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Abstract This work pertains to the simulation of an intrinsic random field of order &
with a given generalized covariance function and multivariate Gaussian generalized
increments. An iterative algorithm based on the Gibbs sampler is proposed to simulate
such a random field at a finite set of locations, resulting in a sequence of random
vectors that converges in distribution to a random vector with the desired distribution.
The algorithm is tested on synthetic case studies to experimentally assess its rate
of convergence, showing that few iterations are sufficient for convergence to take
place. The sequence of random vectors also proves to be strongly mixing, allowing
the generation of as many independent realizations as desired with a single run of the
algorithm. Another interesting property of this algorithm is its versatility, insofar as
it can be adapted to construct realizations conditioned to pre-existing data and can
be used for any number and configuration of the target locations and any generalized
covariance model.
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1 Introduction

Intrinsic random fields of order k (for short, IRF-k), that is, random fields whose
generalized increments of order k are second-order stationary, are used to model
regionalized variables that exhibit long-range dependency and/or spatially varying
mean values. Examples of such variables are the temperature, pressure, porosity and
permeability in geothermal reservoirs (Chiles and Gable 1984; Sudrez Arriaga and
Samaniego 1998), the porosity, fluid saturation and geological boundaries in oil reser-
voirs (Haas and Jousselin 1976; Delfiner and Chiles 1977; Dimitrakopoulos 1990;
Bruno and Raspa 1993), the hydraulic head, conductivity, resistivity, transmissivity
and total discharge in aquifer systems (Kitanidis 1983, 1999; Dong et al. 1990; Shim
et al. 2004), the seafloor depth and the terrain elevation (David et al. 1986; Keitt 2000),
metal grades and layout of ore domains in mineral deposits (Capello et al. 1987; David
1988; Costa and Dimitrakopoulos 1998; Séguret and Celhay 2013), crop properties
(Aggelopoulou et al. 2010), soil properties (McBratney et al. 1991; Chiasson and
Soulié¢ 1997; Buttafuoco and Castrignano 2005; De Benedetto et al. 2012) and soil
contaminants (Christakos and Thesing 1993). Other applications include the model-
ing of non-stationary time series (Hamilton 1994), as well as automatic mapping or
contouring (Dubrule 1983; Marcotte and David 1988).

Intrinsic random field of order k can be used not only for the prediction of region-
alized variables, but also for quantifying spatial uncertainty via stochastic simulation.
A review of the most widely used algorithms for simulating an IRF-k can be found
in Chiles and Delfiner (2012) and references therein. Most of these algorithms, how-
ever, suffer from practical limitations. For instance, sequential simulation produces
inaccurate results unless a unique neighborhood is used to determine the successive
conditional distributions (Emery 2008; Chiles and Delfiner 2012), which restricts its
use to small-scale problems. The same practical restriction applies to the covariance
matrix decomposition (Davis 1987a; Alabert 1987), which can be used only when the
number of points targeted for simulation is not too large (say, less than a few thou-
sands). With the Poisson dilution approach (Mandelbrot 1975; Chiles and Delfiner
2012), the reproduction of the spatial correlation structure is approximate, except for
afew specific models. As for the discrete spectral and circulant-embedding approaches
(Dietrich and Newsam 1993; Stein 2002; Chiles and Delfiner 2012), they are restricted
to the simulation of random fields over regular grids, which is problematical in the
presence of conditioning data at scattered locations, as the procedure used to construct
conditional realizations (kriging of residuals) requires knowing these realizations at
the data locations (Chiles and Delfiner 2012). Finally, the turning bands approach
(Dimitrakopoulos 1990; Yin 1996; Emery and Lantuéjoul 2008) only allows simu-
lating intrinsic random fields of order k with specific spatial correlation structures
(power, spline or polynomial generalized covariances).

The aim of this paper is to present an iterative simulation algorithm that avoids these
restrictions (Sect. 3), to assess its rates of convergence and mixing in a few synthetic
case studies (Sect. 4) and to extend this algorithm to the problem of conditional sim-
ulation (Sect. 5). Beforehand (Sect. 2), an overview of the IRF-k theory is given. The
reader is referred to Matheron (1973) and Chiles and Delfiner (2012) for a detailed
exposition of this theory.
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2 Concepts and Notation
2.1 Basic Drift Functions and Generalized Increments

The theory of IRF-k has been introduced to model regionalized variables with mean
values that smoothly vary in space and can be approximated by linear combinations
of known basic drift functions { f t.v=0,..., L}. The first basic function (with
index 0) is constant in space, while the remaining L functions are monomials in the
coordinates. To represent a polynomial drift of degree k in the d-dimensional space,
one needs to consider 1+ L = (‘f,’dk,)! basic functions (the list of such functions depends
on the degree k and on the space dimension d).

A generalized increment of order k can be defined as a set of weights and locations,
say A = {A;, X;}ies, such that, for any basic drift function f ¢ one has

D niffx) =0. (1)

iel

The minimal number of terms in a generalized increment (cardinal of /) depends on
both the space dimension (d) and the order of the increment (k). In general, the weights
{X; : i € I} depend on the spatial pattern of the locations {x; : i € I} and several
sets of weights fulfilling Eq. (1) can be defined for a given set of locations (Chiles and
Delfiner 2012). In the following, the set of generalized increments of order k£ will be
denoted by Ag.

