1), and showed
that by allowing for some correlation among the random variables w;, one gets a
flexible model that can be used for estimating nonstationary covariance structures.
As a motivating example, they showed that using a wavelet basis, computation-
ally efficient approximations to the popular Matérn covariance functions can be
obtained using only a few nonzero correlations for the weights w;. The approxim-

ations were, however, obtained numerically, and no explicit representations were
derived.

Rue and Tjelmeland (2002) showed that general stationary covariance models
can be closely approximated by Markov random fields, by numerically minimizing
the error in the resulting covariances. Song et al. (2008) extended the method
by applying different loss criteria, such as minimizing the spectral error or the
Kullback-Leibler divergence. A drawback of the methods is that, just as for the KL
and wavelet approaches, the numerical optimisation must in general be performed
for each distinct parameter configuration.

Recently, Lindgren and Rue (2007) derived an explicit method for producing
computationally efficient approximations to the Matérn covariance family. The
method uses the fact that a random process on R? with a Matérn covariance
function is a solution to a certain stochastic partial differential equation (SPDE).
By considering weak solutions to this SPDE with respect to some set of local
basis functions {&;}"_;, an approximation of the form (1) is obtained, where the
stochastic weights have a sparse precision matrix (inverse covariance matrix), that
can be written directly as a function of the parameters, without any need for costly
numerical calculations. The method is also extendable to more general stationary
and nonstationary models by extending the generating SPDE (Lindgren et al.,
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2011, Bolin and Lindgren, 2011).

In this paper, we use methods from Lindgren and Rue (2007) and Lindgren
et al. (2011) to algebraically compute the weights w; for wavelet-based approx-
imations to Gaussian Matérn fields (Section 3). For certain wavelet bases, the
weights form a Gaussian Markov Random Field (GMREF), which greatly increases
the computational efficiency of the approximation. For other wavelet bases, such
as the one used in Nychka et al. (2002), the weights can be well approximated
with a GMRE

In order to evaluate the practical usefulness of the different approaches, a
detailed analysis of the computational aspects of the spatial prediction problem is
performed (Section 2 and Section 4). The results show that the GMRF methods
are more efficient and accurate than both the process convolution approach and
the covariance tapering method.

2 Spatial prediction and computational cost

As a motivating example why computational efficiency is important, let us con-
sider spatial prediction. The most widely used method for spatial prediction is
commonly known as linear kriging in geostatistics. Let ¥'(s) be an observation of
a latent Gaussian field, X (s), under mean zero Gaussian measurement noise, £(s),
uncorrelated with X and with some covariance function r¢(s, t),

Y(s) = X(s) + E(s), @)

and let u(s) and 7(s, t) be the mean value function and covariance function for
X(s) respectively. Depending on the assumptions on u(s), linear kriging is usually
divided into simple kriging (if ¢ is known), ordinary kriging (if ¢ is unknown but
independent of s), and universal kriging (if ¢ is unknown and can be expressed
as a linear combination of some deterministic basis functions). To limit the scope
of this article, parameter estimation will not be considered, and to simplify the
notations, we let u(s) = 0. It should, however, be noted that all results in later
sections regarding computational efficiency also hold in the cases of ordinary kri-
ging and universal kriging. For more details on kriging, see e.g. Stein (1999) or
Schabenberger and Gotway (2005).

Let (s, t) have some parametric structure, and let the vector v contain all
covariance parameters. Let Y be a vector containing the observations, X; be a
vector containing X (s) evaluated at the measurement locations, s1, . . . , s,,, and let

72



2. Spatial prediction and computational cost

X be a vector containing X (s) at the locations, 81, . . ., 8, for which the kriging
predictor should be calculated. With X = (XIT,XZT)T, one has X; = A;X, and
X, = A)X for two diagonal matrices A; and A,, and the model can now be
written as

X[y ~ N(0, =),
YIX, v ~ NAX, Z¢),

where 3y is the covariance matrix for X and 3¢ contains the covariances 7¢ (s;, s;).
It is straightforward to show that the posterior is X|Y, vy ~ N(ﬁAlzle, ),
where 33 = (2);1 + AlTZglAl)_l, and the well known expression for the kri-
ging predictor is now given by the conditional mean

ECG]Y, v) = ASA S.'Y = A, SxA] (A A + 2¢)7'Y
=Sy (Ex +20) 'Y =2 27'Y, 3)

where the elements on row 7 and column j in Xx,x, and Xy are given by the
covariances 7(8;,s;) and 7(s;, s;) + re(s;, s;) respectively. To get the standard ex-
pression for the variance of the kriging predictor, the Woodbury identity is used
on X:

VXY, y) = AS;! + A B.'A) A,
= AT XA, — ASxA] (A SxA] + Zo)A SyA,

_ -1 T
=3y — XXy Sy

If there are no simplifying assumptions on 3y, the computational cost for cal-
culating the kriging predictor is O(7m + m?), and the cost for calculating the
variance is even higher. This means that with 1000 measurements, the number of
operations needed for the kriging prediction for a single location is on the order
of 10°. These computations are thus not feasible for a large data set where one
might have more than 10® measurements.

The methods described in Section 1 all make different approximations in or-
der to reduce the computational cost for calculating the kriging predictor and
its variance. These different approximations, and their impact on the compu-
tational cost, are described in more detail in Section 4; however, to get a gen-
eral idea of how the computational efficiency can be increased, consider the kri-
ging predictor for a model of the form (1). The field X can then be written as
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X = Bw ~ N(0,BX,B"), where column 7 in the matrix B contains the basis
function &;(s) evaluated at all measurement locations and all locations where the
kriging prediction is to be calculated and w = (wy, . . ., w,)". Let By = A;B and
B, = A,B be the matrices containing the basis functions evaluated at the meas-
urement locations and the kriging locations respectively. The kriging predictor is
then

EX|Y,vy) =B:(2,' + B/ X.'B)'B,; X, Y. (4)

If the measurement noise is Gaussian white noise, 3¢ is diagonal and easy to
invert. If 3! is either known, or easy to calculate, the most expensive calculation
in (4) is to solve u = (E;l + BIEngl)_lBIZEIY. This is a linear system of
n equations, where 7 is the number of basis functions used in the approximation.
Thus, the easiest way of reducing the computational cost is to choose » < m,
which is what is done in the convolution approach. Another approach is to ensure
that (' + B/ £:'By) is a sparse matrix. Sparse matrix techniques can then
be used to calculate the kriging predictor, and the computational cost can be
reduced without reducing the number of basis functions in the approximation. If
a wavelet basis is used, BIEEIBl will be sparse, and in Section 3, it is shown that
the precision matrix Q,, = 3, can also be chosen as a sparse matrix by using
the Hilbert space approximation technique by Lindgren et al. (2011).

3 Wavelet approximations

In the remainder of this paper, the focus is on the family of Matérn covariance
functions (Matérn, 1960) and the computational efficiency of some different
techniques for approximating Gaussian Matérn fields. This section shows how
wavelet bases can be used in the Hilbert space approximation technique by Lind-
gren et al. (2011) to obtain computationally efficient Matérn approximations.

3.1 The Matérn covariance family

Because of its versatility, the Matérn covariance family is one of the most popular
choices for modeling spatial data. There are a few different parameterizations of
the Matérn covariance function in the literature, and the one most suitable in our
context is

217 v¢2
(4%)%F(v + %)/ﬁz"

r(t) = (&)< K (K] <)), 5)
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3. Wavelet approximations

where v is a shape parameter, x? a scale parameter, ¢? a variance parameter, and
K, is a modified Bessel function of the second kind of order v > 0. With this
parametrization, the variance is 7(0) = ¢*I'(V) (4%)_%F(v + %)*1%;72", and the
associated spectral density is

(©)

24 (K2 + Hsz)eré'

For the special case v = 0.5, the Matérn covariance function is the exponential
covariance function. The smoothness of the field increases with v, and in the limit
as v — 00, the covariance function is a Gaussian covariance function if x is also
scaled accordingly, which gives an infinitely differentiable field.

3.2 Hilbert space approximations

As noted by Whittle (1963), a random process with the covariance (5) is a solution
to the SPDE

(K* — A)2X(s) = pW(s), 7)

where W(s) is Gaussian white noise, A is the Laplacian, and o = v+ d/2. The
key idea in Lindgren et al. (2011) is to approximate the solution to the SPDE
using a basis expansion of the form (1). The starting point of the approximation
is to consider the stochastic weak formulation of the SPDE

{<bz-, (nz—A)%X>,z’: 1,...,71/,} L b, W), i=1,...,m}. (8)

Here 2 denotes equality in distribution, (f, g) = [f(s)g(s)ds, and equality
should hold for every finite set of test functions {6;,7 = 1,...,n;} from some
appropriate space. A finite element approximation of the solution X is then ob-
tained by representing it as a finite basis expansion of the form (1), where the
stochastic weights are calculated by requiring (8) to hold for only a specific set of
test functions {6,,7 = 1,...,n} and {&;} is a set of predetermined basis func-
tions. We illustrate the more general results from Lindgren et al. (2011) with the
special case @ = 2, where one uses 4; = &; and then has

n

(& (2 = AX) = 3wy (& (5 = A)g). v

J=1
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By introducing the matrix K with elements K;; = <§l-, (k* — A)Ej> and the
vector w = (wy, ..., w,), the left hand side of (8) can be written as Kw. Since,
by Lemma 1 in Lindgren et al. (2011)

(& (& = N &)y = K> (&, &) — (&, AG) = K> (&, &)+ (VE, V&),

the matrix K can be written as the sum K = x2C + G where C; = <Ei, f]> and
G, = <VEZ-, Vf]> The right hand side of (8) can be shown to be Gaussian with
mean zero and covariance $*C and one thus have that w ~ N(0, *’K~'CK™1).

For the second fundamental case, « = 1, Lindgren et al. (2011) show that
w ~ N(0,p*K™!) and for higher order o € N, the weak solution is obtained
recursively using these two fundamental cases. For example, if @ = 4 the solution
to (k% — A)?Xy(s) = ¢ W(s) is obtained by solving (k% — A)Xy(s) = X(s), where
X is the solution for the case & = 2. This results in a precision matrix for the
weights Q,, defined recursively as

Q,=KC'Q, ,C'K, «=34,... (10)

where Q, = ¢ ?K and Q, = ¢ >K'C K. Thus, all Matérn fields with
v+ d/2 € N can be approximated through this procedure. For more details, see
Lindgren and Rue (2007) and Lindgren et al. (2011). The results from Rue and
Tjelmeland (2002) show that accurate Markov approximations exist also for other
v-values, and one approximate approach to finding explicit expressions for such
models was given in the authors’ response in Lindgren et al. (2011). However,
in many practical applications v cannot be estimated reliably (Zhang, 2004), and
using only a discrete set of v-values is not necessarily a significant restriction.

3.3 Wavelet basis functions

In the previous section, nothing was said about how the basis functions {&;}
should be chosen. The following sections, however, shows that wavelet bases have
many desirable properties which makes them suitable to use in the Hilbert space
approximations on R?. In this section, a brief introduction to multiresolution
analysis and wavelets is given.

A multiresolution analysis on R is a sequence of closed approximation sub-
spaces { V;} ez of functions in L*(R) such that V; C Vjy4, cl UjeZ V; = LI*(R),
and (V;ez V; = {0}, where cl is the closure, and f(s) € V; if and only if

£(277s5) € Vj. This last requirement is the multiresolution requirement because
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3. Wavelet approximations

this implies that all the approximation spaces V; are scaled versions of the space
V6. A multiresolution analysis is generated starting with a function usually called
a father function or a scaling function. The function ¢ € Z*(R) is called a scaling
function for {V}};ez if it satisfies the two-scale relation

o) =D pup(2s — ), (1)

kEZ

for some square-summable sequence {p;}rcz and the translates {¢(s — £) } ez
form an orthonormal basis for Vj. Given the multiresolution analysis {V}};cz,
the wavelet spaces { W} ;cz are then defined as the orthogonal complements of
V; in Vi1 for each j, and one can show that W is the span of {gb(st — k) }rezs
where the wavelet ¢ is defined as (s) = kez(—l)kMQD(Zs — k).

Given the spaces W}, V; can be decomposed as the direct sum
Vi=VoeoW, oW e...e W (12)

Several choices of scaling functions have been presented in the literature. Among
the most widely used constructions are the B-spline wavelets (Chui and Wang,
1992) and the Daubechies wavelets (Daubechies, 1992) that both have several
desirable properties for our purposes.

The scaling function of B-spline wavelets are mth order B-splines with knots
at the integers. Because of this, there exists closed form expressions for the cor-
responding wavelets, and the wavelets have compact support since the mth order
scaling function has support on (0,7 + 1). The wavelets are orthogonal at dif-
ferent scales, but translates at the same scale are not orthogonal. This property is
usually referred to as semi-orthogonality.

The Daubechies wavelets form a hierarchy of compactly supported ortho-
gonal wavelets that are constructed to have the highest number of vanishing mo-
ments for a given support width. This generates a family of wavelets with an
increasing degree of smoothness. Except for the first Daubechies wavelet, there
are no closed form expressions for these wavelets; however, for practical purposes,
this is not a problem because the exact values for the wavelets at dyadic points can
be obtained very fast using the Cascade algorithm (Burrus et al., 1988). In this
work, the DB3 wavelet is used because it is the first wavelet in the family that has
one continuous derivative. The DB3 wavelet and its scaling function are shown
in Figure 1.
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Figure 1: The DB3 scaling function and wavelet.

3.4 Explicit wavelet Hilbert space approximations

To use the Hilbert space approximation for a given basis, the precision matrix,
Q,, for the weights has to be calculated. By (10), we only have to be able to
calculate the matrices C and G to build the precision matrix for any « € N. The
elements in these matrices are inner products between the basis functions:

Cj= /fi(s)fj(s) ds, G, = /(Vé(s))—rv&'j(s) ds. (13)

This section shows how these elements can be calculated for the DB3 wavelets
and the B-spline wavelets. When using a wavelet basis in practice, one always
have to choose a finest scale, /, to work with. Given that the subspace V; is used
as an approximation of Z2(R), one can use two different bases. Either one works
with the direct basis for V7, that consists of scaled and translated versions of the
father function ¢(s), or one can use the multiresolution decomposition (12). In
what follows, both cases are considered.

3.4.1 Daubechies wavelets on R

For the Daubechies wavelets, the matrix C is the identity matrix since these wave-
lets form an orthonormal basis for Z2(R). Thus, only the matrix G has to be
calculated. If the direct basis for V7 is used, the matrix G contains inner products
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3. Wavelet approximations

of the form
(Vo@s— k), V@ s— D) =2 (Vols), Vols — [+ k) = 2 Alk—1). (14)

Because the scaling function has compact support on [0,2N — 1], these inner
products are only non-zero if # — / € [-(2N —2),2N — 2]. Thus, the matrix G
is sparse, which implies that the weights w in (1) form a GMRE Since there are no
closed form expressions for the Daubechies wavelets, there is no hope in finding a
closed form expression for the non-zero inner products (14). Furthermore, stand-
ard numerical quadrature for calculating the inner products is too inaccurate due
to the highly oscillating nature of the gradients. However, utilizing properties of
the wavelets, one can calculate an approximation of the inner product of arbitrary
precision by solving a system of linear equations. It is outside the scope of this
paper to present the full method, but the basic principle is to construct a system
of linear equations by using the scaling- and moment equations for the wavelets.
This system is then solved using, for example, LU factorization. For details, see
Latto et al. (1991).

Using this technique for the DB3 wavelets, the following nonzero values for

A(n) are obtained

A0) = 5.267, A(£1) = —3.390, A(+2) = 0.876,
A(#3) = —0.114,  A(+4) = —0.00535.

These values are calculated once and tabulated for constructing the G matrix,
which is a band matrix with 2/ A(0) on the main diagonal, 2/ A(1) on the first off
diagonals, et cetera.

If the multiresolution decomposition (12) is used as a basis for V7, one also
needs the inner products <V¢(2fs — k), V(P(Zis - /)>, i,j € Z. Because of the
two-scale relation (11), every wavelet gb(275 — k) can be written as a finite sum
of translated scaling functions at scale /. Using this property, the G matrix can
be constructed efficiently using only the already computed A values. Figure 2
shows the structure of the G matrices for a multiresolution DB3 basis with five
layers of wavelets and the corresponding direct basis. Note that there are fewer
non-zero elements in the precision matrix for the direct basis. Hence, it is more
computationally efficient to use the direct basis instead of the multiresolution
basis.
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Figure 2: The non-zero elements in the G matrices for a multiresolution DB3
basis with five layer of wavelets and the corresponding direct basis. 6.4% of the
elements are non-zero for the multiresolution basis whereas only 0.96% of the
elements are non-zero for the direct basis.

3.4.2 B-spline wavelets on R

For the B-spline wavelets, the matrices C and G can be calculated directly using
the closed form expressions for the basis functions and their derivatives. When a
direct basis is used on R, C is a band matrix with bandwidth 7 + 1, if the mth
order spline wavelet is used. For example, for 7 = 1, calculating (13) gives

2/3’ 7 :]” 2, 7 :j’
C,=27-%1/6, |i—jl=1, Gi;=2-{-1, |i—jl=1,
0 otherwise, 0 otherwise.

Since the expression for the precision matrix for the weights w contains the inverse
of C, it is a dense matrix. Hence, C™! has to be approximated with a sparse
matrix if Q should be sparse. This issue is addressed in Lindgren et al. (2011)
by lowering the integration order of (&, &), which results in an approximate,

diagonal C matrix, C, with diagonal elements C;; = > ) | C; ;. In Section 4,
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3. Wavelet approximations

the effect of this approximation on the covariance approximation for the basis
expansion is studied in some detail. For the multiresolution basis, the matrices
are block diagonal, and this approximation is not applicable.

3.4.3 Wavelets on R”

The easiest way of constructing a wavelet basis for Z2(R?) is to use the tensor
product functions generated by 4 one-dimensional wavelet bases. Let ¢ be the
scaling function for a multiresolution on IR, the father function can be written as
Doxrs ..y xg) = Hfil @(x;). The scalar product (V@(x), Vo(x + 7)), where 1

now is a multi-integer shift in 4 dimensions, can then be written as

(Vox), Vox+n)) = <VH¢xl) VHgo(xz—i— n; >
=1
d

0 p(x;) 9 olx; +
3 0 ]
=1 ! JFi

—ZAO?Z H/W] wlo + 1) dg.

=1 JFE

This expression looks rather complicated, but it implies a very simple Kronecker
structure for G, the G matrix in R?. For example, in R? and R?,

G =G RC,+C G
G=GIRCRC+C G ®C; +C ®C; R Gy,

where G and C; are the G and C matrices for the corresponding one-dimensional
basis and ® denotes the Kronecker product. Similarly, C, = C; ® C;, and
C; = C; ® C; ® Cy. These expressions hold both if the direct basis for V; if
used or if the multiresolution construction (12) is used for the one-dimensional
spaces. For Daubechies wavelets, the C matrix is the identity matrix for all 4 > 1.
This also holds for the direct B-spline basis if the diagonal approximation is used
for C1 .
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4 Comparison

As discussed in Section 2, computational efficiency is often an important aspect
in practical applications. However, the computation time for obtaining, for ex-
ample, an approximate kriging prediction is in itself not that interesting unless
one also knows how accurate it is. We will, therefore, in this section compare
the wavelet Markov approximations with two other popular methods, covariance
tapering and process convolutions, with respect to their accuracy and computa-
tionally efficiency when used for kriging.

Before the comparison, we give a brief introduction to the process convolu-
tion method and the covariance tapering method and discuss the methods’ com-
putational properties. As mentioned in Section 2, the computational cost for
the kriging prediction for a single location based on 7 observations is O(n7°).
In what follows, the corresponding computational costs for the three different
approximation methods are presented. We start with the wavelet Markov approx-
imations and then look at the process convolutions and the covariance tapering
method. After this, an initial comparison of the different wavelet approximations
is performed in Section 4.4 and then the full kriging comparison is presented in

Section 4.5-4.6.

4.1 Wavelet approximations

When using a wavelet basis, one can either work with the direct basis for the
approximation space V; or do the wavelet decomposition into the direct sum of
J — 1 wavelet spaces and Vj. If one only is interested in the approximation error,
the decomposition into wavelet spaces is not necessary and it is more efficient to
work in the direct basis for V; since this will result in a precision matrix with
fewer nonzero elements. Therefore we only use the direct bases for V; in the
comparisons in this section.

The wavelet approximations are of the form (1), so Equation (4) is used to
calculate the kriging predictor. However, since an explicit expression for the pre-
cision matrix for the weights w exists for this method, we rewrite the equation
as

EX|Y, v) = B2(Q, + B Q:B))'B;Q,Y,

where Q¢ = 251 is diagonal if £ is Gaussian white noise. If the number of
kriging locations is small, the computationally demanding step is again to solve a
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4. Comparison

system of the form
u=(Q,+B/QB) v

Now, if the Daubechies wavelets or the Markov approximated spline wavelets are
used, both Q,, and B] QB are sparse and positive definite matrices. The system
is therefore most efficiently solved using Cholesky factorization, forward substitu-
tion, and back substitution. The forward substitution and back substitution are
much faster than calculating the Cholesky triangle L, so the computational com-
plexity for the kriging predictor is determined by the calculation of L. Because
of the sparsity structure, this computational cost is in general O(n), O3/?), and
O(n?) for problems in one, two, and three dimensions respectively (see Rue and
Held, 2005). If the spline bases are used without the markov approximation, the
computational cost instead is O(n?) since Q,, then is dense. It should be noted
here that any basis could be used in the SPDE approximation, but in order to get
good computational properties we need both Q,, and B] Q¢B; to be sparse. This
is the reason for why for example Fourier bases are not appropriate to use in the
SPDE formulation since By in this case always is a dense matrix.

4.2 Process convolutions

In the process convolution method, the Gaussian random field X(s) on R? is
specified as a process convolution

X(s) = /K(s,u)B(du), (15)

where K is some deterministic kernel function and B is a Brownian sheet. One
of the advantages with this construction is that nonstationary fields easily are
constructed by allowing the convolution kernel to be dependent on location. If,
however, the process is stationary we have K (s, u) = K (s — u) and the covariance
function for X is 7(t) = [ K(u — ©)K (u) du. Thus, the covariance function and
the kernel X are related through

K:f*( L f@)z?*(ld%ﬁ,
(2m: (2m?

where § is the spectral density for X(s) and F denotes the Fourier transform
(Higdon, 2001). Since the spectral density for a Matérn covariance function in
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dimension 4 with parameters v, ¢?%, and K is given by (6), one finds that the

corresponding kernel is a Matérn covariance function with parameters v, = 5 — %,

qﬁi = ¢, and kK, = K.
An approximation of (15) which is commonly used in convolution-based
modeling is

X(s) =~ ZK(S — uj)wj,

j=1

where uy, . .., u, are some fixed locations in the domain, and w; are independ-
ent zero-mean Gaussian variables with variances equal to the area associated with
each u;. Thus, this approximation is of the form (1), with basis functions
é}(s) = K(s —uj). When this approximation is used, Equation (4) is used to
calculate the kriging predictor. Because the basis functions are Matérn covariance
functions, the matrices By and B, are dense. Thus, even though both ¥¢ and
321 are diagonal matrices, one still have to solve a system of the form

u= (3, +B/Z;'B) "y,

where (2;1 + BIEEIBl) is a dense 7z X 7 matrix and 7 is the number of basis
functions used in the basis expansion. The computational cost for both con-
structing and inverting the matrix is O(mn*> + n°). For kriging prediction of 7
locations, the total computational complexity is O(7n + mn* + n°).

4.3 Covariance tapering

Covariance tapering is not a method for constructing covariance models, but a
method for approximating a given covariance model to increase the computa-
tional efficiency. The idea is to taper the true covariance, (), to zero beyond
a certain range, 6, by multiplying the covariance function with some compactly
supported positive definite taper function 7g(<). Using the tapered covariance,

T1ap(T) = 19(T)7(7),

the matrix Xy in the expression for the kriging predictor (3) is sparse, which
facilitates the use of sparse matrix techniques that increases the computational
efficiency. The taper function should, of course, also be chosen such that the basic
shape of the true covariance function is preserved, and of especial importance for
asymptotic considerations is that the smoothness at the origin is preserved.
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4. Comparison

Furrer et al. (20006) studied the accuracy and numerical efficiency of tapered
Matérn covariance functions, and to be able to compare their results to Matérn
approximations obtained by the wavelet Hilbert space approximations and the
process convolution method, we use their choice of taper functions:

Wendland;: ry(z) = <max [1 — H%‘)H,O]> <1 —|—4H H>

6 2
W — ¢ T 35||<
endlandz: V@(C) = <max |:1 — M,O]> <1 GH H H ZH > )

These taper functions were first introduced by Wendland (1995). For dimension
d < 3, the Wendland; function is a valid taper function for the Matérn covariance
functon if v < 1.5, and the Wendland, function is a valid taper function if
v < 2.5. Furrer et al. (2006) found that Wendland; was slightly better than
Wendland, for a given v, so we use Wendland,; for all cases when v < 1.5 and
Wendland, if 1.5 < v < 2.5.

If a tapered Matérn covariance is used, the kriging predictor can be written as

ECLIY,y) = =Yy (BY + 2e) 7Y,

where the element on row 7 and column  in 2;?5 X, and Zg?lp are given by 7,,(s;, ;)
and 74,(s;,s;) respectively. Since the tapered covariance is zero for lags larger
than the taper range, #, many of the elements in Zg?lp will be zero. Thus, the
three step approach used for the wavelet Markov approximations can be used to
solve the system u = (Zg?lp + X¢) 7Y efficiently. Since the number of non-
zero elements for row 7 in Zg?lp is determined by the number of measurement
locations at a distance smaller than 6 from location s;, the computational cost is
determined both by the taper range and the spacing of the observations. Thus, if
the measurements are irregularly spaced, it is hard to get a precise estimate of the
computational cost. However, for given measurement locations, the taper range
can be chosen such that the average number of neighbors to the measurement
locations is some fixed number k. The cost for the Cholesky factorization is then
similar to the cost for a GMRF with 7 nodes and a neighborhood size 4g.