2.2 Intrinsic Random Fields of Order k and Representations

First definition An IRF-k can be defined as arandom field Y = {Y (x) : x € R4 } whose
generalized increments of order k have zero mean and are second-order stationary, that
is, arandom field such that, forany h, h’ € R? A = {A;, X;}ic; and A/ = {)Jj, X;-}J‘EJ €
Ay, one has (Chiles and Delfiner 2012)

E [ZA,-Y(X,- +h)] =0
iel
()

cov [ > AiY(x;+h), > A’].Y(x;. + h’)] exists and only depends on h — h’.
iel jeJ

If Y’ is another random field that differs from Y by a polynomial of degree less than
or equal to k, then

D LY i) =D LY (x). 3)

iel iel

This identity holds because generalized increments of order k filter out the polynomials
of degree less than or equal to k, as per Eq. (1), thus Y and Y’ are indistinguishable if
one only considers generalized increments of order k.
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Second definition Based on the previous statements, one can extend the definition of
an IRF-k to an equivalence class of random fields that differ by a (deterministic or
random) polynomial of degree less than or equal to k and from which one member
of the class (a representation) is an IRF-k in the sense of the first definition [Eq. (2)].
This simplifies to define an IRF-k as a linear mapping Y of the class of generalized
increments of order k into a Hilbert space of zero mean and finite variance random
variables, such that

Vie A, Y= Z,\,-Y(x,») 4)

iel

is a second-order stationary random field. To avoid confusion, the first definition will
be modified as follows (Matheron 1973; Chilés and Delfiner 2012)

e {Y(A) : A € Ay}isanIRF-k; this abstract random field, defined on A, corresponds
to an equivalence class of random fields defined on R? that generate the same
generalized increments of order k;

e {Y(x) : x € R?}, as a particular member of the equivalence class, is a representation
of the IRF-k.

2.3 Generalized Covariance Functions

For any IRF-k, there exists a generalized covariance function, hereafter denoted as
K (h) and defined up to an even polynomial of degree less than or equal to 2k, such that
the covariance between any two generalized increments of order k, say & = {A;, X; }ies

and A = {)Jl., x;.} jes, can be expressed as (Chiles and Delfiner 2012)

cov{Y(), YO} =cov § DAY (x). D MY b =D > dK(xi —x)).

iel jeJ iel jel

(&)

Therefore, one can calculate the covariance between two generalized increments of
order k as if there were a stationary covariance function, but by substituting the general-
ized covariance for this hypothetical stationary covariance function. Common models
of generalized covariance functions include all ordinary covariance functions, as well
as the power and spline models (Emery and Lantuéjoul 2008), respectively, defined as
e Power of exponent 6 : K (h) = (—=1)?*'[h|? for p € {0, ..., k}and 0 €2p,2p+
20
e Spline of exponent 2k : K (h) = (—1)*"|h|** In(|h]).

2.4 Intrinsic Kriging
Let Y = {Y(x) : x € R?} be a representation of an IRF-k with generalized covariance

K(h) and {x1, ..., Xp} a set of locations at which Y is known. The intrinsic kriging
predictor at location Xg is
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P
Y*(%0) = D ha(X0)Y (%), (6)

a=1

where the weights {A,(X0) : @« = 1,..., p} are subject to the constraint that the
prediction error is a generalized increment of order k, with zero expectation and
minimum variance. They are found by solving a system of linear equations similar
to that of universal kriging, except that the ordinary covariance or the variogram is
replaced by the generalized covariance (Chiles and Delfiner 2012). One property of
intrinsic kriging is that the prediction error is not correlated with any generalized
increment of the data.

To ensure that the coefficient matrix of the kriging equations is nonsingular, the
basic drift functions must be linearly independent at the data locations, that is

Dlef'®) =0 Ya=1,...,pifandonlyifc, =0¥£=0,....L. (7
4

2.5 Distribution of Generalized Increments

Hereafter, only the case of an IRF-k with multivariate Gaussian generalized incre-
ments, for which the finite-dimensional distributions of the generalized increments
are characterized by the generalized covariance function, will be considered. Exam-
ples of such random fields are the well-known fractional Brownian motions (one-
dimensional) or surfaces (two-dimensional) with Hurst exponent H € ]0, 1[, which
correspond to IRF-0 with Gaussian increments and generalized covariance function
K (h) = —w|h|*" with @ > 0 (Chiles and Delfiner 2012).

3 Non-conditional Simulation by Gibbs Sampling
3.1 Case of a Gaussian Random Vector

Let us consider a Gaussian random vector Y with n components, zero mean and
variance—covariance matrix C. In the following, it is assumed that C is strictly pos-
itive definite, that is, its eigenvalues are positive (if C has a zero eigenvalue, one or
more components of Y are linear combinations of the other components and should be
removed to obtain a strictly positive definite variance—covariance matrix). Numerous
algorithms are currently available for generating realizations of Y, the most popu-
lar ones being the decomposition of the covariance matrix, sequential Gaussian and
iterative algorithms based on Markov chains (Ripley 1987; Gentle 2009; Chiles and
Delfiner 2012, and references therein). For the first two algorithms (matrix decompo-
sition and sequential), some approximations are needed when the size of the vector
to simulate is large, which become critical when these algorithms are applied to the
simulation of non-stationary random fields (Emery 2008, 2010; Emery and Peldez
2011).
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In view of a further generalization to the simulation of an IRF-k with Gaussian
generalized increments, let us consider the following iterative algorithm proposed by
Lantuéjoul and Desassis (2012), based on an idea by Galli and Gao (2001).