4.4 Covariance approximation

For practical applications of any of the approximation methods discussed here,
one is often mostly interested in producing kriging predictions which are close
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to the optimal predictions. The error one makes in the kriging prediction is
closely related to the method’s ability to reproduce the true Matérn covariance
function. There are many different wavelet bases one could consider using in the
Markov approximation method, and before we consider the kriging problem we
will in this section compare some of these bases with respect to their ability to
reproduce the Matérn covariance function so that we can choose only a few of the
best methods to compare in the next section. As a reference, we also include the
process convolution approximation in this comparison.

A natural measure of the error in the covariance approximation is a stand-
ardized Z? norm of the difference between the true-, and approximate covariance
functions,

f(r(s, u) — #(s,u)? du
[ (s, w)? du '

g (s) = (16)
Note here that the true covariance function (s, u) is stationary and isotropic,
while the approximate covariance function 7(s,u), for the basis expansion (1),
generally is not. For the wavelet approximations and the process convolutions,
€, is periodic in s since the approximation error in general is smaller where the
basis functions are centered, and we therefore use the mean value of ¢,(s) over the
studied region as a measure of the covariance error.

We use the different methods to approximate the covariance function for a
Matérn field on the square [0,10] x [0, 10] in R?. The computational com-
plexity for the kriging predictions depend on the number of basis functions, 7,
used in the approximations. For the Markov approximated spline bases and the
Daubechies 3 basis, this complexity is O(73/?) whereas it is O(°) for the spline
bases if the Markov approximation is not used and for the process convolution
method. We therefore use 1002 basis functions for the O(%/2) methods and 100
basis functions for the other methods to get the covariance error for the methods
when the compurtational cost is approximately equal.

Figure 3 shows the covariance error for the different methods as functions
of the approximate range, 5~ 'v/8v, of the true covariance function for three
different values of v. There are several things to note in this figure:

1. The covariance error decreases for all methods as the range of the true co-
variance function increases. This is not surprising since the error will be
small if the distance between the basis functions (which is kept fixed) is
small compared to the true range.
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Figure 3: Numeric approximations of the Z2-norm (16) shown as a function of
approximate range for different values of v and different bases in R*. In this
figure, 100 basis functions are used for the bases with Markov structure (solid
lines), and 100 basis functions are used for the other bases (dashed lines). This
gives approximately the same computational complexity for kriging prediction.

2. The solid lines correspond to Markov approximations, which have compu-
tational complexity O(#%/?) for calculating the kriging predictor, and the
approximations with computational complexity O(7*) have dashed lines in
the figure.

3. There is no convolution kernel estimate for v = 1 since the convolution
kernel has a singularity at the origin in this case. For the other cases, the loc-
ations {#;} for the kernel basis functions were placed on a regular 10 x 10
lattice in the region.

4. The error one makes by the Markov approximation of the spline bases
becomes larger for increasing order of the splines. Note that the third order
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spline basis is best without the approximation whereas the first order spline
basis is best if the Markov approximation is used.

It is clear from the figure that the Markov approximations have a much
lower covariance error for the same computational complexity. Among these,
the Daubechies 3 basis is best for large ranges whereas the Markov approximated
first order spline basis is best for short ranges. The higher order spline bases have
larger covariance errors so, from now on, we focus on the first order spline basis
and the Daubechies 3 basis.

4.5 Spatial prediction

In the previous section, several bases were compared with respect to their ability to
approximate the true covariance function when used in an approximation of the
form (1) of a Gaussian Matérn field. The comparison showed that the Daubech-
ies 3 (DB3) basis and the Markov approximated linear spline (S1) basis are most
accurate for a given computational complexity. In this section, the spatial predic-
tion errors for these two wavelet Markov approximations are compared with the
process convolution method and the covariance tapering method. In the compar-
isons, note that the S1 basis is essentially of the same type of piecewise linear basis
as used in Lindgren et al. (2011), so the results here also apply to that paper.

Simulation setup

Let X(s) be a Matérn field with shape parameter v (chosen later as 1, 2, or 3)
and approximate correlation range 7 (later varied between 0.1 and 4). The range
7 determines & through the relation x = v/8w~! and the variance parameter
¢ = 4nl(v+ 1)k”I'(v)~ ! is chosen such that the variance of X(s) is 1. We meas-
ure X at 5000 measurement locations chosen at random from a uniform distri-
bution on the square [0, 5] x [0, 5] in R? using the measurement equation (2),
where £(s) is Gaussian white noise uncorrelated with X with standard deviation
o= 0.01.

Given the measurements, spatial prediction of X to all locations on a 70 x 70
lattice of equally spaced points in the square is performed using the optimal
kriging predictor, the wavelet Markov approximations, the process convolution
method, and the covariance tapering method. For each approximate method,
the sum of squared differences between the optimal kriging prediction and the
approximate method’s kriging prediction is used as a measure of kriging error.
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We compare the methods for v = 1,2, 3, and for each v we test 40 different
ranges varied between 0.1 and 4 in steps of 0.1. For a given v and a given range,
20 data sets are simulated and the average kriging error is calculated for each
method based on these data sets.

Choosing the number of basis functions

To obtain a fair comparison between the different methods, the number of basis
functions for each method should be chosen such that the computation time
for the kriging prediction is equal for the different methods. The computations
needed for calculating the prediction can be divided into three main steps as fol-
lows

Step 1. Build all matrices except M in Step 3 necessary to calculate the kriging
predictor.

Step 2. Solve the matrix inverse problem for the given method:

S1,DB3and Conv: u=(X,'+B/X;'B)'B,X.Y,

Tapering: u= (2;{7 + 25)71 Y,
Optimal kriging: u= (EXl + Z]g) “ly.

Step 3. Depending on which method that is used, build M = By, M = E;?f X
or M = Xy, x, and calculate the kriging predictor X = Mu.

For the optimal kriging predictor, and in some cases for the tapering method,
the matrix M cannot be calculated and stored at once due to memory constraints
if the number of measurements is large. Each element in X is then constructed
separately as X; = M;u, where M; is a row in M. It is then natural to include the
time it takes to build the rows in M in the time it takes to calculate X, which is
the reason for including the time it takes to build M in Step 3 instead of Step 1.
The computation time for the first step is highly dependent on the actual
implementation, and we will therefore focus on the computation time for the last
two steps when choosing the number of basis functions. If one only does kriging
prediction to a few locations, the second step will dominate the computation time
whereas the third step can dominate if kriging is done to many locations. To get
results that are easier to interpret, we choose the number of basis functions such
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that the time for the matrix inverse problem in Step 2 is similar for the different
methods.

Now since the computational complexity for Step 2 is O(%?) for the convo-
lution method and O(#%/?) for the Markov methods, one would think that if 7
basis functions are used in the convolution method and #* basis functions are used
for the Markov methods, the computation time would be equal. Unfortunately
it is not that simple. If two different methods have computational complexity
O(r), this means that the computation time scales as #° when 7 is increased for
both methods; however, the actual computation time for a fixed n can be quite
different for the two methods. For example, DB3 is approximately 6 times more
computationally demanding than S1 for the same number of basis functions. The
reason being that the DB3 basis functions have larger support than the S1 basis
functions and this causes the matrices B; and 3! for DB3 to contain approx-
imately 6 times as many nonzero elements compared to S1 for the same number
of basis functions. However, the relative computation time will scale as ﬂ?/ % if my
is increased for both methods.

To get approximately the same computation time for Step 2 for the differ-
ent approximation methods, the number of basis functions for S1 is fixed to
100%. Since DB3 is approximately six times more computationally demanding,
the number of basis functions for this method is set to 1600. As mentioned in
Lindgren et al. (2011), one should extend the area somewhat to avoid boundary
effects from the SPDE formulation used in the Markov methods. We therefore
expand the area with two times the range in each direction which results in a
slightly higher number of basis functions used in the computations.

The computation time for S1 and DB3 increases if v is increased since the
precision matrix for the weights contain more nonzero elements for larger values
of v. Therefore we use 625 basis functions placed on a regular 25 x 25 lattice in the
kriging area for the convolution method when v = 2 and use 841 basis functions
placed on a regular 29 x 29 lattice when v = 3. For the tapering method we chose
the tapering range 6 such that the expected number of measurements within a
circle with radius 0 to each kriging location is similar to the number of neighbors
to the weights in the S1 method. For v = 1, v = 2, and v = 3 this gives a
tapering ranges of 0.4, 0.55, and 0.7 respectively and results in approximately
the same number of nonzero elements in the tapered covariance matrix as in the
precision matrix Q for the S1 basis.
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Figure 4: Kriging errors for the different methods as functions of the true covari-
ance function’s range. For each range, the values are calculated as the mean of 20
simulations. The lower limit of the bands around the curves is the estimate minus
the standard deviation of the samples, and the upper limit is the estimate plus the
standard deviation.

Results

Figure 4 shows the average kriging errors for the different methods as functions
of the true covariance function’s approximate range r. The values for a given v
and 7 is an average of 20 simulations. The convolution kernels are singular if
v = 1, so there is no convolution estimate for this case. The tapering estimate
is best for short ranges, which is not surprising since the covariance matrix for
the measurements not is changed much by the tapering if the true range then is
shorter than the tapering range. For larger ranges, however, the tapering method
has a larger error than the other methods. One reason for this is that the tapered
covariance function is very different from the true covariance function if the true
range is much larger than the tapering range. Another reason is that the prediction
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v=1
Step 1 Step 2 Step 3 Total
Optimal | 37.68 (6.357)| 5.074 (0.277)| 36.48 (6.231)| 79.23 (8.906)
DB3 0.490 (0.049)| 0.113 (0.014)| 0.293 (0.026)| 0.896 (0.057)
S1 0.423 (0.027)| 0.088 (0.007)| 0.248 (0.018)| 0.759 (0.033)
Conv. - - - - - - - -

Taper 2.771 (0.191)| 0.117 (0.010)| 2.051 (0.127)| 4.939 (0.229)

Optimal | 36.19 (6.965)| 5.327 (0.529)| 34.94 (6.695)| 76.45 (9.675)
DB3 0.600 (0.090)| 0.228 (0.039)| 0.310 (0.049)| 1.138 (0.110)
S1 0.489 (0.055)| 0.203 (0.025)| 0.260 (0.036)| 0.951 (0.070)
Conv. 0.961 (0.027)| 0.217 (0.019)| 0.942 (0.027)| 2.120 (0.043)
Taper 4.184 (1.523)( 0.247 (0.028)| 3.319 (0.251)| 7.750 (1.543)

Optimal | 42.75 (6.572)] 5.468 (0.380)] 41.36 (6.440)[ 89.58 (9.210)
DB3 0.759 (0.091)| 0.394 (0.051)| 0.315 (0.033)| 1.468 (0.110)
S1 0.569 (0.042)| 0.377 (0.035)| 0.266 (0.025)| 1.213 (0.060)
Conv. | 5.656 (1.094)| 0.390 (0.024)| 5.522 (1.078)| 11.57 (1.537)
Taper | 6.413 (1.051)| 0.421 (0.035)| 5.460 (0.402)| 12.30 (1.126)

Table 1: Average computation times in seconds for the results in Figure 4. The
values are based on the 800 simulations for each value of v. The standard devi-
ations are shown in the parentheses.

for all locations that do not have any measurements closer than the tapering range
is zero in the tapering method. The convolution method has a similar problem if
the effective range of the basis functions is smaller than the distance between the
basis functions. In this case, the estimates for all locations that are not close to
the center of some basis function have a large bias towards zero. These problems
can clearly be seen in Figure 5, where the optimal kriging prediction, and the
predictions for S1, the tapering method, and the convolution method, are shown
for an example where v = 2 and the range is 1.

The computation times for the different methods are shown in Table 1. These
computation times are obtained using an implementation in Matlab on a com-
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Optimal prediction S1 basis

Convolution basis Tapered covariance

Figure 5: An example of an optimal kriging prediction and predictions using the
S1 basis, the convolution basis, and a tapered covariance when v = 2 and the
covariance range is 1. The predictions are based on 5000 observations and are
calculated for a 200 x 200 grid in the square [0, 5] X [0, 5]. The number of basis
functions and the tapering range are chosen such that the total time for Step 2
and Step 3 is approximately equal for the different methods.
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puter with a 3.33GHz Intel Xeon X5680 processor!. As intended, the time for
Step 2 is similar for the different methods whereas there is a larger difference
between the computation times for Step 3 because the computation time for the
kriging prediction scales differently with the number of kriging locations for the
different methods. Note that the wavelet methods are less computationally de-
manding than the tapering method and the convolution method when doing
kriging to many locations. The reason being that the matrix M in Step 3 can be
constructed without having to do costly covariance function evaluations.

As mentioned previously is the computation time for Step 1 highly dependent
on the actual implementation. However, as for Step 3 can the Markov method’s
matrices be constructed without doing any covariance function evaluations which
is the reason for the faster computation time. One thing to note here is that if
the parameters are changed (for example when doing parameter estimation), one
does not have to construct all matrices again in the Markov methods as one has
to do for the other two methods.

In conclusion we see that S1 is both faster and has a smaller kriging error for
all ranges when compared to DB3 and the convolution method and compared to
the tapering method it has a smaller kriging error for all but very short ranges.
Since the tapering method’s computational cost varies with the tapering range, we
conclude this section with a study of how changing the tapering range changes
the results in order to get a better understanding of which method is to prefer
when comparing S1 and the tapering method.

4.6 A study of varying the tapering range

As shown above is the S1 method to prefer over the DB3 method and the con-
volution method in all our test cases whereas the tapering method had a smaller
kriging error for very short ranges. Since this was done using a fixed tapering
range, chosen such that the computation time for Step 2 would be similar to the
other methods, we now look at what happens if the tapering range is varied when
keeping the true range fixed.

The setup is the same as in the previous comparison, a Matérn field with
v = 2, variance 1, and an approximate range r is measured at 5000 randomly
chosen locations in a square in R*. The difference is that we now keep these
parameters fixed but instead vary the tapering range from 0.05 to 2 in steps of

limplementation available at http://www.maths.1th.se/matstat/staff/bolin/
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4. Comparison

Kriging error
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Figure 6: The computation times (right) and kriging errors (left) for the covari-
ance tapering method (yellow lines) as functions of the taper range. Values for the
S1 basis (blue lines) are shown for comparison. The range of the true covariance
function is 1 (upper panels) and 0.25 (lower panels). The results are averages
of 100 simulations, and the grey bands indicate the standard deviation of these
samples. The solid lines in the right panels show the computation time for Step 2
and the dashed lines show the total computation time for Step 2 and Step 3.

0.05. We generate 100 data sets and calculate the kriging predictions for the S1
method and the tapering method for all values of the tapering range. Based on
these 100 estimates, the average kriging error is calculated for S1 and for each
tapering estimate.

The results can be seen in Figure 6. The kriging errors are shown in the left
panels and the computation times are shown in the right panels. The blue lines
represent the S1 method, which obviously does not depend on the tapering range,
and the yellow lines represent the tapering method. In the left panels, the solid
lines show the time for Step 2 in the computations and the dashed lines show the
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total time for Step 2 and Step 3. In the upper two panels, the true range 7 is 1,
and 1007 S1 basis functions are used. In this case, S1 is more accurate than the
tapering method for all tapering ranges tested, which is not surprising considering
the previous results. In the bottom panels of the figure, the true range 7 is 0.25 and
100% S1 basis functions are used. This is a situation where the tapering method
was more accurate than S1 in the previous study and we see here that the tapering
method is more accurate for tapering ranges larger than 0.4 and that the time for
Step 2 is smaller for all tapering ranges smaller than 0.46. Thus, by choosing the
tapering range between 0.4 and 0.46, the tapering method is more accurate and
has a smaller computation time for Step 2.

The accuracy of the tapering method increases if the ratio between the taper-
ing range and the true range is increased, and the computation time depends on
what the distance between the measurements is compared to the tapering range.
If the distance between the measurements is large, the tapering method is fast,
whereas it is slower if the distance is small. Thus, the situation where the tapering
method performs best is when the true covariance range is short compared to the
distance between the measurements. However, also for the case when the true
range is small, the total time it takes to calculate the tapering prediction is larger
than the time it takes to calculate the S1 prediction unless the number of kriging
locations is small.

In this work, the taper functions that Furrer et al. (2006) found to be best for
each value of v are used, but the results may be improved by using other taper
functions. Changing the taper function will, however, not change the fact that
the prediction for all locations that do not have any measurements closer than
the tapering range is zero in the tapering method and that the tapered covariance
function is very different from the true covariance function if the tapering range
is short compared to the true range. Finally, the results for all methods could be
improved by finding optimal parameters for the approximate models instead of
using the parameters for the true Matérn covariance. For the tapering method,
however, Furrer et al. (2006) found that this only changed the relative accuracy
by one or two percent.

5 Conclusions

Because of the increasing number of large environmental data sets, there is a need
for computationally efficient statistical models. To be useful for a broad range
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5. Conclusions

of practical applications, the models should contain a wide family of stationary
covariance functions, and be extendable to nonstationary covariance structures,
while still allowing efficient calculations for large problems.

The SPDE formulation of the Matérn family of covariance functions has these
properties, as it can be extended to more general nonstationary spatial models (see
Bolin and Lindgren, 2011, Lindgren et al., 2011, for details on how this can be
done), and allows for efficient and accurate Markov model representations. In
addition, as shown by the simulation comparisons, these Markov methods are
more efficient and accurate than both the process convolution approach and the
covariance tapering method for approximating Matérn fields.

Depending on the context in which a model is used, different aspects are im-
portant to make it computationally efficient. If, for example, the model is used
in MCMC simulations, one should be able to generate samples from the model
given the parameters efficiently, or if the parameters are estimated in a numerical
maximum likelihood procedure, one must be able to evaluate the likelihood effi-
ciently. To limit the scope of this article, only the computational aspects of kriging
was considered. However, for practical applications, parameter estimation is likely
the most computationally demanding part of the analysis. If maximum likelihood
estimation is performed using numerical optimization of the likelihood, matrix
inverses similar to the one in Step 2 in Table 1 have to be performed in each it-
eration of the optimization, and it is therefore important that these inverses can
be calculated efficiently. We have not discussed estimation here, but the Markov
methods are likely most efficient in this situation as well because these do not
require costly Bessel function evaluations when calculating the likelihood. How-
ever, this is left for future research to investigate in more detail. An introduction
to maximum likelihood estimation using the SPDE formulation can be found in
Bolin and Lindgren (2011) and Lindgren et al. (2011).

Finally, some relevant methods, such as Cressie and Johannesson (2008) and
Banerjee et al. (2008), were not included in the comparison in order to keep it
relatively short and also because they are difficult to compare with the methods
discussed here. It would be interesting to include more methods in the compar-
ison, but we leave this for future work.
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Spatial models generated by nested
stochastic partial differential equations,
with an application to global
ozone mapping

DAVID BOLIN AND FINN LINDGREN

Centre for Mathematical Sciences, Lund University, Lund, Sweden

Abstract: A new class of stochastic field models is constructed using nested
stochastic partial differential equations (SPDEs). The model class is computa-
tionally efficient, applicable to data on general smooth manifolds, and includes
both the Gaussian Matérn fields and a wide family of fields with oscillating cov-
ariance functions. Nonstationary covariance models are obtained by spadially
varying the parameters in the SPDEs, and the model parameters are estim-
ated using direct numerical optimization, which is more efficient than standard
Markov Chain Monte Carlo procedures. The model class is used to estimate
daily ozone maps using a large data set of spatially irregular global total column
ozone data.

Key words: nested SPDEs; Matérn covariances; non-stationary covariances;
total column ozone data

1 Introduction

Building models for spatial environmental data is a challenging problem that has
received much attention over the past years. Nonstationary covariance models
are often needed since the traditional stationary assumption is too restrictive for
capturing the covariance structure in many problems. Also, many environmental
data sets today contain massive amounts of measurements, which makes compu-
tational efficiency another increasingly important model property. One such data
set, which will be analyzed in this work, is the Total Ozone Mapping Spectro-
meter (TOMS) atmospheric ozone data (McPeters et al., 1996). The data was
collected by a TOMS instrument onboard the near-polar, Sun-synchronous or-
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biting satellite Nimbus-7, launched by NASA on October 24, 1978. During the
sunlit portions of the satellite’s orbit, the instrument collected data in scans per-
pendicular to the orbital plane. A new scan was started every eight seconds as the
spacecraft moved from south to north. A number of recent papers in the statist-
ical literature (Cressie and Johannesson, 2008, Jun and Stein, 2008, Stein, 2007)
have studied the data, and it requires nonstationary covariance structures as well
as efficient computational techniques due to the large number of observations.

A covariance model that is popular in environmental statistics is the Matérn
family of covariance functions (Matérn, 1960). The Matérn covariance function
has a shape parameter, v, a scale parameter, %, and a variance! parameter, ¢?, and
can be parametrized as

21—v¢2

= Gt djpe CIRDKsIRD,  heRY @)

C(h)

where K, is a modified Bessel function of the second kind of order v > 0. One
drawback with defining the model directly through a covariance function, such as
(1), is that it makes nonstationary extensions difficult. Another drawback is that,
unless the covariance function has compact support, the computational complex-
ity for calculating the Kriging predictor based on 7 measurements is O(%*). This
makes the Matérn covariance model computationally infeasible for many envir-
onmental data sets.

Recently, Lindgren et al. (2011) derived a method for explicit, and compu-
tationally efficient, Markov representations of the Matérn covariance family. The
method uses the fact that a random process on R? with a Matérn covariance
function is a solution to the stochastic partial differential equation (SPDE)

(2 — A)%2X(s) = (), )

where W(s) is Gaussian white noise, A is the Laplace operator, and « = v+ d/2
(Whittle, 1963). Instead of defining Matérn fields through the covariance func-
tions (1), Lindgren et al. (2011) used the solution to the SPDE (2) as a definition.
This definition is valid not only on R but also on general smooth manifolds, such
as the sphere, and facilitates nonstationary extensions by allowing the SPDE para-
meters k> and ¢ to vary with space. The Markov representations were obtained
by considering approximate stochastic weak solutions to the SPDE; see Section 3
for details.

"With this parametrization, the variance C(0) is ¢2(477)7’i/2F(v)F(v + d/2)71f£72".
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2. Stationary nested SPDE models

In this paper we extend the work by Lindgren et al. (2011) and construct a
new flexible class of spatial models by considering a generalization of (2). This
model class contains a wide family of covariance functions, including both the
Matérn family and oscillating covariance functions, and it maintains all desirable
properties of the Markov approximated Matérn model, such as computational ef-
ficiency, easy nonstationary extensions and applicability to data on general smooth
manifolds.

The model class is introduced in Section 2, with derivations of some ba-
sic properties, examples of covariance functions that can be obtained from these
models and a discussion on nonstationary extensions. Section 3 gives a review of
the Hilbert space approximation technique and shows how it can be extended to
give computationally efficient representations also for this new model class. In
Section 4 a numerical parameter estimation procedure for the nested SPDE mod-
els is presented, and the section concludes with a discussion on computational
complexity for parameter estimation and Kriging prediction. In Section 5 the
model class is used to analyze the TOMS ozone data. In particular, all measure-
ments available from October 1st, 1988 in the spatially and temporally irregular
“Level 2” version of the data set are used. This data set contains approximately
180,000 measurements, and the nonstationary version of the model class is used
to construct estimates of the ozone field for that particular day. Finally, Section 6
contains some concluding remarks and suggestions for further work.

2 Stationary nested SPDE models

A limitation with the Matérn covariance family is that it does not contain any co-
variance functions with negative values, such as oscillating covariance functions.

One way of constructing a larger class of stochastic fields is to consider a general-
ization of the SPDE (2):

L1X(s) = L2V(s), €)

for some linear operators £; and £,. If £; and £, are commutative operators,
(3) is equivalent to the following system of nested SPDE:s:

LiXo(s) = Wls),

(4)
X(S) - ﬁzX()(S).

105



C

This representation gives us an interpretation of the consequence of the additional
differential operator £: X(s) is simply £, applied to the solution one would get
to (3) if £, was the identity operator. Equation (3) generates a large class of
random fields, even if the operators £, and £, are restricted to operators closely
related to (2). One of the simplest extensions of the Matérn model is to let £; be
the same as in (2) and use £, = (b+ BT V), where V is the gradient, 4 € R, and
B € R”. The equation then is

(K2 — A)?X(s) = (b+ BT V)W(s), (5)

and X(s) is a weighted sum of a Matérn field and its directional derivative in the
direction determined by the vector B. This model is closely related to the models
introduced in Jun and Stein (2007) and Jun and Stein (2008), and the connection
is discussed later in Section 5. To get a larger class of models, the orders of the
operators £ and £, can be increased, and to get a class of stochastic fields that is
easy to work with, the operators are written as products, where each factor in the
product is equal to one of the operators in (5). Thus, let

m
Ly =[] — %7 ©)
=1
for o; € N and lif > 0, and use
n
Ly=]]w:+B/V) 7)

=1

for b; € R and B; € R?. Hence, the SPDE generating the class of nested SPDE
models is

<H(/<;2 - A)""’/2>X(s) = (H(@- + BIV))W(S). (8)
=1 =1

There are several alternative equations one might consider; one could, for
example, let £, be on the same form as £, or allow for anisotropic operators on
the form (1 — VTAV) for some positive definite matrix A. However, to limit our
scope, we will from now on only consider model (8).
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2. Stationary nested SPDE models

2.1 Properties in R?

In this section some basic properties of random fields generated by (8), when
s € R?, are given. First note that all Matérn fields with shape parameters satis-
fying v+ 4/2 € N are contained in the class of stochastic fields generated by
(8) since (k2 — A)*2 can be written on the form (6) for these values of v. Also
note that the order of the operator £, cannot be larger than the order of £; if
X(s) should be at least as “well behaved” as white noise; hence, one must have
Y7, & > m. The smoothness of X(s) is determined by the difference of the
orders of the operators £ and £;. In order to make a precise statement about
this, the spectral density of X(s) is needed.