Algorithm 1 (Gibbs Sampler for Gaussian Random Vectors)

(1) Initialize the simulation by an arbitrary vector Y©.
2) Forj=1,2,...,J:

(a) Splittheset {1, ..., n}into two disjoint subsets, the first one (hereafter denoted
by S1(j)) containing n — p indices and the second one (denoted by S>(j)) con-
taining the remaining p indices. Any strategy can be used to select the indices
belonging to S>(j), provided that every element of {1, ..., n} is selected as
many times as desired for sufficiently large J.

(b) Splitthe current vector Y/~ into two sub-vectors, namely Y(S’l (_]l)) and Ygfz (_jl)),
with n — p and p components, respectively. Likewise, split the vector to sim-
ulate Y into two sub-vectors Y, () and Y, j).

(c) Define C(l"2) as the covariance matrix between Y, (j) and Ys, ), and C;jz) as the
variance—covariance matrix of Y, (j). Note that CEJZ) and C;jz) are sub-matrices
of C (variance—covariance matrix of Y) and do not depend on the particular
distribution of current vector YU~ Like C, CS}) is strictly positive definite.

(d) Find out a symmetric square root AV) of C;jz)

root of C;jz) or its Cholesky factor, see Golub and Van Loan 1996), such that

(this can be principal square

Céé) — A(j)(A(j))T_ 8)

(e) Define YU by putting

@B _ Ay
[YSz(j) =AVVY )

D" D | ol 1 rvl-Dis
Ysih = Yoy T s — g0 1%

where V) is a standard Gaussian random vector independent of YU —1

and with p independent components, [Y(S{ (—]1)) I = CY;(C%) )_IY(SQ (_jl))

is the simple kriging predictor of Yg,(;) from Y(S]2 (_]1)) , and [Y(S{ )( j)]*

C%) (Cgé))_lY(Sé )( 7 is the simple kriging predictor of Yy, ;) from ngz )( e
(3) Return YY),

The way to obtain Yg] ) at step (2e) is nothing but the covariance matrix decompo-
sition algorithm (Davis 1987a; Alabert 1987). This algorithm is straightforward for
simulating a vector of small size (here, a sub-vector with p components), but may not
be applicable to directly simulate the complete vector Y if its number n of compo-
nents is larger than a few thousands. In contrast, the proposed Gibbs sampler is able
to simulate Y irrespective of its size.
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It can be shown that the sequence {Y) : j e N} converges in distribution to
a Gaussian random vector with zero mean and variance—covariance matrix C (Lan-
tuéjoul and Desassis 2012). Based on experimental observations, these authors suggest
using a vector of zeros at the initialization stage (Y(?) = 0), as this yields a faster
convergence than, for example, using a random vector Y@ with independent compo-
nents (in such a case, as the initial state is unstructured, one usually has to increase the
number J of iterations to obtain a final random vector Y/) with the desired variance—
covariance matrix). For an experimental analysis of the rate of convergence, the reader
is referred to Arroyo et al. (2012).

3.2 Case of an IRF-k with Gaussian Generalized Increments

Consider now the problem of simulating an IRF-k, {Y(X) : L € Ay}, with gener-
alized covariance function K (h) and multivariate Gaussian generalized increments,
at a finite set of locations X = {xi, ..., X;,}. Since this IRF-k is determined up to
a polynomial of degree k, the problem actually consists in simulating one specific
representation {Y (X) : x € R4}, that is, simulating the random vector Y = Y (X) =
Y (x1), ... YT

To specify the representation to be simulated, consider a set of locations U =
{ug, ..., ur} such that the basic drift functions {f t.¢v=0,..., L} are linearly
independent [Eq. (7)], and consider the representation that vanishes at these locations,
that is, Y (U) = 0. The set U can be chosen freely and does not need to be a subset of
X or to intersect X it is just used to identify the representation of the IRF-k that will
be simulated. Any other representation can be obtained by adding a polynomial of the
coordinates.

The chosen representation {Y (X) : X € ]Rd} is a so-called internal representation
(Matheron 1973; Chiles and Delfiner 2012) and actually possesses a covariance func-
tion. Indeed, since Y (U) = 0, one has

Y(x) =Y(x) - Y*(x), (10)

where Y*(x) = Zé:o Aq (X)Y (uy) = 0is the intrinsic kriging predictor of Y (x) from
Y (U) [Eq. (6)]. Thus, as an intrinsic kriging error, Y (x) is a generalized increment:
its distribution is Gaussian and has a finite variance. Moreover, any pair (Y (x), Y (x))
has a bivariate Gaussian distribution and a finite covariance and, more generally, any
linear combination of the components of {Y (x) : x € R?} is Gaussian, which implies
that {Y(x) : x € Rd} is a Gaussian random field and Y is a Gaussian random vector.

To simulate Y, one could, therefore, think of applying Algorithm 1. However,
{Y(x) : x € R} is not stationary, so that the calculation and storage of the variance—
covariance matrix of Y may be time- and/or memory-consuming when Y has many
components. To avoid these drawbacks, a generalization of Algorithm 1 is proposed
next.