Proposition 2.1. The spectral density for X (s) defined by (8) is given by
¢* 112,67 +k'BB/k)
e 11 (2 + [kIP)*

This proposition is easily proved using linear filtering theory (see, for example

Sk) =

Yaglom, 1987). Given the spectral density of X(s), the following proposition
regarding the sample function regularity can be proved using Theorem 3.4.3 in

Adler (1981).

Proposition 2.2. X(s) defined by (8) has almost surely continuous sample functions
lfz Zznil o — 2ny > d.

Because the stochastic field X (s) is generated by the SPDE (8), the following
corollary regarding sample path differentiability is also easily proved using the fact
that the directional derivative of X(s) is in the class of nested SPDE models.

Corollary 2.3. Given that 2" | o; — 2my — d > m, the mth order directional

z

derivative of X (s), BTY)"X(s), has almost surely continuous sample functions.

Hence, as 2>~ | o; — 2n; increases, the sample paths become smoother, and
eventually become differentiable, twice differentiable, and so on. One could also
give a more precise characterization of the sample path regularity using the notion
of Hélder continuity. This is (more or less) straightforward using properties of
index-8 random fields (Adler, 1981), but outside the scope of this article.

A closed-form expression for the covariance function is not that interesting
since none of the methods that are later presented for parameter estimation, spa-
tial prediction or model validation require an expression for the covariance func-

tion; however, if one were to use some technique that requires the covariance
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function, it can be derived. An expression for the general case is quite complic-
ated, and will not be presented here. Instead we present a recipe for calculating
the covariance function for given parameters of the SPDE, with explicit results
for a few examples.

To calculate the covariance function of X(s), first calculate the covariance
function, Cx,(h), of Xy(s), given by (4). Given this covariance function, the
covariance function for X(s) is obtained as

n
C(h) = (H(@ - VTBiBiTV)> Cx, ().
i=1

The motivation for this expression is again directly from linear filter theory, and
the 4-dimensional equivalent of the formula for the covariance function for a dif-
ferentiated stochastic process, 7x/ (1) = —7¥ (7). To get an expression for Cy, (h),
first use Proposition 2.1 with £, = I to get the spectral density of Xj(s). Using a
partial fraction decomposition, the spectral density can be written as

P
5 = ZZ o+ IRy ©)

where p; ; is a real constant which can be found using the Heaviside cover-up
method (see, for example Thomas and Finney, 1995, page 523). Now, by taking
the inverse Fourier transform of (9), the covariance function for Xy(s) is

CXo Z szg {@,(h)7

=1 j=1

where C(h) denotes a Matérn covariance function with shape parameter v, scale
parameter # and variance parameter ¢*. The final step is to use that the derivative
of a Matérn covariance function can be expressed using a Matérn covariance with
another shape parameter. More precisely, one has
v bl' v—1
o C h) = —~C (),

where 4; denotes the ith component of the vector h. Using these calculations,
one can obtain the covariance function for any field given by (8). We conclude
this section by showing the covariance function for some simple cases in R?. The
covariance functions for these examples are shown in Figure 1, and realizations of
Gaussian processes with these covariance functions are shown in Figure 2.
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2. Stationary nested SPDE models

Figure 1: Covariance functions of random fields obtained from model (8) with
parameters from Example 1 (top left), Example 2 (top middle and right), Ex-
ample 3 (bottom left and middle) and Example 4 (bottom right).

Example 1. With £; = (k? — A2 and £; as the identity operator, the stand-
ard Matérn covariance function (1) is obtained, shown in the top left panel of
Figure 1.

Example 2. The simplest nested SPDE model (5) has the covariance function

y B'B_ , h"BB'h
C(h) = 6C(h) + WC‘K) (h) — m

CY " (h).

A stochastic field with this covariance function is obtained as a weighted sum of
a Matérn field Xj(s) and its directional derivative in the direction of B. The field
therefore has a Matérn-like behavior in the direction perpendicular to B and an
oscillating behavior in the direction of B. In the upper middle panel of Figure 1,
this covariance function is shown for B = (1,0)7, v = 3, and 4 = 5. In the
upper right panel of Figure 1, it is shown for B = (1, 0)',v=3,and b= 0.
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Figure 2: Realizations of random fields obtained from model (8) with different
parameters. The realization in each panel corresponds to a stochastic field with
the covariance function shown in the corresponding panel in Figure 1.

Example 3. The number of zero crossings of the covariance function in the dir-
ection of B is at most 7,. In the previous example we had 7, = 1, and to obtain
a more oscillating covariance function, the order of £, can be increased by one:

(K> — A)%?X(s) = (by + B V)(b, + B V)W(s).

This model has the covariance function

6B/ B, + 6B, B
Ch) = bbClh) + 220 1; 12222 o
N 2(B)B;)> + B/ B,B, B, — h' (6,B,B] + £,B;B])h
22y(v—1)
_ h"(B,B,B,B/ +4BB/B,B; +B,B/BB))h
23v(v—1)(v—2)
(B] hh'B,)?
24y(v—1)(v—2)(v—13)

CY 2 (h)

CY 3 (h)

CY 4 (h).
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2. Stationary nested SPDE models

In the bottom left panel of Figure 1 this covariance function is shown for v = 5,
by = by = 0and B; = B, = (1,0)". With these parameters, the covariance
function is similar to the covariance function in the previous example, but with
one more zero crossing in the direction of B. For this specific choice of parameters,
the expression for the covariance function can be simplified to

C(h) = 37,C2(h) — 6732 C 3 (h) + y4hi G (h),

where 7, = (Zkﬂfz_ol(v — /)7L, In the bottom middle panel of Figure 1 the
covariance function is shown for v = 5, 6, = b, = 0, B; = (1,0)", and
B, = (0,1)". Thus, the field X;(s) is differentiated in two different directions,
and the covariance function for X (s) therefore is oscillating in two directions. For
these parameters, the covariance function can be written as

C(h) = 72,CY2(h) — 3hThCY 2 (h) + y4h1 5, CY 4 (h).

Example 4. The bottom right panel of Figure 1 shows a covariance function for
the nested SPDE

(K* — A)¥?X(s) = (b + B V)?(b, + B] V)*W(s).

As in the previous examples, the covariance function for a stochastic field gener-
ated by this SPDE can be calculated and written on the form

8
Ch) = vifiWCY (b,

k=0

where f;(h),# = 0,...,8, are functions depending on h and the parameters
in the SPDE. Without any restrictions on the parameters, it is a rather tedious
exercise to calculate the functions f;(h), and we therefore only show them for
the specific set of parameters that are used in Figure 1: v =7, b = b, = 0,

B; = (1,0)" and B, = (0,1)". In this case fy(h) = fi(h) = f2(h) = 0, and the

covariance function is

Ch) = 9y4C:*(h) — 18ysh hCY(h) + 3ys(hi + by + 1251 1) CYC(h)
— 6y, 5h ThCY T (h) + yshihs CY 8 (h).
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2.2 Nonstationary nested SPDE models

Nonstationarity can be introduced in the nested SPDE models by allowing the
parameters k;, b; and B; to be spatially varying:

(H(ﬁ?(@—A)“"/Z)Xo(s) = W),
=1

" (10)
X(s) = (H(b,(s) + Bi<s>Tv))xo(s>.
i=1
If the parameters are spatially varying, the two operators are no longer commut-
ative, and the solution to (10) is not necessarily equal to the solution of

n1 n

(H(ﬁf(s) —a)% 2>X(s) = (H(bi(s) + Bi(s)TV)> W(s). (11)
i=1 i=1

For nonstationary models, we will from now on only study the system of nested

SPDE:s (10), though it should be noted that the methods presented in the next

sections can be applied to (11) as well.

One could potentially use an approach where the spatially varying parameters
also are modeled as stochastic fields, but to be able to estimate the parameters
efficiently, it is easier to assume that each parameter can be written as a weighted
sum of some known regression functions. In Section 5 this approach is used for
a nested SPDE model on the sphere. In this case, one needs a regression basis
{¢j(s)} for the vector fields B;(s) on the sphere. Explicit expressions for such a
basis are given in Appendix A.

3 Computationally efficient representations

In the previous section covariance functions for some examples of nested SPDE
models were derived. Given the covariance function, standard spatial statistics
techniques can be used for parameter estimation, spatial prediction and model
simulation. Many of these techniques are, however, computationally infeasible
for large data sets. Thus, in order to use the model for large environmental data
sets, such as the ozone data studied in Section 5, a more computationally effi-
cient representation of the model class is needed. In this section the Hilbert space
approximation technique by Lindgren et al. (2011) is used to derive such a rep-
resentation.
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3. Computationally efficient representations

The key idea in Lindgren et al. (2011) is to approximate the solution to the
SPDE L1 X,(s) = W(s) in some approximation space spanned by basis functions
©1(s), . . ., @u(s). The method is most efficient if these basis functions have com-
pact support, so, from now on, it is assumed that {¢;} are local basis functions.
The weak solution of the SPDE with respect to the approximation space can be
written as x(s) = » ", w;p;(s), where the stochastic weights {w;}”_, are chosen
such that the weak formulation of the SPDE is satisfied:

(i L17) 0)imt...m 2 i W) liet.om (12)

Here 2 denotes equality in distribution, {2 is the manifold on which s is defined,
and (f,g)n = |, o (8)g(s) ds is the scalar product on (2. As an illustrative ex-
ample, consider the first fundamental case £1 = £? — A. One has

n

(i, L1%) 0 = Z wi{wi, L19) 0,

J=1

so by introducing a matrix K, with elements K;; = (¢;, L1¢;) 2, and the vector
w = (wi,...,w,) ", the left-hand side of (12) can be written as Kw. Since

(i Lrgyo = K on oo — (9, Ag)a
= K gioe+ Ve, Ve)a,

the matrix K can be written as K = x*C + G, where C;; = (¢, ¢j) and
Gij = (Vi, V@) qa. The right-hand side of (12) can be shown to be Gaussian
with mean zero and covariance C. For the Hilbert space approximations, it is nat-
ural to work with the canonical representation, x ~ N¢(b, Q), of the Gaussian
distribution. Here, the precision matrix Q is the inverse of the covariance mat-
rix, and the vector b is connected to the mean, W, of the Gaussian distribution
through the relation w = Q~'b. Thus, if K is invertible, one has

Kw~Nc0,C) <= w~ Ng0,KC'K).

For the second fundamental case, £; = (k% — A)!/2, Lindgren et al. (2011)

show that w ~ N¢(0,K). Given these two fundamental cases, the weak solu-

tion to L£1Xp(s) = WH(s), for any operator on the form (6), can be obtained

recursively. If, for example, £; = (k% — A)?, the solution is obtained by solving
2

(k= — A)Xy(s) = x(s), where x is the weak solution to the first fundamental case.
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The iterative way of constructing solutions can be extended to calculate
weak solutions to (8) as well. Let xg = Z?:l w?goi(s) be a weak solution to
L1Xo(s) =W(s), and let Qy, denote the precision for the weights
wy = (w(l), o ,wS)T. Substituting Xy with Xy in the second equation of (3),
the weak formulation of the equation is

Uon D alimtm 2 Ui LoFo)limt...n

= [g w](‘)<§0i’£290j>9}

First consider the case of an order-one operator £, = &1 + B[ V. By introducing
the matrix H; with elements Hy;; = (s, £2¢j) @, the right-hand side of (13) can
be written as Hywy. Introducing the vector w = (wy, ..., w,) ", the lefc-hand
side of (13) can be written as Cw, and one has

w = C71H1W() - W~ NC(07CH1_TQX0H1_1C)'

(13)

i=1,...,n

Now, if £; is on the form (7), the procedure can be used recursively, in the same
way as when producing higher order Matérn fields. For example, if

Ly = (b +B]V)(by+ B, V),

the solution is obtained by solving X(s) = (b, + BZT V)x(s), where x is the weak
solution to the previous example. Thus, when £; is on the form (7), one has

w~Nc(0,H "QxH™), H=C'H,C'H,_,---C 'H|,

where each factor H; corresponds to the H-matrix obtained in the ith step in the
recursion.

3.1 Nonstationary fields

As mentioned in Lindgren et al. (2011), the Hilbert space approximation tech-
nique can also be used for nonstationary models, and the technique extends to
the nested SPDE models as well. One again begins by finding the weak solution
of the first part of the system, £;(s)Xo(s) = W(s). The iterative procedure is used
for obtaining approximations of high-order operators, so the fundamental step is
to find the weak solution to the equation when £1 = (k*(s) — A). Consider the
weak formulation

(@i (56) = A)F) g,y

IS

[<§0i)W>Q]i:1,...,n, (14)
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3. Computationally efficient representations

and note that the right-hand side of the equation is the same as in the stationary
case, Nc(0,C™1). Now, using that
(9ir (K*() — A)%), = (g1, K7 )X) 2 — (@i, AR)
(i, K* (%) 2 + (Vi, Vi) @,

the left-hand side of (14) can be written as (C + G)wy, where G and wy are the
same as in the stationary case and C is a matrix with elements

Cyj = <§0i,“2(3)§9j>0:/QHZ(S)%(S)%(S)dS

(15)
~ Iiz(sj‘)/g@l‘(s)%(s) ds = Iiz(Sj)C,‘J.

Since {¢;} is assumed to be a local basis, such as B-spline wavelets or some other
functions with compact support, the locations s; can, for example, be chosen as
the centers of the basis functions ¢;(s). The error in the approximation of Cis
then small if #2(s) varies slowly compared to the spacing of the basis functions
;. From equation (15), one has C = Ck, where k is a diagonal matrix with
elements rj; = K2 (s;). Finally, with K = kC + G, one has

Kwo ~ Nc(0,C™") = wy ~ Nc(0,KC'K).

Now given the weak solution, %, to £1(s)Xo(s) = W(s), substitute Xy with
in the second equation of (4) and consider the weak formulation of the equation.
Since the solution to the full operator again can be found recursively, only the
fundamental case £, = b(s) + B(s) "V is considered. The weak formulation is
the same as (13), and one has

(0, %) 0 2 (91 Laxo) 2 = (1, (b(s) + B(s) ' V) Z0)
= (@i, b9)%0) 0 + (91, B(s) | Vip) .
Thus, the right-hand side of (13) can be written as (C + H)wy, where

Cy = (onbo)g)n = /Q b(5)5:8);(s) ds ~ b(s;)C..

H, = (9,B6) Vo= /Q (©B(s) Vi(s) ds

Q

BG) /Q 9:(s)V i(s) ds.
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Here, similar approximations as in equation (15) are used, so the expressions
are accurate if the coefficients vary slowly compared to the spacing of the basis
functions ¢;. The left-hand side of (13) can again be written as Cw, so with

H; = C + H, one has w ~ N¢(0, CH; ' Qy,H; ' C).

3.2 Practical considerations

The integrals that must be calculated to get explicit expressions for the matrices
C,Gand H are

/ vi(s)p;(s) ds, /(Vgo,-(s))TVgoj(s) ds and / ©i(s)V ;(s) ds.
(0] 02 02

In Section 5 a basis of piecewise linear functions induced by a triangulation of
the Earth is used; see Figure 4. In this case, ¢;(s) is a linear function on each
triangle, and V ¢;(s) is constant on each triangle. The integrals, therefore, have
simple analytic expressions in this case, and more generally for all piecewise linear
bases induced by triangulated 2-manifolds.

Bases induced by triangulations have many desirable properties, such as the
simple analytic expression for the integrals and compact support. They are, how-
ever, not orthogonal, which causes C! to be dense. The weights w, therefore,
have a dense precision matrix, unless C™! is approximated with some sparse mat-
rix. This issue is addressed in Lindgren et al. (2011) by lowering the integration
order of (¢;, ¢;), which results in an approximate, diagonal C matrix, C, with di-
agonal elements C; = ) _;_, C;. Bolin and Lindgren (2009) perform numerical
studies on how this approximation affects the resulting covariance function of the
process, and it is shown that the error is small if the approximation is used for
piecewise linear bases. We will, therefore, from now on use the approximate C
matrix in all places where C is used.

A natural question is how many basis functions one should use in order to
get a good approximation of the solution. The answer will depend on the chosen
basis, and, more importantly, on the specific parameters of the SPDE model.
Bolin and Lindgren (2009) study the approximation error in the Matérn case in
R and R? for different bases, and in this case the spacing of the basis functions
compared to the range of the covariance function for X(s) determines the approx-
imation error: For a process with long range, fewer basis functions have to be
used than for a process with short range to obtain the same approximation error.
For more complicated, possibly nonstationary, nested SPDE models, there is no
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3. Computationally efficient representations

easy answer to how the number of basis functions should be chosen. Increasing
the number of basis functions will decrease the approximation error but increase
the computational complexity for the approximate model, so there is a trade-off
between accuracy and computational cost. However, as long as the parameters
vary slowly compared to the spacing of the basis functions, the approximation
error will likely be much smaller than the error obtained from using a model that
does not fit the data perfectly and from estimating the parameters from the data.
Thus, for practical applications, the error in covariance induced by the Hilbert
space approximation technique will likely not matter much. A more important
consequence for practical applications when the piecewise linear basis is used is
that the Kriging estimation of the field between two nodes in the triangulation is
a linear interpolation of the values at the nodes. Thus, variations on a scale smal-
ler than the spacing between the basis functions will not be captured correctly
in the Kriging prediction. For practical applications, it is therefore often best to
choose the number of basis functions depending on the scale one is interested in
the Kriging prediction on.

For the ozone data in Section 5, the goal is to estimate daily maps of global
ozone. As we are not interested in modeling small scale variations, we choose the
number of basis functions so that the mean distance between basis functions is
about 258 km. For this basis, the smallest distance between two basis functions is
222 km, and the largest distance is about 342 km.

Estimating the model parameters using different numbers of basis functions
will give different estimates, as the parameters are estimated to maximize the like-
lihood for the approximate model instead of the exact SPDE. An example of
this can be seen in Figure 3 where the estimates of the covariance parameters for
model F (see Section 5 for a model description) for the ozone data are shown
for varying numbers of basis functions. Instead of showing the actual parameter
estimates, the figure shows the differences between the estimates and the estimate
when using the basis shown in Figure 4, which has 9002 basis functions. Increas-
ing the number of basis functions further, the estimates will finally converge to
the estimates one would get using the exact SPDE representation. The curve that
has not converged corresponds to the dominating parameter in the vector field.
Together with &, this parameter controls the correlation range of the ozone field.
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Figure 3: Parameter estimates for the covariance parameters in model F’ for the
ozone data as functions of the number of basis functions in the Hilbert space
approximations.

4 Parameter estimation

In this section a parameter estimation procedure for the nested SPDE models is
presented. One alternative would be to use a Metropolis—Hastings algorithm,
which is easy to implement, but computationally inefficient. A better alternative
is to use direct numerical optimization to estimate the parameters.

Let Y'(s) be an observation of the latent field, X (s), given by (8) or (10), under
mean zero Gaussian measurement noise, £(s), with variance o°:

Y(s) = X(s) + E(s). (16)

Using the approximation procedure from Section 3, and assuming a regression
model for the latent field’s mean value function, u(s), the measurement equation
can then be written as

Y=Mpu + Pw+ ¢,

where M is a matrix with the regression basis functions evaluated at the measure-
ment locations, and W is a vector containing the regression coefficients that have
to be estimated. The matrix ® contains the basis functions for the Hilbert space
approximation procedure evaluated at the measurement locations, and w is the
vector with the stochastic weights. In Section 3 it was shown that the vector w
is Gaussian with mean zero and covariance matrix HQ;OIHT. Both Qx, and H
are sparse matrices, but neither the covariance matrix nor the precision matrix for
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w is sparse. Thus, it would seem as if one had to work with a dense covariance
matrix, which would make maximum likelihood parameter estimation computa-
tionally infeasible for large data sets. However, because of the product form of the
covariance matrix, one has that w = Hwy, where wg ~ N¢(0, Qx,). Hence, the
observation equation can be rewritten as

Y = M. + ®Hw, + €. (17)

Interpreting A = ®H as an observation matrix that depends on some of the
parameters in the model, Y — M can now be seen as noisy observations of wy,
which has a sparse precision matrix. The advantage with using (17) is that one
then is in the setting of having observations of a latent Gaussian Markov ran-
dom field, which facilitates the usage of sparse matrix techniques in the parameter
estimation.

Let ¢ denote all parameters in the model except for . Assuming that @ and
¢ are a priori independent, the posterior density can be written as

m(wo, W, [Y) oc m(Y|wo, o) m(woli, ) (i) w(ep).

Using a Gaussian prior distribution with mean W and precision Q,, for the mean
parameters, the posterior distribution can be reformulated as

m(wo, w, P[Y) o< mlwo |w, &, V) (|, V) 7(h[Y), (18)

where wo|@, , Y ~ Ne(b, Q), |, Y ~ Ne(by, Qu), and

1+ M'Y MTAQ 'ATY
) 1+ ) M'M M'AQ 'A™
Q=Qu+ A A, Q=Q+—( - A :

The calculations are omitted here since these expressions are calculated similarly
to the posterior reformulation in Lindstrém and Lindgren (2008), which gives
more computational details. Finally, the marginal posterior density 7(¢p|Y) can be
shown to be

|Quo [ (p) 1 i (AQ'AT bl Q; b,
0 Qi e ‘“‘Xp(ﬁY <f ) ‘)” f)
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By rewriting the posterior as (18), it can be integrated with respect to wy and
W, and instead of optimizing the full posterior with respect to wy, & and ¢, on-
ly the marginal posterior 7(¢p|Y) has to be optimized with respect to ¢p. This
is a lower dimensional optimization problem, which substantially decreases the
computational complexity. Given the optimum, ¢, = argmax,, m(Y), Bope 15

then given by @, = Q, 'b,. In practice, the numerical optimization is carried

out on log m(¢]Y).

4.1 Estimating the parameter uncertainty

There are several ways one could estimate the uncertainty in the parameter estim-
ates obtained by the parameter estimation procedure above. The simplest estimate
of the uncertainty is obtained by numerically estimating the Hessian of the mar-
ginal posterior evaluated at the estimated parameters. The diagonal elements of
the inverse of the Hessian can then be seen as estimates of the variance for the
parameter estimates.

Another method for obtaining more reliable uncertainty estimates is to use a
Metropolis—Hastings based MCMC algorithm with proposal kernel similar to the
one used in Lindstrom and Lindgren (2008). A quite efficient algorithm is ob-
tained by using random walk proposals for the parameters, where the correlation
matrix for the proposal distribution is taken as a rescaled version of the inverse of
the Hessian matrix (Gelman et al., 1996).

Finally, a third method for estimating the uncertainties is to use the INLA
framework (Rue et al., 2009), available as an R packagez. In settings with lat-
ent Gaussian Markov random fields, integrated nested Laplace approximations
(INLA) provide close approximations to posterior densities for a fraction of the
cost of MCMC. For models with Gaussian data, the calculated densities are for
practical purposes exact. In the current implementation of the INLA package,
handling the full nested SPDE structure is cumbersome, so further enhancements
are needed before one can take full advantage of the INLA method for these mod-
els.

4.2 Computational complexity

In this section some details on the computational complexity for the parameter
estimation and Kriging estimation are given.

"http://www.r-inla.org/
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4. Parameter estimation

The most widely used method for spatial prediction is linear Kriging. In the
Bayesian setting, the Kriging predictor simply is the posterior expectation of the
latent field X given data and the estimated parameters. This expectation can be
written as

E(X|), ., Y) = My + ®HE(wy) = M. + ®PHQ 'b.

The computationally demanding part of this expression is to calculate Q'b.
Since the 7 X 7 matrix Q is positive definite, this is most efficiently done using
Cholesky factorization, forward substitution and back substitution: Calculate the
Cholesky triangle L such that Q = LLT, and given L, solve the linear system
Lx = b. Finally, given x, solve LTy = x, where now y satisfiesy = Q~'b. Solving
the forward substitution and back substitution are much less computationally
demanding than calculating the Cholesky triangle. Hence, the computational cost
for calculating the Kriging prediction is determined by the cost for calculating L.

The computational complexity for the parameter estimation is determined by
the optimization method that is used and the computational complexity for evalu-
ating the marginal log-posterior log 7(¢)|Y). The most computationally demand-
ing terms in log 7(¢[Y) are the two log-determinants log |Q,,| and log |Q| and
the quadratic form Y AQ~' AY, which are also most efficiently calculated using
Cholesky factorization. Given the Cholesky triangle L, the quadratic form can be
obtained as x ' x, where x is the solution to Lx = AY, and the log-determinant
log |Q| is simply the sum? 2 Y7 i logL;. Thus, the computational cost for one
evaluation of the marginal posterior is also determined by the cost for calculat-
ing L. Because of the sparsity structure of Q, this computational cost is O(n),
O3/?) and O(1?) for problems in one, two and three dimensions respectively
(see Rue and Held, 2005, for more details).

The computational complexity for the parameter estimation is highly de-
pendent on the optimization method. If a Broyden—Fletcher—Goldfarb-Shanno
(BFGS) procedure is used without an analytic expression for the gradients, the
marginal posterior has to be evaluated p times for each step in the optimization,
where p is the number of covariance parameters in the model. Thus, if p is large
and the initial value for the optimization is chosen far from the optimal value,

3Since only the difference between the log-determinants is needed, one should implement the
calculation as 2377 (log Liy — log L), where Ly and L are the diagonal elements of the
Cholesky factors, sorted in ascending order, and the sum is ordered by increasing absolute values of
the differences. This reduces numerical issues.
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many thousand evaluations of the marginal posterior may be needed in the op-
timization.