Algorithm 2 (Gibbs Sampler for IRF-k with Gaussian Generalized Increments)
(1) Initialize the simulation by an arbitrary vector, for example, a vector of zeros:

YO = 0.
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(2) Forj=1,2,...,J:

(a) Splittheset{l, ..., n}into two subsets S7(j) and S>(j) containing n — p and
p indices, respectively (the same selection strategy as for Algorithm 1 can be
used).

(b) Split the set of locations X into two subsets X, (j) and Xg, (j) containing n — p
and p locations, respectively.

(c) Define as Y, () and Yy, ;) the sub-vectors associated with X, (;) and X, (),
and as Y3 the sub-vector associated with U : Yg,(j) = Y (Xs,(j)), Ys,(j) =
Y (Xs,(j)) and Y3 = Y(U) = 0.

(d) Calculate the variance—covariance matrix C55 of the intrinsic kriging errors,
when kriging Yy, ;) from Y3. Since it is the variance—covariance matrix of a

()
22

real-valued vector, Céjz) is symmetric positive semi-definite and has a symmet-
ric square root AW such that (Golub and Van Loan 1996)

CY) = AV AT, (11)
(e) Define Y(S]2 )(j) by putting

YY) = Ys)]F + AV, (12)
where [Ys,(;)]* is the intrinsic kriging predictor of Yg,(;) from Y3 (in the
present case, it is a vector of zeros, since Y3 = 0), and VU is a stan-
dard Gaussian random vector with p independent components, independent
of YU,

(f) Define ngl )( 0 by putting

Cvi-D )
=Yg TIY $10)

()
Y $1()

S1(j) S1()

where [Yg{ (_jl))]** is the intrinsic kriging predictor of Y g, ;) from (Ygé (_jl)), Y3),

[Yg{)(j)]** is the intrinsic kriging predictor of Y, (;) from (Y(S];(j)* Y3).
(3) Return YY),

It can be shown (Appendix) that the sequence of random vectors (YW . j € N}
converges in distribution to Y = Y (X), that is, the joint distribution of Y/) converges
pointwise to a multivariate Gaussian distribution with the same mean and variance—
covariance matrix as Y, as j tends to infinity (recall that Y is a Gaussian random vector,
as the representation to simulate is a Gaussian random field). This property is stronger
than just the convergence in distribution of the generalized increments generated from
the simulated random vector Y/,

3.3 Rate of Convergence

The components of the vector Y obtained at steps (2e) and (2f) of Algorithm 2 are
linear combinations of vectors V&) and YU~D | which in turn is a combination of
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vectors VU—D and YU=2), and so on. Given that Y = 0, it is seen that the com-
ponents of Y are linear combinations of the independent Gaussian random vectors
v , V). Therefore, at each iteration j=1,...,J, the simulated vector YW
is a Gaussian random vector. In particular, its generalized increments are multivari-
ate Gaussian, that is, Y is a representation of an IRF-k with multivariate Gaussian
increments.

However, because Algorithm 2 is stopped after finitely many iterations, the
variance—covariance matrix of Y/) may not match that of Y (the match is only asymp-
totical, as J tends to infinity). For want of theoretical results that allow quantifying the
mismatch for a given total number of iterations J, the analysis of a few synthetic case
studies will be held in the next section to gain an insight into the rate of convergence
of the proposed Gibbs sampler.

4 Numerical Experiments
4.1 Description

In the following subsections, X is a set of n = 4,225 locations forming a two-
dimensional regular grid with 65 x 65 nodes, origin (1, 1) and mesh 1 x 1. Algorithm 2
will be applied to simulate a representation of an IRF-k on this grid, thatis, Y = Y (X),
such that Y (U) = 0, where U is a set of 1 4- L locations that do not belong to the grid.
It is of interest to experimentally assess the rates of convergence and mixing of the
algorithm, as explained hereafter.

Convergence Let C be the variance—covariance matrix of the Gaussian random vector
Y to simulate, which is equal to the variance—covariance matrix of the errors made
when kriging ¥ (X) from Y (U), and let C'/) be the variance—covariance matrix of
YY) (Gaussian random vector obtained at iteration j of Algorithm 2). The sequence
of Gaussian random vectors {Y/) : j e N} converges in distribution to Y if the
following index tends to zero as j increases (Emery and Peldez 2011)

IcY =i
nj =, (14)
! ICIl
where || - || stands for the Frobenius norm.

Mixing Assume that Algorithm 2 has converged at iteration j, that s, Y is a Gaussian
random vector with the same variance—covariance matrix as Y, and let CV-/19) denote
the covariance matrix between Y and the Gaussian random vector YU %) obtained
after ¢ additional iterations of the algorithm. Strong mixing (Bradley 2005) occurs
when the two Gaussian random vectors Y/) and Y/+%) are asymptotically indepen-
dent, that is, when C-/*%) tends to the null matrix as ¢ increases or, equivalently,
when the following index tends to zero as g increases (Arroyo et al. 2012)

[CU-i+a) |

- . 15
& IC| (1)

When n; ~ 0 and v, ~ 0, the successive vectors Y/), YUT9) YU+24)  can be
viewed as independent realizations of the random vector Y. Therefore, with a single run
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of the chain {Y/) : j e N}, one can generate as many independent realizations of Y as
desired. If the chain is not mixing, or if the rate of convergence of v, to zero is slower
than that of 5, an alternative to obtain several independent realizations of Y is to run
the chain several times, using different seeds for the generation of random numbers.