5 Application: Ozone data

On October 24, 1978, NASA launched the near-polar, Sun-synchronous orbit-
ing satellite Nimbus-7. The satellite carried a TOMS instrument with the purpose
of obtaining high-resolution global maps of atmospheric ozone (McPeters et al.,
1996). The instrument measured backscattered solar ultraviolet radiation at 35
sample points along a line perpendicular to the orbital plane at 3-degree intervals
from 51 degrees on the right side of spacecraft to 51 degrees on the left. A new
scan was started every eight seconds, and as the measurements required sunlight,
the measurements were made during the sunlit portions of the orbit as the space-
craft moved from south to north. The data measured by the satellite has been
calibrated and preprocessed into a “Level 2” data set of spatially and temporally
irregular Total Column Ozone (TCO) measurements following the satellite or-
bit. There is also a daily “Level 3” data set with values processed into a regular
latitude-longitude grid. Both Level 2 and Level 3 data have been analyzed in re-
cent papers in the statistical literature (Cressie and Johannesson, 2008, Jun and
Stein, 2008, Stein, 2007).

In what follows, the nested SPDE models are used to obtain statistical estim-
ates of a daily ozone map using a part of the Level 2 data. In particular, all data
available for October 1st, 1988 is used, which is the same data set that was used
by Cressie and Johannesson (2008).

5.1 Statistical model

The measurement model (16) is used for the ozone data. That is, the measure-
ments, Y (s), are assumed to be observations of a latent field of TCO ozone, X(s),
under Gaussian measurement noise £(s) with a constant variance o2. We let X (s)
have some mean value function, u(s), and let the covariance structure be determ-
ined by a nested SPDE model. Inspired by Jun and Stein (2008), who proposed
using differentiated Matérn fields for modeling TCO ozone, we use the simplest
nested SPDE model. Thus, Z(s) = X(s) — u(s) is generated by the system

(K2(s) — A) Zo(s) = W(s)
Z(s) = (b(s) +B(s)"V)Zols),
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A B CDE F G HIT J K L M
ks) 0 1 0 1 2 0 3 2 0 4 3 0 4
bsy O 1 1 1 2 2 3 2 3 4 3 4 4
Bs) 0 0 1 1 O 2 0 2 3 0 3 4 4
Total 2 8 11 14 18 26 32 34 47 50 62 75 98

Table 1: Maximal orders of the spherical harmonics used in the bases for the
different parameters and total number of covariance parameters in the different
models for X(s). The actual number of basis functions for #2(s) and 4(s) are given
by (ord + 1)2, and for B(s), the actual number is 2(ord + 1)* — 2, where o7d is
the maximal order indicated in the table.

where W(s) is Gaussian white noise on the sphere. If £(s) is assumed to be con-
stant, the ozone is modeled as a Gaussian field with a covariance structure that
is obtained by applying the differential operator (b(s) + B(s) ' V) to a stationary
Matérn field, which is similar to the model by Jun and Stein (2008). If, on the
other hand, k is spatially varying, the range of the Matérn-like covariance function
can vary with location. As in Stein (2007) and Jun and Stein (2008), the mean can
be modeled using a regression basis of spherical harmonics; however, since the data
set only contains measurements from one specific day, it is not possible to identify
which part of the variation in the data that comes from a varying mean and which
part that can be explained by the variance—covariance structure of the latent field.
To avoid this identifiability problem, u(s) is assumed to be unknown but con-
stant. The parameter x%(s) has to be positive, and for identifiability reasons, we
also require 4(s) to be positive. We, therefore, let log %(s) = > bon ks Ve (8)
and log b(s) = b b4.1n Y3, m(s), where Y}, ,, is the spherical harmonic of order £
and mode 7. Finally, the vector field B(s) is modeled using the vector spherical
harmonics basis functions T/im and T/im, presented in Appendix A:

B(s) = > (B}, Ti,6) + B, 17,06)

kym

To choose the number of basis functions for the parameters k2 (s), &(s) and
B(s), some model selection technique has to be used. Model selection for this
model class is difficult since the models can have both nonstationary mean value
functions and nonstationary covariance structures. This makes standard vari-
ogram techniques inadequate in general, and we instead base the model selection
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Figure 4: The left part shows the triangulation of the Earth used to define the
piecewise linear basis functions in the Hilbert space approximation for ozone data.
Each basis function is one at a node in the triangulation, and decreases linearly
to zero at the neighboring nodes. The right part of the figure shows one of these
functions.

on Akaike’s Information Criterion (AIC) and the Bayesian Information Criterion
(BIC) (Hastie et al., 2003), which are suitable model selection tools for the nested
SPDE models since the likelihood for the data can be evaluated efficiently.

We estimate 13 models with different numbers of covariance parameters,
presented in Table 1. The simplest model is a stationary Matérn model, with
four parameters to estimate, and the most complicated model has 100 parameters
to estimate, including the mean and the measurement noise variance. There are
three different types of models in Table 1: In the first type (models B, E, G and
]), k% and & are spatially varying and the vector field B is assumed to be zero. In
the second type (models C, E 1 and L), 4 and B are spatially varying and *
assumed to be constant. Finally, in the third type (model D, H, K and M), all
parameters are spatially varying.

A basis of 9002 piecewise linear functions induced by a triangulation of the
Earth (see Figure 4) is used in the approximation procedure from Section 3 to get
efficient representations of each model, and the parameters are estimated using the
procedure from Section 4. The computational cost for the parameter estimation
only depends on the number of basis functions in the Hilbert space approxima-
tion, and not on the number of data points, which makes inference efficient even
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Figure 5: AIC (squares) and BIC (circles) for the models A-M (solid lines) and
the axially symmetric models A’~M’ (dashed lines), scaled by a factor 10~>. Note
that the major improvement in AIC and BIC occurs when the orders of the basis
functions are increased from one to two, and that the model type with spatially
varying & and B seems to be most appropriate for this data. Also note that the
axially symmetric model F' is surprisingly good considering that it only has 8
covariance parameters.

for this large data set.

AIC and BIC for each of the fitted models can be seen in Figure 5. The
figure contains one panel for each of the three model types and one panel where
AIC and BIC are shown for all models at once. The major improvement in AIC
and BIC occurs when the orders of the basis functions are increased from one to
two. For the first model type, with spatially varying x? and 4, the figure indicates
that the results could be improved by increasing the orders of the basis functions
further. However, for a given order of the basis functions, the other two model
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Figure 6: Estimated variance-scaling parameter, 4(s), and the norm of the vectors
in the estimated vector field B(s) for model F. Note that the estimates are fairly
constant with respect to longitude, which indicates that the latent field could be
axially symmetric.

types have much lower AIC and BIC. Also, by comparing AIC and BIC for the
second and third model types, one finds that there is not much gain in letting 2
be spatially varying. We therefore conclude that a model with spatially varying &
and B is most appropriate for this data.

The estimated parameters &(s) and the length of the vectors B(s) for model F
are shown in Figure 6. One thing to note in this figure is that the two parameters
are fairly constant with respect to longitude, which indicates that the latent field
could be axially symmetric, an assumption that was made by both Stein (2007)
and Jun and Stein (2008). If the latent field indeed was axially symmetric, one
would only need the basis functions that are constant with respect to longitude in
the parameter bases. Since there is only one axially symmetric spherical harmonic
for each order, this assumption drastically reduces the number of parameters for
the models in Table 1. Let A’~M’ denote the axially symmetric versions of models
A—M. For these models, the number of basis functions for both x%(s) and &(s) is
ord + 1, and the number of basis functions for B(s) is 2(ord + 1) — 2, where
ord is the maximal order indicated in Table 1. The dashed lines in Figure 5 show
AIC and BIC calculated for these models. Among the axially symmetric models,
model F is surprisingly good considering that it only has 8 covariance parameters.

The Kriging estimate and its standard error for model F’ are shown in Figures
7 and 8 respectively. The oscillating behavior near the equator for the stand-
ard error is explained by the fact that the satellite tracks are furthest apart there,
which results in sparser measurements between the different tracks. Because the
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Figure 7: Kriging estimate of TCO ozone in Dobson units using model F'.

measurements are collected using backscattered sunlight, the variance close to the
north pole is high, as there are no measurements there. As seen in Figure 9, there
is not much spatial correlation in the residuals X — Y, which indicates a good
model fit. In Figure 10, estimates of the local mean and variance of the resid-
uals are shown. The mean is fairly constant across the globe, but there is a slight
tendency for higher variance closer to the poles. This is due to the fact that the
data really is space—time data, as the measurements are collected during a 24-hour
period. Since the different satellite tracks are closest near the poles, the temporal
variation of the data is most prominent here, and especially near the international
date line where data is collected both at the first satellite track of the day and
at the last track, 24 hours later. The area with high residual variance is one of
those places where measurements are taken both at the beginning and the end of
the time period, and where the ozone concentration has changed during the time
period between the measurements. One could include this effect by allowing the
variance of the measurement noise to be spatially varying; however, one should
really use a spatio-temporal model for the data to correctly account for the effect,
which is outside the scope of this article.

To see how much the temporal structure near the international date line in-
fluences the model fit, the parameters in model F’ are re-estimated without using
the first satellite track of the day and without using the last track of the day. The
estimated parameters can be seen in Table 2 and, as expected, the estimate of the
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Figure 8: Standard error in Dobson units for the Kriging estimate. The color bar
in the left part of the figure has been truncated at 6 Dobson units. The behavior
near the north pole can be seen in the right part of the figure.

K (9 bl 52 53 Bl BQ Bg, B4
Yy 074 2560 585 0.045 034 1.05 259 —6.84 —0.84
Y; 073 2556 5.82 0.033 0.34 090 238 —7.01 —0.82
Y 0.67 34.09 575 0.054 036 0.70 2.48 —7.10 —0.68

Table 2: Estimates of the covariance parameters in model F’ using all data but the
first track (¥7), all darta but the last track (¥)), and all data (¥)

measurement noise variance is much lower when not using all date line data. The
estimates of the covariance parameters for the latent field also change somewhat,
but the large scale structure of the nonstationarity is preserved.

To study how sensitive the Kriging estimates are to the model choice, the ratio
between the Kriging estimates for the simple model F’ and the large model M, and
the ratio between the corresponding Kriging standard errors, are shown in Fig-
ure 11. There is not much difference between the two Kriging estimates, whereas
there is a clear difference between the corresponding standard errors. Thus, if one
only is interested in the Kriging estimate, it does not matter much which model is
used, but if one also is interested in the standard error of the estimate, the model
choice greatly influences the results.

5.2 Discussion

Before the nested SPDE models were used on the ozone data, several tests were
performed on simulated data to verify that the model parameters in fact could be
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5. Application: Ozone data
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Figure 9: Estimated covariance function for the Kriging residuals using model F'.
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Figure 10: Estimates of the local mean (left) and standard deviation (right) for the
Kriging residuals using model F’. The mean is fairly constant across the globe,
whereas the standard deviation is higher close to the poles and at the international
date line because of the temporal structure in the data.

estimated using the estimation procedure in Section 4. These tests showed that
the estimation procedure is robust given that the initial values for the parameters
are not chosen too far from the true values. However, for nonstationary models
with many covariance parameters, it is not easy to choose the initial values. To re-
duce this problem, the optimization is done in several steps. A stationary Matérn
model (model A) is estimated to get initial values for k¢ o, b9 o and o*. To estim-
ate model B, all parameters are set to zero initially, except for the parameters that
were estimated in model A. Another layer of spherical harmonics is added to the
bases for k% (s) and &(s) for estimating model E using the model B parameters as
initial values. This step-wise procedure of adding layers of spherical harmonics to
the bases is then repeated to estimate the larger models. Numerical studies showed
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Figure 11: The ratio between the kriging estimates using model F' and model
M (left), and the ratio between the corresponding kriging standard errors (right).
Note that there is not much difference between the Kriging estimates, whereas
there is a clear difference between the corresponding standard errors.

that this optimization procedure is quite robust even for large models; however,
as in most other numerical optimization problems, there are no guarantees that
the true optimal values have been found for all models for the ozone data.

The application of the nested SPDE models to ozone data was inspired by Jun
and Stein (2008), who proposed using differentiated Matérn fields for modeling
TCO ozone, and we conclude this section with some remarks on the similarities
and differences between the nested SPDEs and their models. The most general
model in Jun and Stein (2008) is on the form

0 0
X(s) = Pi(b)Xo(s) + <P2(/2)8—[2 + Ps(lz)a—ll>X1 (s)
(19)

0
+ P4(12)a—11X2(S)7

where X;, i = 0, 1,2, are i.i.d. Matérn fields in R3, P;,7 = 1,2, 3, 4, are non-
random functions depending on latitude, /; denoted longitude and 4 denoted
latitude. This model is similar to the model used here, but there are some import-
ant differences. First of all, (19) contains a sum of three independent fields, which
we cannot represent since the approximation procedure in Section 3 in this case
loses its computational benefits. To get a model more similar to the nested SPDE
model, one would have to let P4(5) = 0, and Xo(s) = Xi(s). Using Xy = X; or
Xo and X as i.i.d. copies of a Matérn field gives different covariance functions,
and without testing both cases it is hard to determine what is more appropriate
for ozone data.
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6. Concluding remarks

Another important conceptual difference is how the methods deal with the
spherical topology. The Matérn fields in Jun and Stein (2008) are stochastic fields
on R3, evaluated on the embedded sphere, which is equivalent to using chordal
distance as the metric in a regular Matérn covariance function. One might instead
attempt to evaluate the covariance function using the arc-length distance, which
is a more natural metric on the sphere. However, Theorem 2 from Gneiting
(1998) shows that for Matérn covariances with v > 1, this procedure does not
generate positive definite covariance functions. This means that the arc-length
method cannot be used for any differentiable Matérn fields. On the other hand,
the nested SPDE:s are directly defined on the sphere, and therefore inherently use
the arc-length distance.

There is, in theory, no difference between writing the directional derivative of
X(s) as (P (h) 8%2 +Ps (12)8%))(1 (s) or B(s) T VX(s), but the latter is easier to work
with in practice. If a vector field basis is used to model B(s), the process will not
have any singularities as long as the basis functions are nonsingular, which is the
case for the basis used in this paper. If, on the other hand, P(4) and P3(4) are
modeled separately, the process will be singular at the poles unless certain restric-
tions on the two functions are met. This fact is indeed noted by Jun and Stein
(2008), but the authors do not seem to take the restrictions into account in the
parameter estimation, which causes all their estimated models to have singularities
at the poles.

Finally, the nested SPDE models are computationally efficient also for spa-
tially irregular data, which allowed us to work with the TOMS Level 2 data in-
stead of the gridded Level 3 data.

6 Concluding remarks

There is a need for computationally efficient stochastic models for environmental
data. Lindgren et al. (2011) introduced an efficient procedure for obtaining
Markov approximations of, possibly nonstationary, Matérn fields by considering
Hilbert space approximations of the SPDE

(k(s)2 — A)*X(s) = SHW(s).

In this work, the class of nonstationary nested SPDE models generated by (10)
was introduced, and it was shown how the approximation methods in Lindgren
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etal. (2011) can be extended to this larger class of models. This model class con-
tains a wider family of covariance models, including both Matérn-like covariance
functions and various oscillating covariance functions. Because of the additional
differential operator £;, the Hilbert space approximations for the nested SPDE
models do not have the Markov structure the model in Lindgren et al. (2011)
has, but all computational benefits from the Markov properties are preserved for
the nested SPDE models using the procedure in Section 4. This allows us to fit
complicated models with over 100 parameters to data sets with several hundred
thousand measurements using only a standard personal computer.

By choosing £, = b+ B'V, one obtains a model similar to what Jun and
Stein (2008) used to analyze TOMS Level 3 ozone data, and we used this re-
stricted nested SPDE model to analyze the global spatially irregular TOMS Level
2 data. This application illustrates the ability to use the model class to produce
nonstationary covariance models on general smooth manifolds which efficiently
can be used to study large spatially irregular data sets.

The most important next step in this work is to make a spatio-temporal exten-
sion of the model class. This would allow us to produce not only spatial but also
spatio-temporal ozone models and increase the applicability of the model class to
other environmental modeling problems where time dependence is a necessary
model component.

A Vector spherical harmonics

When using the nonstationary model (10) in practice, we assume that the para-
meters in the model can be expressed in terms of some basis functions. If working
on the sphere, spherical harmonics is a convenient basis for the parameters taking
values in R. On real form, the spherical harmonic Y} ,,(s) of order £ € Ny and
mode m = —k, ..., kis defined as

2sin(mh) Py, _,,(sinh), —k<m <O,
2%e+1 (k— |m]) V2sin(nh) Py in ) "
Yiem(s) = : -q Pro(sin b), m =0,
’ 4 (k4 |m]) ’
\/Ecos(mll)])hm(sin bh), 0<m<ek,

where 4, is the latitude, /; is the longitude, and P, ,,() are associated Legendre
functions. We, however, also need a basis for the vector fields B;(s), determining
the direction and magnitude of differentiation. Since the vector fields in each
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A. Vector spherical harmonics

point on the sphere must lie in the tangent space of S?, the basis functions also
must satisfy this. A basis with this property is obtained by using a subset of the
vector spherical harmonics (Hill, 1954). For each spherical harmonic Y} ,,(s),
k > 0, define the two vector spherical harmonics

Tk17m(s) = VSZ Yk,m(s)’

Tém(s) = ng Yk,m(s) X'S.
Here x denotes the cross product in R? and Vg is the gradient on S?. By defin-
ing the basis in this way, all basis functions in 7' = {7} } and % = {7} }
will obviously lie in the tangent space of S?. It is also easy to see that the basis is
orthogonal in the sense that forany £,/ > 0, —k < m < k,and —/ < n </, one
has

<T/§,m’ le,n>82 = 0,

<Tk1,m’ T/{n>SZ = k(k+ I)Skfl(Smfn,

<T/§,m, Tin>§2 = klk+ 1)0,_;0,p_pn.
These are indeed desirable properties for a vector field basis, but for the basis to

be of any use in practice, a method for calculating the basis functions explicitly is
needed. Such explicit expressions are given in the following proposition.

Proposition A.1. Withs = (x,y, 2)7, T/: () and Tkzm(s) can be written as

[y Y —n(8) = ChmxzYi—1,m(s) + kxz” Y pu(s)
Tp(s) = 5 | 7Y () = chny2Yie1,m(S) + kyz* Yie (o) |
Ck,m(l - Z2) Yk—l,m(s) - (1 - Zz)kZY/e,m(s)

L [ RYem(® = ey Yie1m(s) + mzxYi ()

Tp(s) = —kxzY (8) + b XYt (8) + myzYs (8 |
—m(1 — 2%) Y} _ ()

where

R+ — |m]?)

“bm 2k —1

Proof. One has that Vg Y}, ,, = Ps2(VRs Y} ), that s, the gradient on S? can be
obtained by first calculating the gradient in R? and then projecting the result onto
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S If ¢’ denotes the normalization constant for the spherical harmonic Y ,,(s),
and the recursive relation

0
(1- Zz)aple,m(z) = kzly,(2) — (k+ m)Py_1 ,,(2)

is used, one has that
m

0 1 c
& Yionls) = —— <kzn,m(s> . ymb%n_l,m(s)).
—z .

Now, using that tan(/;) = x~'y, one has

oh 2Ny )
ox o8 (ll)xz 1=z
8_)/ = cos (ll)x— 2

where the last equalities hold on S2. Using these relations gives

0 my 0 mx
5 n® = i@, Vel = T )

Thus, with

N c 2k + 1)(k* — |m|?)
= (kb —_— =
Ch,m ( +|m|)CZI_1 \/ %1 )

one has that

—m}’Y/e,fm(S)
i (s
kZY/e,m(S) — Chm Yk*l,m(s)

Finally, the desired result is obtained by calculating

Vg3 Ve m(s) =

2

T,(im = VSZ Yk,m = PSZVR3 Y/e,ma
T/g,m = Tkl,m Xs= S>< Tk17m7
where
1 —x* —xy —Xxz 0 —z y
Ps. = ([—ssT) = —x 1 —y2 ¥z |, Sx=|2 0 —x
—XZ —yz 1 —2? -y x 0
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Spatial Matérn fields driven by

non-Gaussian noise

DAVID BOLIN

Centre for Mathematical Sciences, Lund University, Lund, Sweden

Abstract: The article studies non-Gaussian extensions of a recently discovered
link between certain Gaussian random fields, expressed as solutions to stochastic
partial differential equations (SPDEs), and Gaussian Markov random fields
(GMREFs). The focus is on non-Gaussian random fields with Matérn covari-
ance functions, and in particular we show how the SPDE formulation of a
Laplace moving average (LMA) model can be used to obtain an efficient sim-
ulation method as well as an accurate parameter estimation technique for the
model. These methods are based on an extension of the Hilbert space approx-
imation technique by Lindgren et al. (2011) to SPDEs driven by Laplace noise,
and although interesting in itself, the results for the LMA model should be seen
as a demonstration of how these techniques can be used, and generalizations to
more general SPDEs driven by more general noise processes are readily available.

Key words: Matérn covariances; SPDE; Laplace moving averages; Markov
random fields; process convolutions; EM algorithm

1 Introduction

Recently, Lindgren et al. (2011) derived a link between certain Gaussian fields,
that can be represented as solutions to stochastic partial differential equations
(SPDEs), and Gaussian Markov random fields (GMRFs). The main idea is to
approximate these Gaussian fields using basis expansions . w;q;(s) where the
stochastic weights {w;} are calculated using the stochastic weak formulation of
the corresponding SPDE. For certain choices of the basis functions {¢;}, espe-
cially compactly supported functions, the weights form GMRFs. Because of the
Markov property of the weights, fast numerical techniques for sparse matrices can
be used when estimating parameters and doing spatial prediction in these mod-
els. This greatly improves the applicability to problems involving large data sets,
where traditional methods in statistics fail due to computational issues. How-
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ever, the advantages of representing Gaussian fields as solutions to SPDEs are
not only computational. Using the SPDE representation, non-stationary exten-
sions are easily obtained by allowing spatially varying parameters in the SPDE
(Lindgren et al., 2011), and the model class can be generalized to include more
general covariance structures by generalizing the class of generating SPDEs (Bolin
and Lindgren, 2011). These are indeed useful features from an applied point of
view as many applications require complicated non-stationary models to accur-
ately capture the covariance structure of the data.

So far these methods have only been used in Gaussian settings, and it has not
been clear whether they are applicable when the Gaussianity assumption cannot
be justified. Therefore, this work will focus on extending the SPDE methods
beyond Gaussianity. A new type of non-Gaussian models that has proved to be
useful in practical applications is the Laplace moving average models (Aberg et al.,
2009, Aberg and Podgdrski, 2011). These are processes obtained by convolving
some deterministic kernel function with stochastic Laplace noise. The models
share many good properties with the Gaussian models while allowing for heavier
tails and asymmetry in the data, making them interesting alternatives in practical
applications (see e.g. Bogsjo et al., 2012). One of the motivating examples in
Aberg and Podgérski (2011) is a Laplace moving average model with Matérn cov-
ariances. This model can be seen as the solution to the same SPDE that generates
Gaussian Matérn field but where the Gaussian white noise forcing is replaced with
Laplace noise. It has previously been shown that the SPDE model formulation
of Gaussian Matérn fields has many computational advantages compared with
the process convolution formulation (Bolin and Lindgren, 2009, Simpson et al.,
2010). We demonstrate here that for the Laplace moving average models, the
SPDE formulation can also be used to derive a new likelihood-based parameter
estimation technique as well as an efficient simulation procedure.

The structure of the paper is as follows. Section 2 contains an introduction
to the Matérn covariance family and the SPDE formulation in the Gaussian case.
In Section 3, stochastic Laplace fields are introduced, and some properties of
the Laplace-driven SPDE model are derived. Subsequently, in Section 4, the
Markov approximation technique by Lindgren et al. (2011) is extended to the
Laplace model, and its sampling is discussed in Section 5. A parameter estimation
technique based on the EM algorithm is derived in Section 6, and Section 7
contains a simulation study showing that it gives reliable parameter estimates.
Finally, Section 8 contains a summary and discussion of future work and possible
extensions.

140



2. Gaussian Matérn fields

2 Gaussian Matérn fields

The Matérn covariance family (Matérn, 1960) is often used when modeling spa-
tial data. There are a few different parameterizations of the Matérn covariance
function in the literature, and the one most suitable in our context is

1—v .2
279 (Bl b e R, 0

C(h) = y
(4m2I'(v+ %)FL v

where d is the dimension of the domain, v is a shape parameter, K2

a scale para-
meter, ¢ a variance parameter, and K, is a modified Bessel function of the second

kind of order v > 0. The associated spectrum is

¢* 1
QDY (2 + kKT

Sk) = 2
As the properties of Gaussian fields are given by their first two moments, the
standard way of specifying Gaussian Matérn fields is to chose the mean value,
u(s) possibly spatially varying, and then let the covariance function be of the form
(1). An alternative way of specifying a Gaussian field on R? is to view it as a
process convolution

X(s):/ k(s,u)B(du), (3)
Rd

where £ is some deterministic kernel function and B is a Brownian sheet (Higdon,
2001). One of the advantages with this construction is that non-stationary exten-
sions are easily constructed by allowing the convolution kernel to be dependent
on the location s. If, however, the process is stationary, the kernel £ depends only
on s — u and the covariance function for X is

Ch) = / k(a — h)k(u) du.
Re

Thus, the covariance function C, the spectrum S, and the kernel £ are related

through
QY| Fk))* = F(C) =S,

where F(-) denotes the Fourier transform. Since the spectral density for a Matérn
field in dimension & with parameters v, ¢?%, and K is given by (2), one finds that
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the corresponding symmetric non-negative kernel is a Matérn covariance function
with parameters v, = 3 — ”Z/, or = Vo, and K = K.
In yet another setting, Gaussian Matérn fields can be viewed as the solution

to the SPDE

(K = A)3X(s) = o W(s), (4)
where W(s) is Gaussian white noise, A = Zfil 88—322 is the Laplace operator, and
o= v+ d/2 (Whittle, 1963). As discussed in Lindgren et al. (2011), there is an
implicit assumption of appropriate boundary conditions needed if one wants the
solutions to be stationary Matérn fields.

The connection between (3) and (4) is through the Green’s function of the
differential operator in (4)

1— o—d

Gols,§) = ———————(ills — ) "5 Kama (s — el 5)
(T (@i 2

that serves as a kernel in (3). It is straightforward to show that G, € L, (R?) if and

(p—1)d
V4

a > d /2 guarantees that G, € L, (RY).

A non-Gaussian model with Matérn covariances could be constructed either

only if & > (see for example Samko et al. (1992) p. 538), and in particular

using the process convolution formulation (3) where the Brownian sheet is re-
placed by some non-Gaussian process, or through the SPDE formulation (4) with
non-Gaussian noise. Such non-Gaussian extensions are discussed next.

3 Non-Gaussian SPDE-based models

A simple way of moving beyond Gaussianity in the SPDE model (4) is to allow
for a stochastic variance parameter ¢. By choosing ¢ as an inverse-gamma distrib-
uted random variable, the resulting field has t-distributed marginal distributions
and is therefore sometimes referred to as a t-distributed random field (Raislien
and Omre, 2006). In a Bayesian setting, this extension can be interpreted simply
as choosing a certain prior distribution for the variance, and one can of course
come up with many other non-Gaussian models by changing this distribution.
However, models constructed in this way are non-Gaussian only in a very lim-
ited sense. Namely, every realization of them behaves exactly as a Gaussian field
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3. Non-Gaussian SPDE-based models

with a globally re-scaled variance, and because of this, they are all non-ergodic as
the parameters in the prior distribution cannot be estimated from a single real-
ization of the field. One would prefer a non-Gaussian model where the actual
sample paths behave differently from a stationary Gaussian field, and one way
of achieving this is to let the variance parameter be spatially and stochastically
varying. Both Lindgren et al. (2011) and Bolin and Lindgren (2011) explores
this option by expressing log ¢(s) as a regression on a few known basis functions
where the stochastic weights are estimated from data. This was interpreted as a
non-stationary Gaussian model, but could also be viewed as a, somewhat limited,
non-Gaussian model with a slowly spatially varying variance parameter ¢(s). To
obtain a model which is intrinsically non-Gaussian also within realizations, one
can draw ¢(s) at random independently for each s. The right-hand side of (4)
is then a product of two independent noise fields. The following non-Gaussian
models essentially can be interpreted as a formal realization of this idea.

One interesting type of distributions, obtained by taking a random vari-
ance and mean in an otherwise Gaussian random variable, are the generalized
asymmetric Laplace distributions (Aberg et al., 2009). The Laplace distribu-
tion is defined through the characteristic function with parameters u, y € R and
o,7>0

o(u) = &7 (1 — un+ §u2> .

The distribution is symmetric if u = 0 and asymmetric otherwise. The shape of
the distribution is governed by T and the scale by o. The distribution is infinitely
divisible, and a useful characterization is that if Z is a standard normal variable
and I is an independent gamma variable with shape 7, then y + ul" + o TZ
has an asymmetric Laplace distribution.

Stochastic Laplace noise can now be obtained from an independently scattered
random measure A, defined for a Borel set B in R? by the characteristic function

—m(B)
wAp) (1) = B <1 — iuu+ 7u2> ,
where the measure m is referred to as the control measure of A. This does not
define Laplace noise in a direct manner, but similarly to how Gaussian white noise
can be seen as a differentiated Brownian sheet (Walsh, 1986), Laplace noise can
be viewed in the sense of distributions (generalized functions) as a differentiated
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Laplace field. The most transparent characterization is through the following
series representation of the Laplace field A(s) on a compact D € R?:

A =+ Y (De+ G/Ti) 166 = 50, s€ D, ©)
k=1

where G}, are iid N(0, 1) random variables, s, are iid uniform random variables
on D, and

1 ifs; > s foralli <d,
1(s > s;) = .
0 otherwise.

The random variables I, can be written as I, = ¢~ "W, where W), are iid
standard exponential variables and y; are the arrival times of a Poisson process
with intensity 1. Thus, Laplace noise can be expressed as a distribution (general-
ized function)

A=y+ 3 (Dot Go/Te) by, %
i=k

where 0;, is the Dirac delta distribution centered at s.
The model of interest is the solution X to the Laplace-driven SPDE

(K2 — A)IX = A, ®)

where both X and A are viewed as random variables valued in the space of
tempered distributions. To clarify in what way the solution to this equation exists,
we look at a general SPDE

(K — A)2X = M, )

where M is an arbitrary independently scattered Z,-valued random measure with
E(|M(dx)|*) = Cdx for some constant C < oo. Examples of such measures
are the Laplace measures of interest here but also standard Brownian sheets. As
usual for fractional Laplacian operators (Samko et al., 1992), 7 = (k* — A)? s
defined using the Fourier transform through F(7f) = Pf, where £ is the Fourier
transform of the function £, (Pf k) = (k2 + k' k)2 f (k), and the operator 7 is
well-defined for example for all /' € LP(R””) for 1 < p < oo. The definition
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3. Non-Gaussian SPDE-based models

applies also when £ is a distribution or, more specifically, a tempered distribution.
Thus, (9) is viewed as an equation for two random (tempered) distributions so
the equation has to be interpreted in the weak sense

TX(p) = M(q), (10)

where ¢ is in some appropriate space of test functions. Now, the action of the
self-adjoint operator 7 can be moved to the test function on the left-hand side
and (10) can be rewritten in a more explicit fashion as

XU@g@:i/¢@Mﬂdgw) (11)

Here, we have included the second argument o € {2 to highlight that the sought
functional X is random, and the equation should hold for w in a certain full
probability set {2y € {2 and universally for each ¢.

To describe the solutions of (9), we need the Sobolev spaces H, of fractional
order #. These are usually defined using the Fourier transform in the following
way. Let E be the Schwartz space of rapidly decreasing functions on R?, for
u € E' (the dual of E, also referred to as the space of tempered distributions),
define the Fourier transform of # as #(p) = u(®), where & is the usual Fourier
transform on R? of @ € E. Define a norm on E by

), = / (1 + K[ di
Rd

and let H, be the completion of £ in this norm. By Plancherel’s theorem, one has
that Hy = LQ(R"") and one can show that for the special case t = n € N, H,, is
identical to the classical Sobolev space of L, functions with all partial derivatives
of order 7 or less in L,. The space H_, is the dual space of H, and does in general
contain distributions.

Let us note that the right hand side of (11) in principle may not be defined
on a full probability set uniformly for all ¢. However, one can regularize M so
that ¢ — M(¢) is in fact a random distribution. Indeed, since

mM@WZC/wﬁﬁzCW%

the random linear functional ¢ — M(¢) is continuous in probability on H,, for
any n > 0, and by Theorem 4.1 in Walsh (1986) there exists a version of M
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which is almost surely in H_,, for n > /2. From now on we always assume that
we deal with such a version.

Following Walsh (1986), we say that X (-, w) is an H,,-solution of (9) if for a.e.
@, X(-, w) is an element of H_, and (11) holds for every ¢ € H,,. In other words,
we aim at finding a random functional X that almost surely is a distribution
and satisfies (9) as a continuous functional on H,. The proof of the following
proposition is similar to the proof of Proposition 9.1 in Walsh (1986) where the
existence of the solution to the stochastic Poisson equation on a bounded domain
in R was demonstrated.

Proposition 3.1. Assume that M is an independently scattered L-valued random
measure with E(|M(dx)|?) = Cdx. Then for k > 0, a > 0, there exists a random
Sfunctional X : H, X 2 — R such that for a certain set {2y, P(§2)) = 1 and for all
w € Qyandall p € H,

X(gy ) = / G0 M(dx, ), (12)

where G¥p(x) = f Guls,x)@p(s) ds and Gy is given by (5). This is the unique
H,-solution to (9) if n > d /2, and moreover we have X € H,, almost surely for
m<a—d]2.

Proof. From the standard theory of fractional differential equations, one has that
G* maps H, isomorphically onto H,,; 4 (see e.g. Samko et al., 1992, p.547). Let
X be any H,-solution to (9) and let ¢ = G%¢p. Applying (11) to ¢) and using that
T G%p = ¢ one gets that

<m@=m7m@=XW@=/@@me:/Gw@me

Thus this solution also satisfies (12) and the solution is unique if it exists.
To prove existence, let X be defined by (12) and take ¢ € L, (R?). Then

2
( / G ply)M( dy)> ]

— / G*p(x)G*p(y)E [M(dx)M(dy)]

E(IX(@)|*) = E

(o4 2 o
= ¢ [ (6%90)? dx = IG5l < Gl
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3. Non-Gaussian SPDE-based models

where the last inequality follows from that G* maps H,,—, — H,, boundedly for
o > 0. Thus, it follows that X is a random linear functional that is continuous in
probability on H_,. The embedding maps H,, — H,, are of Hilbert-Schmidt
type if 1 > ny + d/2 (see e.g. Example la in Walsh, 1986), and using this with
ny = —a together with Theorem 4.1 in Walsh (1986) one gets that there exists a
version of X which is almost surely in H_,, if n > d/2 > d/2 — a. From now
on, X is such a version and we note that X € H,, almost surely for m < a—d /2.

What is left to show now is that X with probability one satisfies (11) for each
@ € H, for n > d/2. To that end, first note that if ¢ € H,, then by the
definitions of 7 and G one has

G*T (s) = / Gy, 8)T ¢(y) dy
— F! ((;@2 + k)72 + ka)%g?)(k)) (s)
= os).

Let n > d /2 and fix ¢ € H,. If M(¢, ») denotes the functional [ ¢(s)M(ds, w),
one has by the definition of X and by the equation above that

/ |X(T ¢, w) — M(gp, w)|* dP(w) = 0.

Hence, there is a set {2, C {2 with P(£2,) = 1 such that for each w € 2, one
has X(T ¢, w) = M(¢, »). Now, H, is separable, so we can chose a countable
base B = {6;}2°, in H, and define 2y = N°,£2,.. Then equality holds for each
f € Band for each @ € (2 and P(£)) = 1 by the countability of B.

The map ¢ — T — X(T¢) of H, = H,—4 — R is continuous since X
is continuous on H,, for n > d /2 — aand T is a continuous map from H, to
H,_,. Thus, both X (7, w) and M(-, w) are continuous functionals on H, for
 in some full probability set £y and equality therefore holds in (11) for each
we H,forwe (= Qo N (2 since B is linearly dense in H,,. [

Remark 1. By similar arguments one can show that the solution X defined in Pro-
position 3.1 also is a solution to the SPDE (9) in the sense that with probability
one X € £’ and (11) holds for every @ € E. This is, however, a weaker statement
since £ = N,H, and E' = U, H,,.

Remark 2. The solution X defined in Proposition 3.1 is in general a random linear
functional. However, it can be identified with a random function if @ > 4/2 since
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X € H,, almost surely for m < o — d/2. Using the relation between « and the
parameter v in the Matérn covariance function, o = v+d//2, we see that X € H,,
almost surely for 7 < v. Thus, v acts as a smoothness parameter for the solution
since the sample paths almost surely will be differentiable if v > 1, two times
differentiable if v > 2 etc.

Remark 3. The previous remark can be strengthened using the Sobolev embed-
ding theorem which shows that /7, can be embedded in the Holder space C}, (RY)
where n — (r + k) = d/2 and r € (0,1) (see e.g. Adams, 1975). The space
C,:(Rd) consists of functions such that all partial derivatives up to order 4 are
continuous and such that the 4th partial derivatives are Hélder continuous with
exponent 7. Thus, if v > d/2, we almost surely have X € C} (R?) (after possibly
redefining it on a set of measure zero) where # is the integer part of v — 4/2 and

r=v—d/2—k

We now go back to the special case of Laplace noise and since the main interest
here is ordinary random fields with Matérn covariance functions, we from now
on assume that o > 4/2 in (8). One sometimes uses m(A) = /(A)T, where / is
the Lebesgue measure and T some constant, as a control measure for A. By the
definition of the differential operator T, it is then easy to see that the spectrum
for the solution X is

(o + ‘uz) 1

k) = .
Rl Cn? (K2 + k' k)

Thus, the covariance function for X is a Matérn covariance of the form (1) with
¢* = 1(? —I—yz). Since X is Laplace noise convolved with a Green function, which
also has the form of a Matérn covariance function, the model is equivalent to the
Laplace moving average models in Aberg et al. (2009) and Aberg and Podgérski
(2011). Thus, using Theorem 1 in Aberg and Podgérski (2011), the marginal
distribution for X(s) is given by the characteristic function

(] | EFe
ox(u) = exp T/z)/Ga(s, t)u — log <1 — iuuGy(s, t) + TGa(s,t)> dt> .
(13)

A few examples of the marginal distributions for symmetric and asymmetric cases
are shown in Figure 1.
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Figure 1: Marginal distributions of the solution X(s) to (8) in the case of sym-
metric (left panel) and asymmetric (right panel) Laplace noise.

4 Hilbert space approximations

To obtain a computationally efficient representation of a Matérn field, the Hil-
bert space approximation technique by Lindgren et al. (2011) can be used. The
starting point is to consider the stochastic weak formulation (10) of the SPDE.
A finite element approximation of the solution X is then obtained by represent-
ing it as a finite basis expansion X = >, wipi(s), where the stochastic weights
are calculated by requiring (10) to hold for only a specific set of test functions
{diyi=1,...,n} and {¢;} is a set of predetermined basis functions. To simplify
the presentation, we first look at the case /2 € N and then turn to the case of a
general a > d/2.

4.1 The case 2/2 € N

To construct the approximation for « = 2,4, . . ., we first look at the fundamental
case o = 2. Lindgren et al. (2011) then use ¢); = ¢;, and one then has

(5 — MX () =Y wi (@i, (K = D)) |

j=1

where (f, g) = ff(s)g(s) ds. By introducing the vector w = (wy, ..., w,) " and
a matrix K with elements Kj; = <g0,-, (k> — A) g0j>, the left hand side of (10) can
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be written as Kw. Under mild conditions on the basis functions, one has

{0, (5* — D)) = 67 (i, ) — (i, Ag))
= 1> (i, @) + (Vi V) -

Hence, the matrix K can be written as the sum K = x2C + G where C and G are
matrices with elements C;; = (s, ¢;) and G;j = (V¢;, V) respectively.

4.1.1 Gaussian noise

In the Gaussian case, when A is Gaussian white noise, the right hand side of (10)
under the finite element approximation can be shown to be Gaussian with mean
zero and covariance C. Thus, one has

w~N(0,K'CK™). (14)

For higher order /2 € N, the weak solution is obtained recursively. If, for
example, @ = 4 the solution to (k* — A)?’Xy = W is obtained by solving
(k? — A)Xy, = X, where X is the solution for the case @ = 2. This results in
replacing the matrix K with a matrix K, defined recursively as K, = KC™'K,_»,
where K; = K. For more details about these representations in the Gaussian case,
see Lindgren et al. (2011).

So far, we have not specified how the basis functions {¢;} should be chosen,
but this choice will determine the quality of the approximation as well as some
computational properties. If, for example, Daubechies wavelets are used as basis
functions, the precision matrix (inverse covariance matrix) Q for the weights is
a sparse matrix (Bolin and Lindgren, 2009), which facilitates the use of efficient
sparse matrix techniques when using this model. Lindgren et al. (2011) used
piecewise linear basis functions induced by triangulating the domain, and in this
case C is a sparse matrix, but its inverse is dense. To obtain a sparse precision
matrix in this case (which is needed for efficient GMRF computations), one can
approximate C with a diagonal matrix C with elements C; = f vi(s)ds. To
simplify the notation later, we denote the 7th element on the diagonal by a; as it
is the area where ¢; > ¢; for j # 7. For more details on this approximation and
the choice of basis functions, see Bolin and Lindgren (2009).
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4. Hilbert space approximations

4.1.2 Laplace noise

For the Laplace case, one has M = A in the weak formulation (10). Under the
finite element approximation, the left-hand side can, as in the Gaussian case, be
written as Kyw. Using Theorem 1 in Aberg and Podgérski (2011), the distribu-
tion of the right-hand side in the case of Laplace noise is given by the characteristic
function

pa(u) = exp <T/ z')/cp(s)Tu — log <1 — z'ycp(s)Tu + ?(cp(s)Tu)2> ds> ,
(0]

where ¢(s) = (gol (8),..., 0 (s)) " This representation is not very convenient for
approximation and simulation of the model. Instead we will use a representation
based on the series expansion (6) of A. However, we for a moment turn to the
more general setup of type-G processes to hint at how this technique could be
applied also for this broader class of random fields.

Recall that a Lévy process is type G if its increments can be represented as a
Gaussian variane mixture V'/2Z where Z is a standard Gaussian variable and V is
a non-negative infinitely divisible random variable. Clearly, the Laplace fields are
of type G as their increments are of the form I''/2.Z where I is a gamma variable.
Rosinski (1991) showed that every Lévy process of type G can be represented as a
series expansion similar to the expansion (6) for the Laplace fields. This expansion
also holds in R, and for a compact domain D € R? it can be written as

[e.e]
M) = Gig(y) 16 = s,
k=1
where the function g is the generalized inverse of the tail Lévy measure for V'
and the other variables are the same as in the Laplace case (6). Since V' is in-
finitely divisible, there exists a non-decreasing Lévy process V' (s) with increments
distributed the same as V. This process has the series representation

V) =Y gyl > sp). (15)

k=1
Now, consider the integral of some basis function ¢; with respect to M, which
can be represented as

[ o £ 3 i0Gu/gro. (16)

k=1
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Thus, the distribution of ([ p P1(s)M(ds), . . p @n(s)M(ds)) can be approxim-
ated in distribution by taking partial sums of the series in (16). Another way
of calculating the distribution is to evaluate the integrals by conditioning on the
variance process V'(s) (Wiktorsson, 2002); given that f B gof(s) V(ds) < oo, the
integral conditionally on V" is simply a Gaussian variable

/ @i(s)M(ds)|V ~ N (O,/ gaf(s)V(ds)) .
D D

Going back to the case of Laplace noise. If M is a Laplace field corresponding
to the Laplace measure A, the variance process is a gamma process, I'(s), so by the
argument above one has that the right hand side of (10) under the finite element
approximation and conditionally on the gamma process is N(m, X), where the
elements of m and 33 are given by

,]—C< / () A(ds) / 2i(s)A(ds) > / 25O T(ds),

=E </ ®i(s)A(ds) > = Y/ ®i(s) ds +/ ®i(s)1'(ds).

Given this, the weights w can be calculated conditionally on the gamma process,
I'(s), as

W[ ~N (K;lﬁl, K;ISK;1> , (17)

where K, is defined recursively as in the Gaussian case.

It would seem as one has not gained much by using the conditional represent-
ation since the conditional mean and covariances, m; and 22-]', do not have any
simple distributions. One way of approximating them is to approximate the in-
tegrals with respect to the Gamma process using the right hand side of (15) with a
finite number of terms. However, by using compactly supported linear basis func-
tions, one can simplify things further. Thus, now assume that the basis functions
are piecewise linear functions induced by some triangulation of the domain. One
can then perform the same Markov approximation as in the Gaussian case. This
results in an approximation of the right-hand side of (10) conditionally on the
gamma process distributed as N(m, 32) with m = yta 4 uI', and 3 = diag(I").
Here, the gamma variables T'; ~ I'(ta;, 1) are independent and a; = [ ¢;(s) ds,
and these can be calculated without numerically estimating the integrals with re-
spect to the gamma process.
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4. Hilbert space approximations

Bolin and Lindgren (2009) studies how this approximation affects the result-
ing covariance function of the process in the Gaussian case, and it is shown that
the error is small if the approximation is used for piecewise linear basis functions.
Although additional studies are needed in the non-Gaussian case, the results are
likely similar so that the simplification has no large impact on the approximation.
Figures 2-4 show that the approximation is accurate in one and two dimensions
as explained in Section 5.

4.2 The solution for general « > d/2

If one could approximate the solution to (8) for « = 1, the recursive scheme
discussed above could be used to represent the solutions for all positive odd a. In
the Gaussian case, Lindgren et al. (2011) use a least-squares method where the test
functions are chosen as ¢); = (k% — A)% @;. The left-hand side of (10) can then
be expressed as Kw and the right-hand side is a mean zero Gaussian variable with
covariance matrix K. This follows from Lemma 2 in Lindgren et al. (2011), which
shows that the covariance between element 7 and element j on the right-hand side
can be written as

S5 = (5 = D, (7 = Digy) = (6 = A, 7)) = K.
The stochastic weights therefore form a GMRF w ~ N(0, K—1). This argument is

unfortunately not applicable in the non-Gaussian case as the covariance between
the elements given the gamma process I'(s) is
F)

2g:c(/u#—Aﬁ@@Awﬁ/hf—Aﬁ%@Awa
D D
= [ (02 - 900) (02 - D 509) T
D

¢L«ﬁ—mwm%@n®»

We have not been able to find an easy way of evaluating 3;; in the non-Gaussian
case, and it seems as this least-squares procedure is not extendable to the non-
Gaussian case. However, if one instead uses (J; = ¢, the right-hand side of (10)
conditionally on the variance process is N(m, 32), as in the case @ = 2. With this
as a starting point, one can use a finite element matrix transfer technique (FE-
MTT) to obtain a discretized approximation of the solution. Simpson (2008)
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studied such methods for sampling generalized Matérn fields on locally planar
Riemannian manifolds, and argued that one could sample the stochastic weights
for a general o using the matrix transfer equation (C™'K)*?w ~ N(0,C™!). To
simplify the notations in later sections, denote K, = (C'K)¥? and note that we
now have changed the definition of K, from the one that was used for even o. The
weights w are then mean zero Gaussian with a precision matrix Q, = K,C™'K,,.
In the case o = 2, this discretization coincides with the approximation described
above, but it can be used for any o > d/2.

Now in the non-Gaussian case, the results from the case o = 2 can be used
directly to get a right-hand side that is Gaussian with mean m and covariance
3 conditionally on the variance process. As in the Gaussian case, this should be
multiplied with C™! to get consistency in the FE-MTT procedure. Hence, in the
case of Laplace noise the weights are given by

wI' ~N(K,;'C'm,K;'C'=C'K, ). (18)

Again, for the case = 2, this coincides with the procedure described in the sec-
tion above, and because of this we will from now on use this FE-MTT procedure
for all @ > d/2. Consistency of the FE-MTT procedure follows from similar
arguments as in Simpson (2008). These arguments do not provide a rate of con-
vergence as the number of basis functions are increased, and as for the Gaussian
case, the rate of convergence and the numerical properties of the approximation
are strongly dependent on o

5 Sampling from the model

Using the finite element representation obtained in the previous section it is easy
to generate samples from the SPDE (8). Assume that we want sample the model
at locations s = (s, ... ,s,), and let ® be a matrix with elements ®;; = ¢;(s;).
Samples can now be generated using the following three-step algorithm.

Algorithm 5.1. Sampling the Laplace driven SPDE (8).

1. Generate two independent random vectors I' and Z, where T'; ~ I'(ta;, 1)
andZ; ~ N(0, 1).

2. Let A = yta+ ul + diag(v/T)Z and calculate w = C™'A.

3. X = ®K 'w is now a sample of the random field at the locations s.
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5. Sampling from the model

The last step could potentionally be computationally expensive for large sim-
ulations. However, if o is even, one can take advantage of the sparsity of K, and
solve the equation system v = K 'w efficiently without calculating the inverse
by using Cholesky factorization and back substitution as suggested by Rue and
Held (2005). For other o > 4/2, K, is not sparse and the Cholesky method will
not improve the computational efficiency. However, as Simpson (2008) shows,
one can instead use Krylov subspace methods in the calculations to obtain effi-
cient sampling schemes. The basic problem for general « is to solve the matrix
equation v = (C"'K)™ 2w, and there are a number of methods with different
computational properties that can be used. In this work we use the method by
Hale et al. (2008), which is based on combining contour integrals evaluated by the
periodic trapezoid rule with conformal maps involving Jacobi elliptic functions.

In Figure 2, a simulation of a process on R with parametersy =y = o= 1,
T=2,Kk =15, and o = 2 is shown. Since K, is sparse in this case, the Cholesky
method is used for the simulation. In the upper left panel, a histogram of the
samples from 1000 simulations is shown together with the theoretical density, cal-
culated using numerical Fourier inversion of the characteristic function (13). In
the upper right panel, the empirical covariance function of the samples is shown
together with the theoretical Matérn covariance function. Two more examples of
densities and covariance functions for different parameter settings are shown in
Figure 3. In the upper panels, we have o = 1, which results in an exponential co-
variance function. The other parametersarey = y =0, 0 = 1, and 1 = k = 10,
which results in a symmetric distribution. In the lower panels, we have o = 3.5
which results in a smoother field. The other parameters are y = 0= 0.1, y = 0,
7 =10, and k = 20, which results in an asymmetric distribution. In both cases
in Figure 3, the Krylov subspace method is used for the simulations.

In Figure 4 and Figure 5, two simulations of fields on R? are shown together
with the corresponding covariance functions, densities, and empirically estimated
versions based on 1000 simulations each. As seen in the figures for all five ex-
amples, there is a close agreement between the histograms and the true densities,
and between the true covariance functions and the empirically estimated covari-
ance functions for all these parameter settings, indicating that the approximation
procedure works as intended. A more detailed analysis of the simulation pro-
cedure is outside the scope of this article, but it should be noted that the SPDE
approximation using piecewise linear basis functions does not provide conver-
gence of higher-order derivatives, and the simulation procedure is therefore not
appropriate for applications where such properties are important.
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Figure 2: The lower panel shows a simulation of the Laplace driven SPDE (8) on
R with parameters y = y = 0 =1, 1 = 2, Kk = 15, and o = 2. The upper left
panel shows a histogram of the samples from 1000 simulations together with the
true density. The upper right panel shows the empirical covariance function for
the samples (grey curve) together with the true Matérn covariance function (black
curve). It is difficult to see the grey curve since the two curves are very similar.