In the following, it is of interest to assess the rates of convergence of 7; and v,
as j and ¢ increase. Computing both indices requires computing matrices C, C*/)
and CY»/+9) which can be done when knowing the generalized covariance function
K (h) of the underlying IRF-k, similarly to what is presented in Arroyo et al. (2012)
for stationary random fields. The experiments will be sensitized to the size (p) of
sub-vector Y, the strategy to select its components, the visiting sequence and the
generalized covariance function.

4.2 Sensitivity to Blocking Strategy

The blocking strategy refers to the way to select the p indices of {1, ..., n} at step (2a)
of Algorithm 2. In the following, the case when p = 100 components is considered
and three strategies are compared: (i) a random blocking, for which the indices are
randomly selected; (ii) a rectangular blocking, for which the indices are associated
with adjacent positions of the grid, forming a rectangle of 20 x 5 locations; and
(iii) a square blocking, by considering a set of 10 x 10 adjacent locations. In all the
cases, the generalized covariance function is an isotropic power model of exponent
1.5 (corresponding to an IRF-0) and U is restricted to a single point with coordinate
(32.55, 32.55). Figure 1 shows the evolution of n; and v, as a function of j and g,
respectively, and Table 1 gives their values for j = g = 500. Although convergence
and mixing take place in every case (indices 1; and v, always quickly tend to zero),
one clearly observes faster rates of convergence and mixing when using the rectangular
and square blockings, in comparison with the random blocking, the square blocking
yielding slightly faster rates than the rectangular blocking.

Standardized Frobenius norm of C-C @
Standardized Frobenius norm of C%/*9 T

107 ¢ Random blocking P Random blocking
Rectangular blocking 10 Rectangular blocking
0 Square blocking Square blocking
10°
0 100 200 300 400 500 0 100 200 300 400 500
Iteration number Iteration number

Fig. 1 Standardized Frobenius norms of a, CY) — Cand b, CY-/+9 for three blocking strategies
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Table 1 Standardized Frobenius norms of C/) — C and CU-J1+4) for three blocking strategies and j =
g =500

Covariance model Blocking strategy Standardized norm Standardized norm
of C) — C of CU-Jj+4a)
Power 1.5 Random 4.99 x 1073 3.20 x 1073
Power 1.5 Rectangular 8.01 x 1072 230 x 1076
Power 1.5 Square 252 x 1077 2.26 x 1077

4.3 Sensitivity to Updating Strategy

Consider a rectangular or square blocking strategy, each block being identified by
the grid node located at the bottom-left corner. The updating strategy refers to the
way these grid nodes are visited, also known as visiting sequence. In the following,
three strategies are considered: random sweep, deterministic updating and random
permutation (Galli and Gao 2001), using the same generalized covariance model as in
the previous subsection and a square blocking with p = 100. Itis seen (Fig. 2; Table 2)
that the rate of convergence and mixing is slightly faster with the random permutation
strategy compared to the random sweep strategy, and much faster compared to the
deterministic updating.

4.4 Sensitivity to Block Size

The following experiments consider a square blocking and random permutation strat-
egy, but varying block sizes: p = 1,25, 100 or 400. To get a fair comparison of the
rates of convergence, the indices 1; and v, are now plotted as a function of the CPU

10°

10”

10°

Standardized Frobenius norm of C¥-C &
Standardized Frobenius norm of C*/*9 T

Random sweep % Random sweep
108t Deterministic updating 10 Deterministic updating
Random permutation Random permutation
0 100 200 300 400 500 0 100 200 300 400 500
Iteration number Iteration number

Fig. 2 Standardized Frobenius norms of a, CY) — Candb, CYU-J 9 for three updating strategies
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Table 2 Standardized Frobenius norms of C/) — C and CU+/+9) for three updating strategies and j =
q = 500

Covariance model Updating strategy Standardized norm Standardized norm
of ) —¢C of CU-Jj+49)
Power 1.5 Random sweep 3.49 x 107° 461 x 1070
Power 1.5 Deterministic updating 3.82 x 107! 3.79 x 107!
Power 1.5 Random permutation 2.52x 1079 2.26 x 1077

—
(=]

T'h
iy ol 1L

i

p=25

Standardized Frobenius norm of CY-C @
S
Standardized Frobenius norm of C*/*9 T

——p=100
10 ———p=40| . . . .
0 5 10 15 20 0 5 10 15 20
CPU time (s) CPU time (s)

Fig. 3 Standardized Frobenius norms of a, C) —Candb, CU-J+D  for four block sizes

Table 3 CPU times to construct 100 realizations and standardized Frobenius norms of CcY) — C and
CU-J+9 for four block sizes and j = g = 500

Covariance model Block size CPU time (s) Standardized norm Standardized norm
of C) —C of CU-J+®)

Power 1.5 1 3.51 0.0294 0.0123

Power 1.5 25 13.28 0.0054 5.24 x 107%

Power 1.5 100 43.99 252 x 1079 2.26 x 1077

Power 1.5 400 179.18 3.47 x 10712 <1017

time in seconds. It is seen (Fig. 3; Table 3) that convergence is the fastest with large
blocks (p = 400) and the slowest with p = 1.