6 Parameter estimation

Parameter estimation for Laplace moving average models is not easy since there is
no closed form expression for the parameter likelihood. Recently, Podgérski and
Wegener (2011) derived a method of moments-based estimation procedure for
these types of models. In their method, the convolution kernel is first estimated
from the spectral density of the data, and given the estimated kernel, the paramet-
ers in the Laplace distribution are estimated by fitting the theoretical moments of
the Laplace distribution to the sample moments. The method is quite simple al-
though some special care has to be taken to handle the cases when the method of
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Figure 3: Simulation results as in Figure 2 with different parameters. The top row
shows a symmetric case with parametersy = y =0, 0 = 1, kK = 7 = 10, and
o = 1. The bottom row shows an asymmetric case with parameters y = 0 = 0.1,
Yy =0,k =20, 7= 10 and o = 3.5.

moments equation system does not have a solution, which can happen for certain
values of the sample skewness and excess kurtosis.

Using the SPDE formulation, parameter estimation can instead be performed
in a likelihood framework. One of the advantages with this is that maximum
likelihood parameter estimates always are in the allowed parameter space. Another
advantage is that the estimates will account for all relevant information in the data,
which might not be the case for method of moment estimates.

To be able to estimate the parameters in a maximum likelihood framework,
the problem is interpreted as a missing data problem which facilitates use of the
Expectation Maximization (EM) algorithm (Dempster et al., 1977). The pro-
posed EM algorithm is based on the same ideas as the ones in Lange et al. (1989)
and Protassov (2004) which looked at EM estimation in the case of iid observa-
tions of certain Gaussian mixtures. Our main contribution is the extension of
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Figure 4: A simulation of an asymmetric model (8) in R? where the parameters
arek =5, 0=u=y=1,1t=2,and o = 2. The covariance functions and
densities for these fields can be seen in the second row. The empirically estimated
versions are based on 1000 simulations.

these ideas to the random field setting.

Assume we have measurements X of the process X (s) taken at some locations
and that the Hilbert space approximation procedure is used with a basis obtained
by triangulating the measurement locations. In this case, the matrix ® is diagonal
and conditioning on the measurements and the parameters is equivalent to condi-
tioning on A and the parameters as there is a one-to-one correspondence between
the two through A = CK,®'X, see Algorithm 5.1. To obtain simpler updat-
ing expressions, we first make a change of variables by introducing the parameter
¥ = ytand estimate this parameter instead of y. As for Gaussian Matérn models,
the shape parameter v is difficult to estimate accurately and it is therefore assumed
to be known throughout this section and no attempt is made at estimating it.
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Figure 5: A simulation of a symmetric model (8) in R? with parameters £ = 5,
oc=1,u=y=0,7=2,and o = 4. The covariance function and density are
shown in the second row. The empirically estimated versions are based on 1000
simulations.

Augmenting the data with the unknown (missing) gamma variables, the aug-
mented likelihood is LZ(0X, T") = n(X|T", ) n(I"|@), and the loss-function that is
needed for the EM-procedure is

Q6,69) = E (log LOIX, 1“)‘)(,9@) ,

where 8% is an estimate of @ = (/-c, o, Uy ¥s T) atiteration 7, and the expectation is
taken according to the distribution of " given X. We have X|T", 8 ~ N(m, &*X),
where m = ®K,'C(ya + uI'), ¥ = ®K,'CDCK,'®, and D is the di-
agonal matrix with the vector I' on the main diagonal. The second part of the
augmented likelihood can be written as n(I'|@) = [ n(I";|0) since the compon-
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ents in I' are independent gamma variables I'; with shape parameters ta; and
scale one, where a; are known constants depending on the basis used. The log-

likelihood is

1
log LOX,T') = — nlog(o) + log(|K,|) — E(X_ m)' 71X — m)
+ Z (‘Ca,- logI'; — logF(Ta,-)) + C,
=1

where the constant C does not depend on the unknown parameters. Thus, using
the relation between X and A, the loss-function is

| 1
Q(8,6") = — nlog(0) + log( K — 5 <(A — 72) DA - Ta)
+ P1TTE) + 270’ 1 — ZMAT1>
+ Z (Ta,-E(log %) — logF(Taz-)) + C,
=1

where E(-|%) denotes E(-|%,X). The expectations needed to evaluate the loss-
function are E(T'[%), E(T'"![%), and E(logI';|%). To calculate these, first note that
(see Gradshteyn and Ryzhik, 2000, formula 3.472.9)

Z(a, b, c) :/ Xl dy = 2 (—) K, (NE). (19)
0 c
Using this expression, the expectation E(I';|x) can be written as

0= [ T, _ JTX|T;, 6)=(T;|6) dT;
E(T;) = / (X, 0)dT; = s

(Ai—7a)?
DT, )]0 dr; I(faz‘+ T ,1+2“7)

[ 7(X|T,,0)=(T";6) dT'; Z(w—%%,u Mz)

A — yay KTaH*% <G_2|Ai — Yail\/20° + (“2>
a 21 2 _ _ :
20° + K‘ra,-—% <a 2|A; — )/az-]\/202+‘(12>

If the argument in the Bessel functions is very small or very large one might

get numerical problems when evaluating this expression depending on how it is

160



6. Parameter estimation

implemented. In the case of small arguments, one can use the following approx-
imation to improve the numerical stability

T |a|
K, (x) =~ @ <%> , ifa# 0and x < \/|a] + 1.

The expectation E(I';|*) then simplifies to

1 25° 1

E(T; %) (e ~2) 20041 £
%) ~ < I'(ra+1 20%)° ™ — 1-21a: 1

! ( 2) 2) 27, F1 ’Az' - Yaz"l 2m,’ T< Za;°

r(3—7a) Qo+ud) 7

In the case of large arguments, one can instead use the approximation

K,(x) ~1 1\ 1
Ker() +<“‘z> "

which gives the following approximation for E(I";|*)

|A; — 7a] n Ta; 0
V20 + 12 200+

The expectation E(l";1 %) is calculated similarly using (19) and can be writ-
ten as

E(T; %) ~

202 + 12 Km,‘f% (072’1&,- — Ya;|\/20% + Mz)
| Ai = Yail Ko (0*2|Ai — ya)| /2% + p2) '

Evaluating modified Bessel functions numerically is computationally expensive

and should therefore be avoided as much as possible when implementing the

estimation procedure. To that end, one can express K 3 (-) using the following
2

E(T; %) =

(20)

recurrence relationship for modified Bessel functions

2@+ 1)

K,(x) = Kypa(x) — K1 (x),

giving the following expression for E(I'; ' |%) in terms of E(T';|x)

(U* + 202)E(T;[%) — o*(2ta; — 1)
(A; — ya;)?

E(T; %) =
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Using this expression instead of (20), one only have to evaluate two modified
Bessel functions instead of three.
Finally, the expectation E(log(I';)|%) is similarly written as

[ log(T)n(X|T;, 0)n(T";|6) dT';
B n(X|0) '

E(log(T";) |%)

The denominator is the same as in the previous expectations, while calculating
the nominator requires evaluating an integral on the form

Tyog(a, b, c) = / log(x)x”f1 exp <—é — cx) dx. 21
0 X

To calculate this integral, we differentiate (19) with respect to 2 and obtain

9 > a—1 —4—cx _ 0 b %
Iggg(a,b,c)—%/o et dx—%<2<;> K(zx/E)>

—2 <§>2 (log <§> K, (2vBe) + %Ka (NE)) .

The derivative of K,(2V/ bc) with respect to a can be expressed using infinite sums
of gamma- and polygamma functions; however, in this case it is easier to numer-
ically approximate the derivative using for example forward differences:

9 (2v0e) = Kuve (2) ~ 16 (2) .

da €

Using this expression, we approximate E(log(I7)|*) as

1 (Ai—7a)? 2
Ty (= 5 251+ £

Ai—va)? 2
I(Tai_ 7 : 2072/3) 1+ 2“_2)

|A; — yaj| 1
Rlog | —F/—/——— | — -
ur+ 202 €

E(log(T";)|) =
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6. Parameter estimation

To obtain the updating equations for the parameters, the loss-function should
be maximized with respect to each parameter, for example by differentiating it
with respect to the parameters and setting the derivatives equal to zero. Since the
system of equations obtained from this procedure is not analytically solvable, one
would have to iterate numerically in each step to obtain the parameter updates
if the EM algorithm is used without modifications. A better alternative is to use
an Expectation Conditional Maximization (ECM) algorithm (Meng and Rubin,
1993) where the M-step is divided into two conditional maximization steps. In
the first step, the parameters of the Laplace noise is updated conditionally on the
current value of x, and in the second step & is updated conditionally on the other
parameters. Differentiating the loss-function with respect to u, ¥, and o and
setting the derivatives equal to zero yields the following updating rules

(AT1)@ Dgp-19a) — @ DA Dgpo1),a)
(1TE(T[9)(@"Dgp-1),ya) — (17 a)? ’
(ITE(C[)(A " Dgp-1,y2) — (AT D@ 1)
(1TE(C %)@ Dgp-1p2) — (1T2)2
(A" Dgp-1jya(AT1)(17a)
(ITE(I‘|*))(aTDE(F—1‘*)a) —(1Ta)2

+1)
AR

—G+1) _

n

: 1
oVt = — (ATDE(F_1|*)A +2

(AT Dgg 1, @*ATEMH) + @ Dy, (A 17
(ATET %)@ Dgp-1p,ya) — (17a)?

In general, there is no closed form expression for the conditional updating equa-
tion for 7, so the following equation is maximized numerically to obtain tV+V

n

Q. =) (raE(logT;|») — log I'(7ay)) .

=1
In the special case when all a; are equal to some value 2, which for example is

the case if a triangulation induced by a regular lattice is used in the Hilbert space
approximation, the solution can be written as

, 1 1 <
G+1) —1 )
LD — ;¢ <; ;1 E(logI‘,|*)> ,

163



D

where ¢~1(-) is the inverse of the digamma function. Finally x is updated con-
ditionally on the other parameters. There is no closed form expression for the
updating equation for & either, so the following expression is maximized numer-
ically with respect to &,

1
2(0-(z'+1))2
— 2?(j+1)ATDE(p71|*)a — 2M0+1)AT1> .

QH :log(|Ka|) — <ATDE(F—]|*)A

By the construction of Ky, its log-determinant can be written as

_“ -1 2 - , 2
log(|Kq|) = Elog\C G+ k1| = 3 leog()k, + k%),

where A; denotes the ith eigenvalue of C!G. If the size of K, is small, these
eigenvalues can be pre-calculated as they do not depend on the parameters. For
larger problems is it most efficient to calculate the log-determinant in each itera-
tion using a sparse Cholesky factorization of K = G + x*C.

As shown by Meng and Rubin (1993), the ECM algorithm has the same con-
vergence properties as the ordinary EM algorithm. The likelihood is increasing
for each iteration and the convergence is linear. Hence, we do not lose any rate of

convergence by using the ECM algorithm instead of the EM algorithm.

7 A simulation study

In this section, a simulation study is performed to test the accuracy of the para-
meter estimation algorithm presented above. The algorithm is tested for twelve
different parameter settings corresponding to marginal distributions shown in Fig-
ure 6 for processes in one dimension with @ = 2. For Matérn covariance func-
tions, one sometimes defines the approximate range as » = V8vk~!, which is
the value where the correlation is approximately 0.1. For the first six test cases,
we have K = 1 which corresponds to an approximate range of 3.5, and for the
last six cases we have k£ = 0.1 which corresponds to an approximate range of 35.
For each value of k, three symmetric distributions and three asymmetric distribu-
tions are used. In Figure 6, the distributions for the short range are shown in the
two upper panels, and the distributions for the long range are shown in the two
bottom panels.
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Figure 6: Marginal distributions for the twelve test cases in the simulation study.
In Panel a and Panel b, the approximate covariance range is 3.5 and in Panel ¢

and d, the range is 35.

For each set of parameters, 500 data sets are simulated using Algorithm 5.1,
where each data set contains 1000 equally spaced observations on [1, 1000]. The
basis used in the Hilbert space approximations consists of 1000 piecewise linear
basis functions centered at 1,2,...,1000. For each data set, the starting value
for K is set to v/8vi~!, where 7 is the approximate range for the empirical co-
variance function for the data set. To obtain good starting values for the other
parameters, an initial run of the EM estimator is made with  fixed to the starting
value and where the starting values for u and y are drawn independently from
a N(0, 1) distribution, and the starting values for o and 7! are drawn from a
> (1)-distribution. After 100 steps, this initial run is ended, and the estimates are
used as starting values for the full EM-estimator.

In Table 1, the 10% 50%, and 90% percentiles of 500 Monte Carlo samples
are shown for each parameter setting, together with the true values of the para-
meters. One can note that all estimates are more or less unbiased and have fairly
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small variances, indicating that the estimation procedure works as intended. The
only case where the estimator seems to have a bias is in case L, where most of
the estimated values of 7 are above the true value. The cause of this bias is prob-
ably that the estimation procedure is not very stable for small values of T because
some of the expectations E(I'; !|%) can be infinite in this case. More precisely,
for T < 3/(2min(ay, ... ,a,)), the likelihood is unbounded for any ¥y = A;/a;
and the ML procedure thus has to be modified. To improve the stability of the
algorithm, the expectations E(I‘i_1 |x) are truncated to 1000 in the first iteration,
and for each iteration this bound is made larger so that it has little to no effect
after a few hundred iterations of the algorithm. This greatly improves the sta-
bility for T < 3/(2min(ay,...,a,)), but it is left for future research to justify
this modified maximum likelihood procedure theoretically, to derive large sample
properties of the estimator, and to investigate other improvements for the case of
small values of .

It should finally be noted that the parameters are estimated assuming the same
finite element approximation as is used for simulating the data. Estimating the
model parameters using a different numbers of basis functions in the approxim-
ation can possibly give biased estimates, as the parameters are estimated to max-
imize the likelihood for the approximate model instead of the exact SPDE. The
size of this bias depends on the specific parameters of the model, and especially
on the true covariance range in relation to the spacing of the basis functions, as
discussed in Bolin and Lindgren (2011) in the case of Gaussian models. It is,
however, outside the scope of this work to investigate this issue further here.

8 Discussion and extensions

We have showed how the SPDE approach by Lindgren et al. (2011) can be exten-
ded to the case of Laplace noise and how this can be used to obtain an efficient
estimation procedure as well as an accurate estimation technique for the Laplace
moving average models. This is indented as a demonstration that the methods in
Lindgren et al. (2011) are applicable to more general situations than the ordinary
Gaussian models. There are also a number of extensions that can be made to this
work which are discussed below.

First of all, the Hilbert space approximation technique in Section 4 was de-
rived using theory for Lévy processes of type G, and although we only used this
for the case of Laplace noise, the methods work equally well for this larger class of
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models. All that is changed are the distributions of the integrals conditionally on
the variance process. These techniques are also applicable to the case when more
general SPDEs are used, one could for example use the nested SPDEs by Bolin
and Lindgren (2011) to achieve more general covariance structures without any
additional work needed, or one could include drift terms in the operator on the
left-hand side to mimic the effects of asymmetric kernels in the Laplace moving
average models. The methods are in fact not restricted to R? or stationary SPDEs,
but can be extended to non-stationary SPDEs on general Riemann manifolds.

Secondly, the estimation procedure in Section 6 assumed that one basis func-
tion was used for each observation of the process. The reason being that this gives
us a one-to-one correspondence between the observations and the Laplace vari-
ables A which simplified the estimation procedure. For practical applications this
is not ideal as one would like to be able to choose the basis independently of the
measurement locations, and it would also be useful if one could assume that the
measurements are taken under measurement noise. If the estimation procedure
could be extended to handle these cases, the practical usefulness of these models
would greatly improve.

As mentioned in Section 7, the estimation procedure is sensitive to the value
of 7. Too large values will result in a model which is very similar to a standard
Gaussian model, and it might be difficult to accurately estimate the parameters in
this case without a very large data set. This is not a big problem as if the data is
Gaussian, one should not use these models but a standard Gaussian model. The
estimation procedure is also unstable for small values of 7, and modifications to
further improve the stability in this case are currently being investigated.
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K T @)
A | 1 (0.951.001.06) | 2 (1.632.033.02) | 1(0.780.98 1.13) | 0 (-0.07 .m.e 0.06) | 0 (-0.06 M.oo 0.07)
B | 1(0.961.001.05) | 2 (1.681.99 2.41) | }(0.420.500.57) | 5 (0.43 0.500.57) | 0(-0.06 0.00 0.07)
C | 1(0.961.001.05) | 1(0.850.991.21) | 1 (0.87 1.00 1.11) | 0 (-0.07 0.000.05) | 0 (-0.04 0.00 0.05)
D | 1 (0.961.001.04) | 1(0.901.00 1.14) | 1(0.90 1.00 1.10) | 1 (0.87 1.001.13) | -1 (-1.11 -1.00 -0.89)
E | 1(0.971.001.02) | 5 (0.450.490.54) | 1(0.931.001.08) | 0 (-0.06 0.000.06) | 0 (-0.01 0.00 0.01)
F | 1 (0.981.001.01) | 1 (0.460.500.54) | 1(0.911.001.08) | 1 (0.89 1.001.11) | -1 (-1.09 -1.01 -0.92)
G | 45 (0.090.100.11) | 1 (0.861.00 1.24) | 1 (0.87 1.00 1.11) | 0 (-0.06 0.00 0.06) | 0 (-0.04 0.00 0.04)
H | 15 (0.090.100.11) | 1(0.890.99 1.13) | 1 (0.450.50 0.54) | 3 (0.44 0.500.56) | 0 (-0.05 0.01 0.13)
I | &5 (0.100.100.10) | % (0.450.49 0.54) | 1 (0.91 1.01 1.09) | 0 (-0.06 0.000.07) | 0 (-0.01 0.00 0.01)
J | 15 (0.100.100.10) | 1 (0.46 0.50 0.54) | 1(0.910.991.08) | 1 (0.90 1.01 1.13) | -1 (-1.09 -1.01 -0.93)
K | £ (0.100.10 0.10) | 1 (0.310.330.36) | 1 (0.910.99 1.06) | 0 (-0.07 0.000.07) | 0 (-0.00 0.00 0.00)
L | 15 (0.090.100.12) | §(0.330.36 0.43) | 5 (0.420.47 0.51) | 3 (0.39 0.500.52) | 0 (-0.05 0.00 0.13)

Table 1: Parameter settings for the twelve cases shown in Figure 6 the estimation procedure is tested for. In the
parentheses, the 10% 50%, and 90% percentiles of 500 Monte Carlo samples are shown. Note that most estimates

seem to be unbiased, perhaps with the exception of the estimates of 7 in case L.
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Excursion and contour uncertainty
regions for latent Gaussian models
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Abstract: An interesting statistical problem is to find regions where some studied
process exceeds a certain level. Estimating these regions so that the probability
for exceeding the level in the entire set is equal to some predefined value is a
difficult problem that occurs in several areas of applications ranging from brain
imaging to astrophysics. In this work, a method for solving this problem, as
well as the related problem of finding uncertainty regions for contour curves,
for latent Gaussian models is proposed. The method is based on using a para-
metric family for the excursion sets in combination with INLA and an import-
ance sampling algorithm for estimating joint probabilities. The accuracy of the
method is investigated using simulated data and two environmental applications
are presented. In the first, areas where the air pollution in the Piemonte region
in northern Italy exceeds the daily limit value, set by the European Union for
human health protection, are estimated. In the second, regions in the African
Sahel that experienced an increase in vegetation after the drought period in the
early 1980s are estimated.

Key words: Latent Gaussian models; excursion sets; contour curves; multiple
testing; INLA

1 Introduction

In many statistical applications, one is interested in finding areas where the stud-
ied process exceeds a certain level or is significantly different from some reference
level. A typical example is in studies of air pollution, where one is interested in
testing if, and where, the pollution level exceeds some given limit value set by some
regulatory agency (Cameletti et al., 2012), and similar examples can be found in
a wide range of scientific fields including brain imaging (Marchini and Presanis,
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2003) and astrophysics (Beaky et al., 1992). In spatio-temporal applications one
might be interested in finding regions that have experienced significant changes
over the studied time period. This is a common problem in climate science and
the studied quantity can for example be temperature (Furrer et al., 2007), precip-
itation (Sain et al., 2011), or vegetation (Eklundh and Olsson, 2003, Bolin et al.,
2009).

The quintessential problem is that one has observations y of some latent
stochastic field x(s) and wants to find a region D such that, with a certain given
probability, x(s) > u for all s € D for a given level #. The easiest, and most
common, way of specifying D is to choose it as the set of locations

D,, = {s: P(x(s) > u) > 1— a}, (1)

where the probability is taken under the posterior distribution for x|y. Thus, D is
specified as the set of locations where the marginal probability for exceeding the
level exceeds some given value 1 — . The set can be calculated using multiple
hypothesis testing and the parameter « then acts as the type 1 error parameter, and
should thus control how certain one is that the level is exceeded in the entire set.
The problem with this definition of D is that of multiple hypothesis testing; the
confidence level o does not give us any information about the family-wise error
rate. That s, the probability P(x(s) > #,s € D,,) is in general not equal to 1 — «.
If one instead wants to choose D so that this simultaneous probability is 1 — o,
one has to modify the procedure for constructing the set.

The more general problem of multiple hypothesis testing is an active research
area and there exists a number of proposed solutions for problems in various con-
texts. Most of these solutions are based on first calculating the marginal probab-
ilities P(x(s) > #), then calculating a single threshold value #, and finally defining
the exceedance region as D = {s : P(x(s) > u) > ¢}. The methods differ in how
the threshold # is calculated, and can basically be divided into three main cat-
egories; type 1 error control thresholding, false discovery rate thresholding, and
posterior probability thresholding (Marchini and Presanis, 2003). The most pop-
ular method is likely the method by Adler (1981) using the Euler characteristic of
the latent field to control the family-wise error rate when defining the threshold z.
Though this method is simple to use, one has to be careful to check whether
the required assumptions are satisfied. Typically the method is accurate for large
values of %, and the latent field is assumed to be stationary.

In this work we will focus on the problem where the latent spatial field x(s)
is Gaussian and measured at a set of irregular locations. This means that the

176



2. Problem formulation

posterior distribution 7(x|y) is non-stationary and typically non-Gaussian unless
the measurements are Gaussian and the model parameters are known a priori.
One of our motivating examples is the problem of finding regions with significant
changes in vegetation in the African Sahel studied by Eklundh and Olsson (2003)
and Bolin et al. (2009), and in this example the threshold # is zero, so methods
based on asymptotic arguments when # goes to infinity are unlikely to perform
well.

The structure of the article is as follows. In Section 2, the problem is formu-
lated and definitions for excursion sets and uncertainty regions for contour curves
are given. In Section 3, a method for estimating these sets is proposed. Estimating
the sets is the most difficult problem as one easily runs into computational diffi-
culties arising from having to evaluate high-dimensional integrals. In Section 4,
the methods are tested on a few simulated examples to test the method’s accur-
acy. Two applications to real data are covered in Section 5, the first considers air
pollution data from the North-Italian region Piemonte, and the second considers
estimation of spatially dependent vegetation trends in the African Sahel. Finally,
a few remarks and comments are given in Section 6.

2 Problem formulation

There are a number of different ways one could formulate excursion sets, and not
all of them are useful from a practical point of view. Hence, in this section we will
formalise the problem and discuss how the results should be interpreted. More
precisely we look at two connected problems. The first one is to find areas where
a stochastic process exceeds a given level with some probability and the second
one is to quantify the uncertainty in contour curves of stochastic fields.

Throughout this section, let {2 be a bounded domain of R”, or have a well-
defined area |2| < oo. First some notation for excursion sets of a function and
contour sets is needed.

Definition 2.1 (Excursion sets for functions). Given a function f(s), s € (2, the
positive excursion set A for a level « is given by

AL () = {s € 2;f(s) > u}.
Similarly
A, (F) = {s € 5 f(s) < u}.

is the negative excursion set.

177



In a similar fashion one could now define the set of contour points for the
level  as the set of points s for which f'(s) = #; however, a contour curve consists
not only of these points but also discontinuous crossings of the level #. In order
to incorporate both continuous and discontinuous crossings, a contour point is
defined as a point s such that in every neighborhood B of s

dsi1,80 € B:f(s1) > u,f(s2) < .

The set of all such points is the complement of the union of the interior sets of
the positive and negative excursion sets.

Definition 2.2 (Contour sets for functions). Given a function f(s), s € {2, the
contour set A9, for a level « is given by

A = (AL VAE)
where A° is the interior, relative to {2, of the set A and A° is the complement.

Remark 4. Taking the interiors of the sets A, (f) and A4, (f) is important. Con-
sider for example the following function on {2 = [0, 1]

-1 0<s5<0.5
1 05<s<1.

f) =

In this case Ag’ () UA, (f) = 12, so without taking the interiors of the sets Aj(f)
would be empty when we want to include the discontinuous crossing at 0.5 in
the contour set. It is also important to take the interiors with respect to {2 and
not R, since the endpoints 0 and 1 always would be included in the countour
set otherwise. This may seem as only a theoretical nicety, but the problem with
discontinuous functions occurs frequently in environmental applications when
discontinuous covariates are used for the mean value function of the field. This
makes it essential to not treat contour sets as regions where the function lies close
to a level, but rather as regions where level crossings occur.

The statistical problem is now to find a region D such that the function x(s)
exceeds the level # with a certain probability 1 — o for all s € D. There might be
many such regions, so if one is interested in a single answer one might look for
the largest of these.
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Definition 2.3 (Excursion sets). Let x(s), s € {2 be a random field (or process).
The positive level # excursion set with probability 1 — « is given by

Ef () = argmax{|D| : P(D C A (x)) > 1 — o}
D

Similarly

E, ,(x) = argmax{|D| : P(D C 4, (x)) > 1 — a}.
D

is the negative level # excursion set with probability 1 — .