4.5 Sensitivity to the Generalized Covariance Model

In this subsection, four isotropic covariance models are considered: power of exponent
0.5, power of exponent 1.5, power of exponent 3 and spline of exponent 2. The first
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-2
10
107

Standardized Frobenius norm of CY-C @
Standardized Frobenius norm of C %" o
=

4 Power 0.5 10° Power 0.5
10" || === Power 1.5 Power 1.5
— Spline — Spline
Power 3 Power 3
10-]0 10-8
0 100 200 300 400 500 0 100 200 300 400 500
Iteration number Iteration number

Fig. 4 Standardized Frobenius norms of a, c) — C and b, cU.J +‘1), for four generalized covariance
models

Table 4 Standardized Frobenius norms of C/) — C and CY/+/+4) for four generalized covariance models
and j =g =500

Covariance model Standardized norm of C/) — C Standardized norm of CU>/+4)
Power 0.5 2.24 x 1078 1.46 x 107
Power 1.5 252 x 1079 2.26 x 1077
Power 3 5.64 x 10710 2.15x 1078
Spline 2 5.84 x 10710 433 x 1078

two models correspond to an IRF-0 and use only one point with coordinates (32.55,
32.55) to constrain the realizations. In contrast, the last two models correspond to an
IRF-1 and use a set of three points U = {(0, 0), (32.55, 0), (66, 66)} to constrain the
realizations. Here, the rates of convergence and mixing turn out to be comparable for
all covariance models (Fig. 4; Table 4).

5 Conditional Simulation
5.1 Simulation Algorithm

Consider now the case when some data on the IRF-k are available, so that it is of
interest to simulate Y = Y (X) conditionally to Y (U’) =y for a given set of locations
U’. This can be solved straightforwardly by substituting U’ for U and Y3 = y for
Y3 = 0 at step (2) of Algorithm 2. If the number of locations in U’ is less than 1 4 L,
or if the basic functions {f¢ : ¢ = 0, ..., L} are not linearly independent at these
locations [(Eq. (7)], one should complete U’ with extra locations where the simulated
values are constrained to be zero.
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5.2 Experiments

To illustrate this variant of Algorithm 2 for conditional simulation, consider the case
of an IRF-k with k = 0 or k = 1 on a regular grid G with 200 x 200 nodes, with 15
scattered data at fixed positions as conditioning data. For practical implementation,
square blocks of p = 100 components and a random permutation strategy are used,
and the algorithm is stopped after J = 40,000 iterations.

Each experiment consists of the following steps:

1. Construct a set of conditioning data Y3. To this end:
(a) Among the 15 data locations, select 1 + L locations and set the associated data
values to zero.
(b) Calculate the kriging prediction and the variance—covariance matrix of intrinsic
kriging errors at the remaining 14 — L data locations.
(c) Simulate the values at these locations using the square root decomposition of
the previous variance—covariance matrix.
2. Use Y3 in Algorithm 2 to construct a conditional realization over grid G.
3. Repeat the process with other realizations of Y3 at step (1). Therefore, only the
positions of the conditioning data are the same in all the realizations, whereas the
conditioning data values vary from one realization to another.

5.2.1 Example 1: Simulation of a Fractional Brownian Surface

Consider the simulation of fractional Brownian surfaces with Hurst exponents 0.25
and 0.75, corresponding to representations of IRF-0 with multivariate Gaussian incre-
ments and generalized covariance function K (h) = —0.01|h|% and —0.01|h|'3,
respectively. Here, the proposed simulation algorithm is validated by examining the
experimental variograms of a set of 100 realizations: on average, these experimental
variograms match the prior variogram model, as expected (Fig. 5a, b, corresponding to
the power generalized covariance of exponents 0.5 and 1.5, respectively). Realizations
in which the 15 conditioning data are set to zero (for illustrative purposes) are shown
in Fig. 6a, b.

5.2.2 Example 2: Simulation of an IRF-1

In this case, the validation relies on the generalized variogram of order 1, which is
defined as (Chiles and Delfiner 2012)

I'(h) = éE{[Y()H—Zh) —2Yx+h) + Y]} (16)

This generalized variogram can be expressed as a function of the generalized covari-
ance (Chiles and Delfiner 2012)

T'(h) = K(0) — gK(h) + %K(zh). (17)
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Fig.5 Experimental generalized variograms of 100 realizations of an IRF-k (green dashed lines), average
of experimental generalized variograms (blue stars) and theoretical generalized variograms (solid black
lines)

Experimentally, I (h) can be estimated for each realization {y(x) : x € G} by replacing
the expectation in Eq. (16) by an average of the form

| > [y(x+2h) — 2y(x + h) + y(x)*
~ xeGNG_LNG_2n
Fh) = 6 card{G N G_y, N G_op} ’ (18)

where G_p, and G_yy, stand for the grid G shifted by vector —h and —2h, respectively.
In the following, two generalized covariance models are considered: a power model
of exponent 3 (Fig. 5c¢) and a spline model of exponent 2 (Fig. 5d). In these figures, it
is seen that, on average over the realizations, the experimental generalized variograms
[Eq. (18)] match the theoretical generalized variogram, as given by Eq. (17). Examples
of realizations in which the 15 conditioning data are set to zero are depicted in Fig. 6¢, d.

5.3 Discussion

Apart from generating realizations that reproduce the desired spatial correlation struc-
ture, the proposed Gibbs sampling algorithm (Algorithm 2) stands out for its ver-
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Fig. 6 Realizations of IRF-k with a, b, ¢ power generalized covariance of exponent 0.5, 1.5 and 3, and d
spline generalized covariance of exponent 2. The conditioning data are set to zero and their positions are
indicated with circles

satility: (i) it is applicable to any type of generalized covariance function, not only
power models; (ii) it can be used for simulation conditional to scattered data, as
shown in the previous subsections; and (iii) because of its iterative nature, it can be
adapted to incorporate complex conditioning constraints, such as interval constraints,
using annealing procedures or restricting the transition matrix of the algorithm
(Emery et al. 2014). As a drawback, it is not directly applicable in the pres-
ence of too many conditioning data: kriging cannot be performed exactly if sub-
vector Y3 is large and, when it is performed within a moving neighborhood, the
sequence of simulated vectors may not converge in distribution any more (Emery
et al. 2014). However, in such a case, a two-step approach can be used: first,
simulate the random field at the data and target locations via Algorithm 2 (non-
conditional simulation), then perform kriging of the residuals to convert the sim-
ulation into a conditional one (here, a moving neighborhood can be used as an
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approximation, without propagating errors, insofar as the conditioning process is not
iterative).

6 Conclusions

The Gibbs sampler presented in Algorithm 2 offers a convenient solution to simulate an
IRF-k at a finite set of locations, for the following reasons: (i) it produces realizations
with multivariate Gaussian generalized increments; (ii) it can be extended to condi-
tional simulation problems, when pre-existing data (hard data or interval constraints)
need to be reproduced; and (iii) it is applicable for any number and configuration of
the locations targeted for simulation and for any generalized covariance model.

Because the algorithm is stopped after finitely many iterations, the variance—
covariance matrix of the simulated vector may differ from the desired one. How-
ever, numerical experiments held on specific case studies suggest that the difference
is imperceptible after few iterations, as the norm n; [Eq. (14)] quickly tends to zero
when j increases (especially if one uses a square or a rectangular blocking with large
blocks and a random permutation strategy). If several realizations are needed, one can
restart the algorithm with another seed for generating random numbers or, based on
the mixing property, consider the successive random vectors Y/, YU+ Y429 for
some j and g such that n; and v, [Egs. (14) and (15)] are close to zero.
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Appendix: Convergence of Algorithm 2

The sequence of successive random vectors {Y/) : j € N} obtained with Algorithm 2
forms a homogeneous Markov chain. According to Tierney (1994) and Lantuéjoul
(2002), this chain converges in distribution if and only if the following three proper-
ties are satisfied: (i) aperiodicity, (ii) irreducibility and (iii) existence of an invariant
distribution for the transition matrix of the chain.

The first property (aperiodicity) holds because the chain can loop at one state
(Lantuéjoul 2002), that is, one can have Y = YU~D, Indeed, it suffices to have

Y(S]2 )(j) = Y(Sé (_]1)) at step (2e), which is possible because the vector V) defined at this
step can take any value in R”.

The second property (irreducibility) implies that it is possible to go from each state
to every other state in one or more iterations. To establish this property, let us assume
that the chain is in a given state at iteration j, say Y/) = y. Atiteration j + 1, itis easy

to see that Y(S]2 sz]) can take any value in R”, with an appropriate choice of VU

. i+1 S i+1
[Eqg. (12)], while the value of Yéjl :;.J)rl) will linearly depend on ngz (+j—|)rl)’ ¥s$,(j+1) and
¥s,(i+1) [Eq. (13)]. Similarly, at iteration j + 2, the value of Y/ "2

) . i S1(j+2)NS2(j+1)
linearly depend on Y(SJ2 —(’;.24)_2), ngz ?_/.1_?_2) and Yg]l 222)0 S(j+1)° since this last vector (of

will
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G+
YSz(j+1)’

fact that ngz (+/.2_~)_2) can take any value in R”, the augmented vector Y

sizem o < p)is asub-vector of it can take any value in R”*/+2. Adding the

(j+2)
$2(j+DUS2(j+2)
can take any value in R?*"+2, Through recursive reasoning, at iteration j + £, it is

seen that the vector Y(SZFZ)), with S(j, h) = U?:l S2(j + 1), can take any value in
Reard(S(:M)  As the selection strategy is such that every element of {1, ..., n} will
belong to S>(j + i) for some positive integer i, one finally has S(j, h) = {1, ..., n}
for sufficiently large &, meaning that every state of R” can be reached by the chain in
a finite number of iterations.