Remark 5. The set E, (x) can also be formulated as the largest set D for which
P(infepx(s) < u) < o, which can be useful when calculating the set in prac-
tice. Also note that for deterministic functions f one has E,,(f) = A} (f) and
E, (f) = A, (f) forany « € [0, 1].

It is important to realize how the excursion set £, (x) should be interpreted:
It is the largest set so that the level « is exceeded at all locations in the set with
probability 1 — o. It will thus be a smaller set than D,, defined in (1), which
is the set of points where the marginal probability for exceeding the level is at
least 1 — . Another possible definition of an excursion set would be a set that
contains a/l excursions with probability 1 — o. This is a larger set than D,,, given
by E, (x)°. Which set one is interested in depends on the application, but it can
be a good idea to show both to get a better unterstanding of the uncertainties in
the problem.

In certain applications, one might be interested in joint positive and negative
excursions from some level, for example when doing simultaneous regressions and
one is interested in finding regions where the slopes are significantly different from
zero (see Section 5.2 for a possible scenario of this kind).

Definition 2.4 (Level avoiding sets). Let x(s), s € {2 be a random field. The pair
of level « avoiding sets with probability 1 — o is given by

(M), M, ()

= argmax{|D” UDT|: P(D™ C 4, (x), DV C A} (x) >1— a}.
(DF+,D7)

Denote the union of these two sets the level avoiding set M, 4:

M, (x) = M;ra(x) U M;a(x).
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Remark 6. The sets M,/ ,(x) and M,, ,(x) must be non-overlapping for the prob-
ability to be non-zero. The set M, o can be calculated as an excursion set itself.
To see this, define a new random process y(s) by

(s) = u—x(s), s€D”,
P = x(s) —u, s&D.

The probability calculation in Definition 2.4 can now be reformulated as an or-
dinary excursion probability in y:

P(D™ C 4; (x), DY C AF () = P(D~ UD* C AL ().

Also in this case, the set can be found using a reformulation using the infimum
over the region as P(inf,c p— p+ y(s) < 0) < o

Simlarly to the contour sets for deterministic functions were defined, the pair
of level avoiding sets can now be used to define uncertainty regions for contour
curves.

Definition 2.5 (Uncertainty region for contour sets). Let x(s), s € {2 be a ran-
dom field, and let (]\4;7r «(%), M, (x)) be the pair of level avoiding sets from Defin-
ition 2.4. The set

M;a(x) = (M;ra(x)” U M;a(x)”)c
is then an uncertainty region for the contour set of level #.

The interpretation of this uncertainty region is important. The set M , is the
smallest set such that 2// level u crossings of x are in the set with probability 1 — c.
One should note that this definition of the uncertainty region for level curves is
different from some other definitions in the literature. For example, Lindgren
and Rychlik (1995) define uncertainty regions as a union of intervals where each
interval contains a single level crossing with probability 1 — a.

It is somewhat unsatisfactory that the sets defined here are made unique by
finding the largest set satisfying a certain restriction. The set £, ,(x) is for example
defined as the largest set D satisfying P(D C A (x)) > 1 — o, but there are also
many other smaller sets satisfying the requirement, and these are not seen if only
E;: «(x) is reported. Also, if one wants to know where the field likely exceeds
the level #, the set £, ,(x) might not be sufficient since it does not provide any
information about the locations not contained in the set.
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3. Computations

It would instead be good to have something similar to p-values, i.e. the mar-
ginal probabilities of exceeding the level, but which can be interpreted simultan-
eously. To that end we introduce the excursion function, level avoidance function,
and contour function as visual tools for answering such questions.

Definition 2.6 (Excursion functions). The positive and negative # excursion
functions are given by

FT(u,8) = sup{l — s € E,;fa},
F~(u,8) = sup{l — s € E, ,}.

Similarly, the level avoidance and contour functions are given by

F(u,s) = sup{l — s € M, 4},
F(u,s) =1— F(u,s).

These functions will take values between zero and one, and for a fixed level
# and a fixed location s, this value is equal to 1 — « for the smallest o such that
the location is a member of the excursion set. Thus, the set £ , can be retrieved
as the 1 — « excursion set of the function F*(u,s). The interpretation of the
excursion function is therefore that if; for a given location s, the function takes a
value close to one, this indicates that this location is a member of the excursion
sets for alsmost all values of o, whereas if the value of the function is close to zero,
the location is only a member of excursion sets with large values of « and it is
therefore more unlikely that the process exceeds the level at that location.

3 Computations

So far, no assumptions have been made regarding the distribution of x(s), but to
be able to calculate the excursion sets in practice we will now restrict ourselves
to the class of latent Gaussian models, which is a popular model class with many
practical applications (see e.g. Rue et al., 2009). Thus, the following problem
setup is assumed. Let x(s) be a random field that can be written on the form

k
x(s) = Y Bifi(s) + (s)
=1
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where fi(s) are fixed effects and z(s) is a zero mean random field with covari-
ance parameters 6. Further assume that both z(s) and the parameter vector
B=(Bi,...,B)" area priori Gaussian.

Lety = O1,..., ym)T be a vector of measurements of the latent field with
some distribution 71(y|X,4, 02), where x,4; is a vector containing the latent field
evaluated at the measurement locations and 6, is a vector of parameters for the
measurement distribution. Finally let si,...,s, be the set of locations where
predictions of the latent field should be calculated and let x = (x(s;), . . ., x(s,) "
The posterior distribution for x can then be written as

r(xly) = / ~xly, 0)x(@ly) 46, @

where @ = (8] ,0,)7, and this is the distribution that should be used in the
probability calculations when estimating the excursion sets.

There are now, in principle, two main problems that have to be solved in
order to find the excursion sets, level avoidance sets, or contour uncertainty sets:

integration For excursion sets, calculate P(D C A (x)) or P(D C 4, (x)) for a
given set D, or in the case of level avoidance sets or uncertainty regions for
contour curves, calculate P(D™ C A, (x), DT C A} (x)) for the pair of sets
(Dt,D7).

optimization Use shape optimization to find largest region D satisfying the re-
quired probability constraint.

Hence, given a method to solve each of the two problems, one could simply
run the shape optimization algorithm and in each iteration calculate the required
probability using the integration method. In theory there are no problems doing
this, but in practice the integration method will be computationally demanding
and it may not be feasible to use this strategy for applications involving large data
sets. Therefore, we instead propose a slightly different strategy that will minimize
the number of calls to the integration method by solving the problem sequentially.
We first outline the strategy in the simplest possible situation, which will be used
as a basis for all other more complicated strategies.

The method is based on using an increasing parametric family for the excur-
sion sets in combination with a sequential integration routine for calculating the
probabilities. The advantage with using a sequential integration routine is that if
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3. Computations

the required probability has been calculated for some set Dy, then the calculation
for a larger set D, D Dj can be based on the result for Dy, resulting in large
computational savings.

Algorithm 3.1 (Calculating excursion sets using a one-parameter family). Assume
that the model parameters 0 are known and that the posterior distribution n(x|y, 0) is
Gaussian. Further assume that D(0) is a parametric family for the possible excursion
sets, such thar D(o1) C D(e2) if o1 < e2. The following strategy is then used to
calculate E,f .

1. Choose a suitable (sequential) integration method for the problem.

2. Reorder the nodes to the order they will be added to the excursion set when the
parameter p is increased.

3. sequentially add nodes to the set D according to the ordering given above and in
each step update the probability P(D C A (x)). Stop as soon as this probability
Jalls below 1 — o.

4. E;fa is given by the last set D for which P(D C A} (x)) > 1 — o

The computational savings of this sequential strategy are large. For example,
assume that we want to find the positive level # excursion set E,,(x), and have
m candidates D(¢1), ..., D(o) to choose from. Using the naive optimization
method, we would then have to check whether P(D(p;) C A (x)) > 1 — « for
each of these sets, and among the sets that satisfy the condition select the largest.
Thus doing the probability calculation 72 times. However, by reordering the nodes
and adding them sequentially we only have to run the integration routine once.

Before extending this method to more general situations, we go into more
detail on how to do the steps in Algorithm 3.1 in practice. In Section 3.1, a
few sequential integration methods are presented. In Section 3.2, some different
parametric families for the excursion sets and level avoidance sets are introduced
and Algorithm 3.1 is extended using two-parameter families. The problem of
how to optimally reorder the nodes is also discussed in this section. Finally in
Section 3.3, three different methods are proposed for calculating excursion sets
under the full posterior distribution (2).
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3.1 Gaussian probability calculations

For a Gaussian vector x, the probabilities P(D C A} (x)), P(D C A4, (x)), and
P(DT C Af(x), D~ C A (x)) can all be written on the form

1

10" e

/ exp(—leE_lx) dx, (3)
a<x<b 2

where a and b are vectors depending on the mean value of x, the domain D, and
on #. There have been considerable research efforts devoted to approximating
integrals of this form in recent years, and we will in this section briefly describe a
few techniques that can be used.

3.1.1 Quasi Monte Carlo methods

The simplest way of approximating (3) is to use Monte-Carlo (MC) integration.
However, estimating the probability with any reasonable accuracy using stand-
ard MC integration is often too computationally expensive. Fortunately there
are 2 number of variance reduction techniques that can be used to increase the
efficiency.

A key step in many numerical integration techniques is to transform the in-
tegral to make it more suitable for integration. Notably, Genz (1992) derived
such a transformation for the Gaussian integral (3), though similar transforma-
tions have been suggested by other authors as well (see e.g. Geweke, 1991). Genz
(1992) begins by calculating the Cholesky factor L of 3 and then transforms the
integral as

1 1
—_— —= d
Q2n)d/2 /anggb exp( 2)’ y) dy

by ba(n) Z511(5’1;;{—1)
= [To [0 [ s0ndy

212(}’1) a'(ylja'_l)

I(a,b,X) =

where z; = L;l(azz- - ZJZ;} Liyp), z,- = L;l(bz- - ZJZ;} Liyj), ¢(x) is the stand-
ard Gaussian probability density function, and y, , ; = {y1,...,94—1}. After
this, two more transformations are made to transform the integral to the unit hy-
per cube [0, 14. Firstly, let y; = @ !(z;), where @(x) is the standard Gaussian
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3. Computations

cumulative distribution function, and secondly let z; = d; + (e; — d;)w; where

di(wi;i—1) =P@(P (21 (w1)), ..., " (zim1 (wi1)))
ei(Wiio1) =D(bi (D a1 (1)), . . ., D a1 (wi1))).

Then the integral /(a, b, 3) can be rewritten as

1 1 1
(o1 — ) / (e2(0r) — do(a0y) - - / (gt W1 1) — g1 (W) / dw.
0 0 0

Besides having transformed the integral to the unit hyper cube, the transformation
has also achieved a separation of the variables so that the full problem can be
calculated sequentially.

This integral can then efficiently be evaluated using a quasi MC (QMC)
method where the uniform random numbers in the ordinary MC integrator are
replaced by some deterministic sequence of points chosen to reduce the probab-
ilistic error bound of the crude MC integrator. There are a number of ways such
deterministic sequences can be chosen in, and it is outside the scope of this article
to cover these, see Genz and Bretz (2009) for details.

A final variance reduction technique for the general integration problem can
be achieved by reordering the variables before calculating the integral. Schervish
(1984) originally proposed sorting the variables so that the first variable has the
shortest integration interval and inte innermost integral has the widest interval.
Gibson et al. (1994) improved this reordering by sorting the variables so that the
innermost integral has the largest expected value. This reordering can reduce the
error by an order of magnitude, as shown by Genz and Bretz (2002). However,
the technique will not be applicable in our situation since the reordering will be
determined by a parametric family for the excursion sets.

3.1.2 Methods for Markov random fields

A common assumption in spatial statics and image analysis is that the latent
field can be modeled, or approximated, using a Gaussian Markov random field
(GMREF). One of the motivating reasons for using GMRFs is that it reduces the
computational cost for parameter estimation and spatial prediction, and because
of this one would also like to be able to use the Markov property in the calculation

of (3).
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The main difference between latent GMRF models and standard Gaussian
models is that the distribution is specified using the (sparse) precision matrix in-
stead of the covariance matrix:

Q2 1 T
[(a,b,Q) = W/agxsb CXP(—EX QX) dX, (4)

Using the QMC methods from the previous section directly is difficult without
first inverting the precision matrix and then ignoring the sparsity of Q in the
calculations. To take advantage of the sparsity of Q one can use the fact that
any GMRF can be viewed as a non-homogeneous auto-regressive process defined
backwards in the indices of x (see Rue and Held, 2005, Theorem 2.7), that is, if
x is a GMRF with mean @ and precision matrix Q, then

R~ _
Xil%ip1, .o %, ~ N[ — P Z L — u), L% | )
sz:z'—i—l

where L;; are the elements of the Cholesky factor of Q. The integral can thus be
written as

b by ba—1 ba
Ita,b,Q) = / 1 [x2.0) / s ) - - / R l%) / Axa) dx
a1 a a a,]

d—1

where, because of the Markov structure, x;|x;1 1.4 only depends on the elements
in Xp7{i+1:4}> and N is the neighborhood of 7 in the graph of the GMRE

If Q is a band-matrix, the integral can be efficiently calculated as a sequence
of iterated one-dimensional integrals as discussed in Genz and Kahaner (1986).
However, the band width of L will often be too large for this method to be effi-
cient, and a better alternative is then of use a particle filter algorithm based on the
GHK simulator (Geweke, 1991, Hajivassiliou, 1991, Keane, 1993). Denote the
integral of the last 4 — 7 components by /;,

b; ba'—l ba'
11‘2/ 7T(Xi|Xi+1:d)"'/ 7T(x41|xd)/ mlxg) dx,
a; aj_q a4

and note that the integral is the normalizing constant to the truncated dens-
ity fix;.y) = l(azy < %34 < bpy)n(x;4). The integrals 7 ,...,I; are now
estimated sequentially using importance sampling. In the first step, calculate
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Iy = O(Lii(by — ug) — P(Lii(ag — 14g)), simulate NV samples {x] }Ail from the
truncated normal distribution 4,(x;) = 1(a; < x4 < b,)7(xy), and set w;, =1,

Next, simulate xiz | from hy_q(xy_ 1|x]) = Way_1 < xg_1 < by_1)mlx,_ 1|x])
and setxid Ld = {x] x]} The integral 7, ; isestimated as ;| ~ Z] ) w/d .

where w]ﬂ,f1 are the importance weights w]ﬂ,f1 = f1-1&4—1.4)/Pa—1(X4—1.4). Pro-
ceed like this, simulating from the truncated conditional distributions, and in
each step update the importance weights recursively through

u/;: P Lzz 2 (uz)"i_z

j=i+1

=& | Lij(a; — i) + Z Li(X; — ) Wéﬂ-
=it

A common problem with sequential importance sampling is weight degeneration,
i.e. that most of the importance weights will become very small after a few steps
and the integral approximation will be determined by only a few particles with
large weights. To reduce the variance of the estimator when the target probability
is small, a resampling step can be performed after having calculated the weights
u/ The sample {1/ } is then updated by selectmg N particles from the set, where

X .1 1s selected with probability W, ./ SV +_; w*. To avoid resampling too often, one
can do the resampling only if some criterion is met, for example if the effective
sample size is below some given threshold (see for example Doucet et al., 2001,
for an introduction to particle filter techniques).

3.2 Parametric families

In theory one can use any shape optimization technique to find the largest region
D. However, since evaluating the probability P(x(s) > %, s € D) for a given set D
is computationally expensive, one would like to do as few iterations as possible in
this step. As discussed previously, we will solve this by assuming a parametric form
of the sets D. The optimization can then be reduced to a standard optimization
of only a few variables instead of doing a full shape optimization procedure. The
parametric families will be based on the marginal quantiles of x(s),

Px(s) < g.(s)) = p,
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which are easy to calculate using only the marginal posterior distributions. The
simplest one-parameter family based on the marginal quantiles is given in the
following definition.

Definition 3.2 (One-parameter family). Let g,(s) be the marginal quantiles for
x(s), then a one-parameter family for the positive and negative # excursion sets is
given by

Dy (o) = {s;P(x(s) > u) > 1 — p} = {s; P(x(s) < u) < p} = A (¢p),
Dy (p) = {s;P(x(s) < u) > 1 —p} = {s; P(x(s) > u) < o} = A4, (q1—p)-

Using this one-parameter family in Algorithm 3.1 is equivalent to finding a
threshold value for the marginal excursion probabilities to get the correct simul-
taneous significance level. It is thus similar to the thresholding algorithms dis-
cussed in Marchini and Presanis (2003) but with the important difference that
the correct joint, often non-stationary, posterior density is used when finding the
threshold.

The simple one-parameter family can be extended in a number of ways, for
example by considering other levels in the excursion sets.

Definition 3.3 (Two-parameter family). Let g,(s) be the marginal quantiles for
x(s), then a two-parameter family for the positive and negative # excursion sets is
given by

Dy (v,0) = {s;P(x(s) > v) > 1 — p} = {s; P(x(s) < v) < o} = A4 (qp),
Dy (v,0) = {s; P(x(s) <v) > 1 —p} = {s;P(x(s) > v) < o} =4, (q1-0).

The sets D} (v, o) and D7 (v, p) are increasing in p for a fixed .

One drawback with this parametric family is that it does not take the spatial
dependency of the data into account directly. Therefore certain sets which might
seem reasonable to test are not included in the family. Consider the example in
Section 4.1, Figure 1, Panel (a), where the marginal excursion probabilities are
shown in grey for an example in one dimension where the model is a Gaussian
process with exponential covariance function. The estimated posterior mean in
this example is shown as the black curve in Panel (b) in the figure, and in this
situation a reasonable candidate for the 0-excursion set might be a contiguous set
centered at 1, [1 — A;, 1 4 A,] for some positive A1, A. However, looking at the
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marginal probabilities we see that sets on this form will not be included in the
parametric family. One way of including such sets is to first smooth the mar-
ginal excursion probabilities p; = P(x(s;) > #) using some parametric smoother
and then consider sets on the form {s;p] > 1 — o} where p} are the smoothed
excursion probabilities.

Definition 3.4 (Two-parameter smoothing family). Let p} be the smoothed mar-
ginal # excursion probabilities, using a circular averaging filter with radius 7. A
two-parameter family for the positive and negative # excursion sets is then given

by

Dy (t,0) = {s;ip; > 1—p},
Dy (t,0) = {s;p; > 1 —p}.

The parameter T determines how close p7 is to the original excursion probab-
ilities. For t = 0, no smoothing is done and for a general 7, p is equal to the
average of the marginal excursion probabilities in the disk with radius T centered
at s;. As T increases p; becomes smoother and approaches a constant function
equal to the average excursion probability. One could also use other types of
parametric smoothers instead of the simple averaging filter.

Using the two-parameter families requires a modification to Algorithm 3.5,
resulting in a slightly more computationally demanding method.

Algorithm 3.5 (Calculating excursion sets using a two-parameter family). Assume
that the model parameters 0 are known and that the posterior distribution n(x|y, 0) is
Gaussian. Further assume that D(v, o) is a parametric family for the possible excursion
sets, such that D(v, 1) C D(v, 2) if o1 < p2 for a fixed v. The following strategy is
then used to calculate E,;,

1. Choose a suitable (sequential) integration method for the problem.
2. Select a suitable one-dimensional optimization strategy.
3. Do optimization of the size of D(v, ®) over v:

o For the current value of v, reorder the nodes to the order they will be
added to the excursion set when the parameter p is increased.

o sequentially add nodes to the ser D according to the ordering given above
and in each step update the probability P(D C A} (x)). Stop as soon as
this probability falls below 1 — a.
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o return the last set D for which P(D C A} (x)) > 1 — «.
4. E}, is given by the largest set D found in the optimization over v.

The optimization can in this case be done using a Golden section search or a
similar fast optimization procedure for one-dimensional problems. Algorithm 3.5
can also be used to estimate uncertainty regions for contour curves by using the
following two-parameter family for the pair of level avoiding sets.

Definition 3.6 (Parametric family for level avoiding sets). Let DI” (e1) and Dy (e2)
be given by Definition 3.2. A two-parameter family for the pair of level avoid-
ing sets is obtained as (DI" (e1), Dy (02)). A one-parameter family is obtained by
requiring that o1 = o = p.

The one-parameter family in Definition 3.6 can be used in Algorithm 3.1 to
estimate level avoiding sets and uncertainty regions for contour curves without
having to use the more computationally expensive Algorithm 3.5.

3.2.1 Domain bounds and reorderings

In the case of a GMREF posterior, it is desirable to make the Cholesky factor of the
precision matrix as sparse as possible, because it reduces the number of floating
point calculations that have to be done and reduces the error of the estimator.
Reordering the nodes according to a parametric family does not guarantee good
sparsity of the Cholesky factor, but the reordering can be improved by finding
upper and lower bounds for the region.

The simplest upper bound for the region is to use

Uy = {s:Plx(s) > u) >1— a},

which is calculated using only the marginal probabilities, and which is the largest
region D if x(s) is a perfectly correlated field. The domain D cannot contain
any locations s which are not in U; because all points not in U; have marginal
probabilities lower than 1 — « of exceeding the level u.

A simple lower bound for the region is obtained using Boole’s inequality as

Ly ={s:Plx(s) >u) > 1—a/n}

where 7 is the number of points in the discretization of the domain. In terms
of multiple hypothesis testing, this lower bound is obtained from the classical
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Bonferroni correction method and an improved lower bound can be obtained
using the Holm-Bonferroni method (Holm, 1979) as

LQZ{SZP(/@) >1—O(/k}

where p(y is the Ath largest probability in the set {P(x(s;) > #),i =1,...,n}. If
the stochastic variables x(s;) are independent, L, is the largest domain D. If the
variables are not independent or perfectly correlated, one has L, C D C Uj.

The nodes can now be categorized into three classes, the first class contains
the nodes included in the upper bound Uj, the second class contains the nodes
in the set L, \ U; and the third class contains all other nodes. Since one knows
that all nodes in U; will be included in D, these can be reordered to maximize
the sparsity of the Cholesky factor, for example using an approximate minimum
degree permutation. The nodes in the second class are then added in the order
determined by the parametric family. Finally, since the nodes in the third class will
not be included in the domain, these can be reordered to maximize the sparsity or
integrated out of the posterior distribution. Making the bounds more precise will
improve the sparsity of the problem and therefore reduce the Monte-Carlo error
and the computational complexity.

3.3 Probability calculations for the latent Gaussian setting

In practice, we cannot use the computations from the previous sections directly
unless we are in a purely Gaussian setting with known parameters. In the latent
Gaussian setting with posterior (2), the method has to be modified. Since this
is a latent Gaussian setting, Integrated Nested Laplace Approximations (INLA)
(Rue et al., 2009) are used to estimate the posterior distributions n(x|y, #) and
m(Bly). First we propose three methods for calculating the excursion probabilities,
assuming that n(x|y, 6) is Gaussian:

EB: (Empirical Bayes) Ignore the parameter uncertainty and calculate the prob-
ability conditionally on a parameter estimate. That is, estimate the excur-
sion sets under the conditional posterior n(x|y, 8¢) where 8 for example
is the maximum a posteriori estimate or the maximum likelihood estimate

of 6.

QC: (Quantile correction) Do a correction to the Gaussian probability calcula-
tions based only on the marginal posteriors in the following way. For each
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i use the marginal posterior to calculate P(x; > 4;ly) and P(x; < &;]y)
and calculate z; and &; so that P(z; > a;ly,00) = Plx; > aly) and
P(z; < Zi]y, 0y) = P(x; < b;ly). An estimate of the probability is then
given by /(a, B, Q(6y)), where Q(8y) is the posterior precision matrix for x
given the estimated parameters.

NI: (Numerical integration) Use the same integration strategy as is used in INLA
when estimating the marginal posterior distributions. The idea is to numer-
ically approximate the excursion probability by approximating the integral
in (2) as

k
P(a < x < bly) = E(P(a < x < bly,0)) = Z w;P(a < x < bly,0,)
=1

where the configuration of the points 6; is taken from the integration in
INLA and the weights w; are chosen proportional to 1(8,y).

The Empirical Bayes estimator is the simplest, and may be sufficient in many
situations. The quantile correction method is based on correcting the limits of
the integral so that the probability would be correct if the x;’s were independent.
This method is as easy to implement as the empirical Bayes method and should
perform better in most scenarios. Finally, the numerical integration strategy is #
times more computationally demanding as the probability has to be calculated for
each parameter configuration 8;, but should also be the most exact method. If
the number of parameters is small one can often obtain accurate results with only
a few parameter configurations, but the accuracy of the estimator will depend on
how these configurations are chosen.

A second modification is required if the conditional posterior n(x|y, 6p) is not
Gaussian. The simplest solution to this problem is to do a Gaussian approxima-
tion 7 (x|y, B9), for example using Laplace approximations or simplified Laplace
approximations as suggested by Rue et al. (2009). If a Gaussian approximation
is not sufficient, the sequential integration method has to be modified, and how
to do this will depend on the posterior distribution. For example, Genz and
Bretz (2009) outline how the quasi Monte Carlo methods can be extended to #-
distributions, and the GHK-based particle filter method can be extended to other
types of distributions as well.
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4 Tests on simulated data

In this section, three examples using simulated data are presented to illustrate the
methods and test their accuracy. In the first example, we look at a problem in
one dimension with known model parameters, where a latent Gaussian process
with an exponential covariance is observed under Gaussian measurement noise.
In the second example, we compare the different parametric families for contour
uncertainty sets for a model in two dimensions with known parameters, where a
latent Gaussian Matérn field is observed under Gaussian measurement noise. In
the third example, the same spatial model setup is used, but this time the model
parameters are estimated from data and the three methods for handling the full
posterior distribution are compared.

4.1 Example 1: 1d Gaussian data with known parameters

We begin with a simple one-dimensional example to illustrate the different sets
we have previously defined. Let x(s), s € [0,2] be a Gaussian process with an
exponential covariance function with scaling parameter A = 1 and mean

s—05 ifs<1
uls) = .
1.5—5s ifs>1.
We generate a trajectory from the model and observe it at 500 locations 51, . . . , 5,

drawn at random in the interval under Gaussian measurement noise, giving us
observations y; = x(5;) + €; where €; ~ N(0,0%). We do spatial prediction
(kriging) to 1000 equally spaced locations in the interval given the parameters
0 and the measurements y, and then estimate the positive 0-excursion function
F1(0,s) using the parametric family Dfr (0, ). In Figure 1, Panel (a), F7(0,s) is
shown in red together with the marginal excursion probabilities P(x(s) > 0) in
grey.

By the definition of 1 (0, s), the positive 0-excursion set E(;’: (%), is obtained
by calculating the 1 — o excursion set of the function F7(0,s), and this set is
shown for @ = 0.05 in red in Figure 1, Panel (b). The grey set shows the upper
bound Ui, which is the set where P(x(s) > 0) > 1 — «, and the dark red set
shows the Holm-Bonferroni lower bound Z,. The black curve shows the kriging
estimate of the process given the data. Note that the grey and red sets are obtained
as excursion sets of the grey and red functions in Panel (a), and also note that
L, C Ef (%) C Uy
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Figure 1: Results from Example 1. Panel (a) shows the excursion function F7 (0, 5)
(red) and the marginal excursion probabilities p(s) = P(x(s) > 0) (grey). Panel (b)
shows Eg" 0.05@) in red, obtained as A(")"_ 95 (F1). The grey area shows A(")"_95 (),
which is the upper bound U, and the dark red set is the lower bound Z;. The
black curve is the kriging estimate of x(s).

We now want to verify that the estimated sets E&' (%) have the correct excur-
sion probability, that is, that P(x(s) > 0,5 € E(;': +x) = 1 — a To that end,
draw N samples, x1(s), ..., xy(s) from n(x|y, @), count the number of samples
for which inf{x(s), s € E&r 4(x)} > 0, and denote this number by /V;. Further let
(@) denote the proportion of samples, IV;/N, that satisfies the requirement. If
E&r (%) is correctly estimated, p(c) should be close to 1 — o. In Figure 2, Panel (a),
the difference 1 — o — p(a) is shown as a function of 1 — . The difference is
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4. Tests on simulated data
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Figure 2: Results from Example 1. Panel (a) shows 1 —a—P(x(s) > 0,5 € EO"': MEY))
as a function of 1 — «, estimated twice using Monte-Carlo simulation of x. Panel
(b) shows the estimated contour uncertainty set M; 0,05 (x).

calculated twice, using two different estimates p(a), each based on N = 50000
samples. As can be seen in the figure, the difference is very small for all values
of @, and the difference that can be seen is mostly due to the Monte-Carlo error
in the estimation of p(®). Thus the sets E&r  indeed have the correct excursion
probabilities.

Finally in Figure 2, Panel (b), the 0-contour uncertainty region M; 0,05 (x) is
shown in red and the kriging estimate of x(s) is again shown in black. The set was
estimated using the two-parameter family for level avoidance sets from Definition
3.6 and Algorithm 3.5. The complement of this set is the union of the level
avoiding sets (]\40_’0.05 (x)7M<j,_o.05 (x)), which is the largest pair of sets (D", D7)
satisfying P(D~ C A, (x), D C A (x)) > 0.95.

4.2 Example 2: 2d Gaussian data with known parameters

In this example, we change to a spatial model to test the parametric families for
contour sets. Let x(s), s € [0,10] x [0, 10], be a Gaussian field with a constant
mean 4 = 0 and a Matérn covariance function

21—v¢2
4 (v + )r2

C(Ih]) = (k[[h[)" K (), ©)

where v is a shape parameter, k2 a scale parameter, ¢* a variance parameter, K, is

a modified Bessel function of the second kind of order v > 0, and || - || denotes
the Euclidean spatial distance. We use the SPDE representation by Lindgren et al.
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Figure 3: Results from Example 2. Panel (a) shows a kriging estimate and Panel (b)
shows the same estimate where the corresponding estimated contour uncertanty
set Mg g o5(x) is superimposed in grey.

(2011) of the field using a triangulation based on an 80 x 80 regular lattice in the
region. The representation is a piecewise linear approximation x(s) = ) . x;¢;(s)
of the field using 6400 piecewise linear functions ¢;(s), each centered at one of
the nodes in the lattice. The advantage with this representation is that it allows
us to do all calculations using the weights x of the basis expansion, which form a
Gaussian Markov random field.

We set v= ¢ = 1, and k> = 0.5, and generate a sample of the field and
measure it at 1000 locations in the square, chosen at random, under Gaussian
measurement noise, giving us observations y; = x(s;) + ¢€; where €; ~ N(0, o?)
and o = 0.1. The posterior estimate (kriging) of x|y can be seen in Figure 3,
Panel (a), and the uncertainty region Mé,o.os(x) for the 0O-contour can be seen
in Panel (b). In this case the M o5(x) was estimated using the one-parameter
family in Definition 3.6, and it is now of interest to test how much is gained by
using the two-parameter family from the same definition instead.

To that end, we generate 50 data sets using the same setup, and for each
data set estimate M670_05(x), first using the one-parameter family (DI" (©), Dy (),
and then using the more general two-parameter family (DI" (e1), Dy (p2)). Since
the one-parameter family is a special case of the two-parameter family where
p1 = p2 = o, the contour sets estimated with the two-parameter family should
always be smaller than the one-parameter sets. However, using the two-parameter
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4. Tests on simulated data

family, the estimated sets are on average only 0.2% smaller than if the one-
parameter family is used, so in this case it is arguably not worth the extra com-
putational effort to use the two-parameter family, although for other levels #, or
other latent models, the difference might be larger.

4.3 Example 3: 2d Gaussian data with unknown parameters

In this example we compare the three methods,described in Section 3.3, for hand-
ling the full posterior distribution (2) in the calculations. The same Gaussian
Matérn model is used as in Example 2, with the difference that we now also es-
timate the parameters from the data.

We set v= ¢ = 1, and k? = 2 in the covariance function (6), and generate
a sample of the field and measure it at 1000 locations in the square, chosen at
random, under Gaussian measurement noise, giving us observations y; = x(s;)+¢;
where €, ~ N(0, 6?) and o = 0.5. Given the measurements, we estimate the
parameters and the marginal posterior distributions using INLA. The posterior
estimate (kriging) of x|y can be seen in the lower right panel of Figure 4, and in
the lower left panel, the marginal probabilities P(x(s) > 0]y) are shown.

We now estimate the excursion function F7(0,s) using the three different
methods described in Section 3.3 and the one-parameter family from Defini-
tion 3.2 for the excursion sets. These can be seen in the upper panels of Fig-
ure 4. Visually it is in this case difficult to see any differences between the three
estimates of the excursion function. To compare the accuracy of the estimates we
will do a simular comparison to the one performed in Example 1, where Monte-
Carlo simulation was used to estimate p(), the proportion of samples satisfying
inf{x(s),s € ng 4x)} > 0, which should be close to 1 — o if E&r (%) is correct.

There are three possible sources of errors in this comparison. The first one
is the Monte-Carlo error from the estimation of p(a), which has nothing to do
with the accuracy of the method. The second error is the Monte-Carlo error in
the probability estimation when estimating the excursion distribution functions.
This error is, however many orders of magnitude smaller in this case. The final
error is the approximation error induced by using any of the three methods EB,
QC, or NI for handling the full posterior distribution.

To investigate this approximation error, the difference 1 — o — p(a) is estim-
ated for the three estimates of F7(0,s). First we base the estimate on 20000
samples from the posterior 1(x|y), obtained using the MCMC sampler described
in Appendix A. In Figure 5, Panel (a), the results can be seen for the EB method
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Figure 4: Results from Example 3. In the top row, three estimates of the excursion
function can be seen using the EB method (left), the QC method (middle), and
the NI method with 15 parameter configurations (right). In the bottom row, the
marginal p-values for exceeding the limit can be seen in the left panel, using the
same color scale as for the top row. The middle panel shows the set Ea' 0.05 )
given by excursion function estimated by the NI method. Finally the right panel
shows the kriging estimate of the latent field.

(blue), the QC method (green), the NI method with # = 45 parameter settings
(red), and the NI method with # = 15 parameter settings (cyan). The compar-
ison was done twice, with two different samples of size 20000 when calculating
(@), and the curves of the same color show these two and give an indication of
the size of the Monte-Carlo error in the comparison. As seen in the figure, the NI
method performs best, as expected.

The error using the NI method comes from the fact that only finitely many
points are used in the integration when approximating the posterior distribution
for the parameters. That is, the full posterior 7(8|y) is approximated by a discrete
distribution with point masses at the parameter configurations 6; used in the
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Figure 5: Results from Example 3 showing the difference 1 — o — p(e) as a func-
tion of 1 — « for the different approximation methods, EB (blue), QC (green),
NI using 45 parameter configurations (red), and NI using 15 parameter config-
urations (cyan). p() is an estimate of P(x(s) > 0,s € E&' +*)) based on MCMC
simulation of x(s), which should be close to 1 — « if Ea' 4(x) is correctly estim-
ated. In Panel (a), p(a) is estimated using the full posterior distribution, and in
Panel (b), p(@) is estimated using the discrete posterior distribution defined by
the 45 parameter configurations from the NI method. The comparison was done
twice, with the two different estimates of p(), each based on 20000 samples of
x(s), and the curves of the same color shows these two.

integration, m(@;) = w;. To verify that this indeed is the source of the error
in, we construct a second Monte-Carlo sampler where we instead of sampling
0 from the full posterior 7(f]y) sample it from the discrete distribution defined
by the 45 parameter configurations used in the first NI method. Panel (b) in
Figure 5 shows the same comparison as Panel (a) but where 8 is sampled from the
discrete distribution. As expected, the error for the NI method with 45 parameter
configurations is now smaller.

The Monte-Carlo error from estimating p(a) is quite large in Figure 5, so to
get a better understanding of the other errors, a larger study was also performed
where the procedure in Figure 5 was repeated 50 times for 50 different simulated
data sets, and for each data set V = 60000 draws from the posterior was used
when estimating p(). The average errors of these 50 runs can be seen in Fig-
ure 6. In Panel (a) the results using samples from the full posterior is shown,
and in Panel (b) the results using the discrete distribution for @ is shown. Note
that the red curve is very close to zero in Panel (b), indicating that the error in
the NI method mostly depends on choosing the integration points for 8 so that
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Figure 6: Results from Example 3 showing the difference 1 — o — p(@) as a func-
tion of 1 — « for the different approximation methods, EB (blue), QC (green), NI
using 45 parameter configurations (red), and NI using 15 parameter configura-
tions (cyan). The same setup as in Figure 5 was repeated 50 times for 50 different
datasets and 60000 samples were used when estimating p(). This figure shows
the average error of these 50 runs.

they capture the true posterior distribution well. Also note that the QC method
performs well for large values of 1 — &, and since one most often is interested in
finding the excursion sets for small values of o, this method is then a good way of
finding such sets with less computational effort than using the NI method.

5 Applications

In this section, we will use the techniques described above in two different applic-
ations. In the first, we study air pollution data from Piemonte region in northern
Italy and estimate regions where the daily limit for PM¢ (particulate matter with
an aerodynamic diameter of less than 10 ym) is exceeded. In the second applic-
ation, we study vegetation index data from the African Sahel and estimate areas
that experienced a significant increase in vegetation after the drought period in the
early 1980’s. In both of these applications the data sets are large, and the Markov
structure of the latent Gaussian models has to be used in the calculations.

5.1 Air pollution data

High levels of air pollution can be harmful for the ecosystems and the human
health. The effects on human health ranges from minor effects to the cardio-
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respiratory system to premature mortality (Cohen et al., 2009, Cameletti et al.,
2012). Because of this, environmental agencies have to assess the air quality in
order to take proper actions for improving the situation in polluted areas, and an
important tool in this process is the ability to produce continuous maps of air
pollution.

A region where the daily limit values fixed by the European Union for human
health protection (see EU Council Directive 1999/30/EC) are periodically ex-
ceeded is the Piemonte region in northern Italy. Recently, Cameletti et al. (2012)
proposed a statistical model to capture the complex spatio-temporal dynamics of
PM;¢ concentration in the region and used it to produce daily maps of PMy.
They also produced daily maps of exceedance probabilities of the value 50ug />,
which is the value fixed by the European directive 2008/50/EC for the daily mean
concentration that cannot be exceeded more than 35 days in a year. These probab-
ility maps only considered the marginal excursion probabilities, and no attempts
of producing maps of simultaneous exceedance probabilities were made. In the
following, we will therefore consider the same model and data but also estimate
the excursion functions for the 50ug /7> limit value.

Cameletti et al. (2012) considers daily PM;o data measured at 24 monitor-
ing stations by the Piemonte monitoring network during 182 days in the period
October 2005 - March 2006. Denoting the measurements made at location s; at
time # by y(s;, #), the following measurement equation is assumed,

Hsiy 1) = x(si, 1) + €(si, 2), @)

where €(s;, £) ~ N(0O, of) is Gaussian measurement noise, both spatially and tem-
porally uncorrelated, and x(s;, #) is the latent field of true unobserved air pollu-
tions. The latent field is assumed to be on the form

p
x(si8) = Y zulsi, O + S(sis 1), (8)

k=1

where the p = 9 covariates z;, are used and £ is a spatio-temporal Gaussian ran-
dom field. Based on the work of Cameletti et al. (2011) the following covariates
were used: /) Daily mean wind speed; 2) daily maximum mixing height; 3) daily
precipitation; 4) daily mean temperature; 5) daily emissions; 6) altitude; 7) lon-
gitude; 8) latitude; and 9) intercept. These covariates are provided with hourly
temporal resolution on a 4 km X 4 km regular grid by the environmental agency
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of Piemonte region (Arpa Piemonte). The spatio-temporal process & is assumed
to follow first order autoregressive dynamics in time with spatially dependent in-
novations:

S(siy 1) = allsiyt — 1) + ws;, 2), )

where |a| < 1 and w(s;, #) is a zero-mean temporally independent Gaussian pro-
cess characterized by the spatio-temporal covariance function

0 ifl’] 7’é 5]
C ir 1), j» - .
ov(w(s;, t1), &(s;, 12)) {C(H s; —s;||) otherwise, 1o

where C(-) is a Matérn covariance function given by (6). The model parameters
and the posterior distribution for the latent field are then estimated using INLA in
combination with the SPDE representation of Lindgren et al. (2011), see Came-
letti et al. (2012) for details.

The map of marginal excursion probabilities for the level 50ug/m° for Janu-
ary 30, 2006, based on the estimated posterior distribution for x, can be seen in
the left panel of Figure 7. To avoid inappropriate linear extrapolation of the effect
of elevation beyond the range of the elevation of the observations, the results are
only shown for areas below 1km. Based on these results, we now estimate the pos-
itive excursion function for the level 50ug/m?, F*(50,s), using the NI method
from Section 3.3 and the parametric family of excursion sets from Definition 3.2.
A total of 25 parameter configurations are used in the integration. The result can
be seen in the right panel of Figure 7. As seen in the figure, there are three regions
where the level is clearly exceeded, and a fourth that possibly contains too high
pollution levels. As expected, these areas coincide with the locations of the main
metropolitan areas in the region; Turin, Novara, Vercelli, and Alessandria. In this
case, it would have been desirable to make the predictions on a finer spatial scale,
but since the covariates were given on a 4 km X 4 km grid, this spatial resolution
had to be used in the prediction.

To get a better understanding of the results, it is also of interest to find the
regions where the pollution level is simultaneously below the limit value with
some given probability. The marginal probabilities for being below be the level
50ug/m>, based on the estimated posterior distribution for x, can be seen in the
left panel of Figure 8. The results are again only shown for areas below 1km
altitude. Using the same method as for the positive excursion function, we now
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Figure 7: Results from the PM;q application for January 30, 2006. A map of
the marginal exceedance probabilities for 50ug/m> (left), and the joint excursion
distribution function for the level (right).

estimate the negative excursion function for the level 50ug/m°, F~(50,s). The
result can be seen in the right panel of Figure 8.

Note that the union of E;B,o.l (x) and ES 01 (x) covers only a small part of
the region, indicating that the uncertainty in the problem is large. See the red
and blue sets in the left panel of Figure 9. Also, by taking the complement of
the set ES_O,O.1 (x), we get the region that contains all exceedances of the level with
certainty 0.9, indicated in grey in the left panel of Figure 9. This set is large,
indicating that there are many regions where the level possibly is exceeded. Hence,
it is important to note that the positive excursion set EST),O.I (x) is small because the
uncertainty is large in the problem, and not because the other regions certainly
have concentrations below the level.

To verify that the uncertainty is large, we finally calculate the contour function
for the level 50ug/m?, F¢(50,s), using the NI method and the one-parameter
family from Definition 3.6 for the pair of level avoiding sets. The result can be
seen in the right panel of Figure 9, and it can be seen that the uncertainty regions
for the countour curve indeed cover a large part of the region.

203



Marginal probabilities Excursion function £~ (50, s)

0.9

0.8
t 0.7
1 0.6
+ 0.5
4 0.4
0.3
0.2
0.1

0

Figure 8: Results from the PM; application for January 30, 2006. A map of the
marginal probabilities for the field being below the level 50ug /7 (right), and the

joint negative excursion distribution function for the level (left).

5.2 Spatially dependent temporal trends in vegetation data

Trends in vegetation cover are related to changes in climatic drivers, feedback
mechanisms between the atmosphere and land surface, and human interaction.
A region with rapid recent changes is the African Sahel. This zone has received
much attention regarding desertification and climatic variations (Olsson, 1993,
Nicholson, 2000, Lamb, 1982). Recently, Eklundh and Olsson (2003) observed
a strong increase in seasonal vegetation index over parts of the Sahel using Ad-
vanced Very High Resolution Radiometer (AVHRR) data from the NOAA/NASA
Pathfinder AVHRR Land (PAL) database (Agbu and James, 1994, James and Kal-
luri, 1994), for the period 1982-1999. The study was based on ordinary least
squares linear regression on individual time series extracted for each pixel in the
satellite images. The results of Eklundh and Olsson (2003) were later improved
by Bolin et al. (2009) where a spatial model for the vegetation was used in the
analysis to capture the spatial dependencies in the trend estimation.

To find regions where changes in the vegetation have occurred over the course
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Figure 9: Results from the PM; application for January 30, 2006. In the left
panel, the set E;(')70.1(x) is shown in red, ES 01 (x) in blue, and it’s complement
E;(_),O.l(x)‘ in grey. The contour curve for the level 50ug/m’ is shown in green.
The right panel shows the contour function for the level 50ug/m°, F¢(50, s).

of the studied time period, both Eklundh and Olsson (2003) and Bolin et al.
(2009) used significance testing for the individual pixels in the field. Thus, pixels
that individually had significant changes in vegetation were found, but no at-
tempts were made to find simultaneous excursion regions. Here, we will use a
similar model to that of Bolin et al. (2009) but also estimate joint excursion re-
gions for the vegetation trends.

Assume that the vegetation measurements year ¢ are generated as,

Yt|Xl'a 25; E N(AtXt7 EE;)’

where X, is the latent vegetation field with prior distribution n(X;), 3, is a meas-
urement noise covariance matrix, and A, is an observation matrix determining
which pixels in the field that are observed. To estimate time varying trends in the
observations, X is restricted to follow a field of spatially varying linear trends:

X, =K; + K, (11)
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The prior distribution for K = [K],Kj ]T is obtained by evaluating the joint
distribution for X = [XIT, ... ,X;]T conditionally on the restriction (11). We
choose a second-order polynomial IGMRF (Rue and Held, 2005, Section 3.4.2)
prior for X and then calculate the corresponding prior distribution for K, (see
Bolin et al., 2009, for details).

To complete the model, the structure of 3. needs to be determined. Many
of the factors that the measurement noise should model are local phenomena,
such as aerosol and cloud cover. Since it seems unreasonable that the scale of
these disturbances would be the same over the entire region, Bolin et al. (2009)
assumed that the measurement noise was uncorrelated with a different noise vari-
ance at each pixel in the field. This results in a large number of parameters for
the measurements noise, one for each pixel in the field, so here we instead use a
different slightly simplified noise model. We divide the region into five different
land cover categories using the Africa Land Cover Characteristics Data Base Ver-
sion 2.0 (http://edc2.usgs.gov/glcc/glcc.php): I) Bare desert; 2) Semi
desert; 3) Savanna; 4) Crops, grass, and shrubs; and 5) Forests and wetlands. The

measurement noise variance at pixel s; is then modeled as

5
log *(s;) = Y _ Oby(sy), (12)

k=1

where b;(s) is the spatial basis function with values equal to the proportion of
vetetation type £ at each pixel s. The parameters of the model are thus the scale
parameter £ and the five measurement noise parameters 6;,...,60s. A gamma
prior is assumed for k and gaussian priors are used for ;.

We choose to study the western part of the Sahel region, and this area is
divided into 35463 pixels of size 8 km x 8 km, so the field K has 70926 elements,
and there are 547832 measurements from 17 years of data starting in 1982 and
ending in 1999.

The model parameters and the marginal posterior distributions are estim-
ated using the INLA framework and the excursion sets are estimated using the
QC method from Section 3.3. The results can be seen in Figure 10 and Figure 11.
The top panel in Figure 10 shows the posterior estimates of the intercepts, Kj,
and the slopes, K, is shown in the bottom panel. As expected, intercepts are
larger in the savanna regions to the south, and smaller in the semi desert regions
to the north. The top panel of Figure 11 shows the estimated standard deviation
of the measurement noise using model (12). It is worth noting that these results
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Figure 10: Results from the Sahel vegetation data. The top panel shows the
posterior estimates of the regression intercepts, Kj, and the botom panel shows
the estimated slopes, K.

look reasonable, with larger measurement errors in the coastal region and where
there are forests and wetlands, and smaller measurement errors in desert and semi
desert regions. Finally the bottom panel of Figure 11 shows the estimated excur-
sion set E&' 0.05(K2) in red and the point-wise positive significant trends in green.
The interpretation of the result is that one with high certainty can conclude that
the areas indicated in red have experienced an increase in vegetation over the stud-
ied time period. Hence, conclusions drawn by Eklundh and Olsson (2003) seem
valid, also when taking the spatial dependency of the vegetation into account and
when estimating the excursion sets controlling the family-wise error.
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Figure 11: Results from the Sahel vegetation data. The top panel shows the
estimated standard deviation of the measurement noise and the bottom panel
shows the estimated excursion set E&t 0.05(K2) in red and the point-wise positive
significant trends in green.

6 Discussion

Estimating excursion sets and uncertainty regions for contour curves for stochastic
fields are difficult problems. In this work, we have presented a method for calcu-
lating such sets for latent Gaussian models. The main idea is to use a parametric
family for the excursion sets in combination with a sequential integration method
to reduce the computational effort required when estimating the sets in practise.
Tests on simulated data showed that the method is accurate, and two applications
were presented to show that the method is applicable even to large environmental
problems.

There are a number of extensions that could be made to this work. First of
all, using the one-parameter family for the excursion sets gives a method that falls
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into the broad category of p-value thresholding methods for estimating simultan-
eous excursion sets. It would therefore be interesting to do a comparison with
other similar methods with respect to the accuracy and computational complex-
ity. Another interesting comparison would be to compare the uncertainty regions
for contour curves produced by these methods to those of Lindgren and Rych-
lik (1995). One could potentially also combine these methods with the work by
Polfeldt (1999) to make statements on the quality of contour maps.

We also presented other parametric families that can be used to obtain more
complicated methods for estimating the excursion sets, with the possibility of
finding more precise estimates under the cost of higher computational complex-
ity. Initial comparisons showed that there is not much gain in using these more
complicated methods, but so far these comparisons have only been made using
fairly simple latent models, and the gain is likely higher when the latent models
are more complex. Hence, more studies are required to verify if this is the case and
to investigate in what situations it is appropriate to use the simple one-parameter
families.

As the method is valid for the same class of models as the INLA framework
is used for, it is our intention to integrate these two in order to minimize the
coding effort required of the user for using these methods in practice. Therefore,
our main focus at the moment is to implement these methods in the R-INLA
package (r-inla.org).
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A Notes on the MCMC algorithm used in Example 3

To generate samples from the posterior distribution n(x|y) in Example 3, an
MCMC algorithm is used. The algorithm is a random-walk Metropolis Hast-
ings algorithm (Metropolis et al., 1953, Hastings, 1970) with proposal kernel

q({xoldv aold}v {X, 0}) = ﬂ(x‘% 0)79 (aolda 0).
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A new proposal of the parameters @ = (log(0), log(k), log(¢)) is proposed based
on the old value 8,4 using @ ~ N(8,4,2p). Here 3y is a scaled version
of the Hessian matrix evaluated at the maximum posterior estimate of 6. The
scaling is selected as suggested by Gelman et al. (1996). A new value for x
is then proposed using the marginal posterior distribution n(x|y, ) given by
x|y, 0 ~ N(%Q_IATy, Q). Here Q = Q + %ATA, where Q is the preci-
sion matrix for x and A is an observation matrix determined by the measurement
locations. The acceptance probability simplifies to

. ﬂ(901d|)’)>
o =min|( 1, ——— |,
-MCMC < 7'1.'(0’)’)

where the posterior 1(8|y) is given by

Q> 7(6) 1 (AQ AT

Since the proposal for x does not affect the acceptance probability, a new proposal
for x is only generated if @ is accepted. With only three parameters in the model,
we achieve good mixing this way, but being an MCMC-procedure it is still highly
computationally demanding since the calculation of the acceptance probability re-
quires a few Cholesky factorizations and back substitutions based on the posterior
precision matrix for x.
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