As for the third property (existence of an invariant distribution), let {Y (x) : x €
R?} be a representation of an IRF-k with generalized covariance function K (h)
and multivariate Gaussian generalized increments, such that Y (U) = 0. Further
assume that, for some j > 1, YU=D has the same distribution as Y (X), that is,

i1 i1 d
(YY) YE ) =(Ys,5). Ysu(j)). where Y,y and Y, stand for ¥ (X, j)) and

Y (Xs,(j)), respectively. Then,

e Y, (;) canbe written as the sum of two terms: (i) its intrinsic kriging [Y g, ;) ]* from
Y (U) and (ii) the associated kriging error Yg,(j) — [Ys,(jy]*. As Y (U) = 0, the
former is a vector of zeros, while the latter is a zero-mean Gaussian random vector
with variance—covariance matrix C;jz) . Because A is a symmetric square root

of Cgé), the vector AUV V) defined in Eq. (12) is also Gaussian with zero mean
and variance—covariance matrix Céjz) (Davis 1987b), that is, AV =Yg, ;) —

[YSz(j)]*- Hence, Yglz)(j) g YSz(j)-

o Likewise, Yg, ;) is the sum of two terms: (i) its intrinsic kriging [Y, (;)]** from
Y, (j) and Y (U), and (ii) the associated kriging error, €5, ;) = Y, (j) — [ Y5, ™.
On the one hand, these two terms have the same distributions as the kriging predic-

tor [Y{ ;) ]¥* and kriging error ey (*j‘f =Yy (*jl)) — [y ;j‘))]** defined in Eq. (13),
yU-D yU-D

. . d i d
respectively, insofar as Yg,(j) =Y(sz)(j) and (Ys,(j). Ys,() =Yg 5y » Y, (j))-

On the other hand, because V) is independent of Y~ [ng1 )(j)]** and s:(Sj1 (_Jl))
are independent. The same happens for [Y,(;)]** and €g,(;): the latter is inde-
pendent of any generalized increment of Y, (), thus it is independent of Y, ;)
itself [recall that the components of Yy, ;) are already generalized increments

(Eq. (10))] and, as a consequence, independent of [Y g, (j)1**. In summary, one has

Yo =y (=D (19)

[ Ys,j) = [Ys;(pI™ +&5,))
*kk
sl TEs()

Si()

. d i d i—1 .
with [Yg, (j)]** =[Y§j])(j)]**, €51(j) = ng/] (j))’ [Ys, (./)]** independent of e, (j)» and

[Y(S{ )(j)]** independent of egjl (_]1)) It follows that Y, ;) and Y(S]I )(j) are equally

A . d j
distributed, that is, Yg,(j) = Yéjl)(j).
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Therefore, it has been shown that, if YU~D 2 ¥(X), then YU 2 ¥(X). The dis-
tribution of the chosen representation of the IRF-k (the representation vanishing at
U) is invariant for the transition matrix of the chain. This completes the proof for the
convergence of Algorithm 2, given that the three necessary properties (aperiodicity,
irreducibility and existence of an invariant distribution) have been established: the
sequence of random vectors {Y/) : j € N} converges in distribution to Y = ¥ (X).

References

Aggelopoulou DK, Wulfsohn D, Fountas S, Gemtos TA, Nanos GD, Blackmore S (2010) Spatial variation
in yield and quality in a small apple orchard. Precis Agric 11:538-556

Alabert F (1987) The practice of fast conditional simulations through the LU decomposition of the covariance
matrix. Math Geol 19(5):369-386

Arroyo D, Emery X, Peldez M (2012) An enhanced Gibbs sampler algorithm for non-conditional simulation
of Gaussian random vectors. Comput Geosci 46:138-148

Bradley RC (2005) Basic properties of strong mixing conditions. A survey and some open questions. Probab
Surv 2:107-144

Bruno R, Raspa G (1993) Direct structural analysis of an IRF-k: case studies. In: Cahiers de Géostatistique,
Fascicule 3. Paris School of Mines, Fontainebleau, pp 189-199

Buttafuoco G, Castrignano A (2005) Study of the spatio-temporal variation of soil moisture under forest
using intrinsic random functions of order k. Geoderma 128(3-4):208-220

Capello G, Guarascio M, Liberta A, Salvato L, Sanna G (1987) Multipurpose geostatistical modeling of a
bauxite orebody in Sardinia. In: Matheron G, Armstrong M (eds) Geostatistical case studies. Reidel,
Dordrecht, pp 69-92

Chiasson P, Soulié M (1997) Nonparametric estimation of generalized covariances by modeling on-line
data. Math Geol 29(1):153-172

Chiles JP, Delfiner P (2012) Geostatistics: modeling spatial uncertainty. Wiley, New York

Chiles JP, Gable R (1984) Three-dimensional modelling of a geothermal field. In: Verly G, David M,
Journel AG, Maréchal A (eds) Geostatistics for natural resources characterization. Reidel, Dordrecht,
pp 587-598

Christakos G, Thesing GA (1993) The intrinsic random field model in the study of sulfate deposition
processes. Atmos Environ Part A Gen Top 27(10):1521-1540

Costa JF, Dimitrakopoulos R (1998) A conditional fractal (fBm) simulation approach for orebody modeling.
Int J Surf Min Reclam Environ 12(4):197-202

David M (1988) Handbook of applied advanced geostatistical ore reserve estimation. Elsevier, Amsterdam

David M, Crozel D, Robb JM (1986) Automated mapping of the ocean floor using the theory of intrinsic
random functions of order k. Mar Geophys Res 8(1):49-74

Davis MW (1987a) Production of conditional simulations via the LU triangular decomposition of the
covariance matrix. Math Geol 19(2):91-98

Davis MW (1987b) Generating large stochastic simulations—the matrix polynomial approximation method.
Math Geol 19(2):99-107

De Benedetto D, Castrignano A, Sollitto D, Modugno F, Buttafuoco G, Lo Papa G (2012) Integrating
geophysical and geostatistical techniques to map the spatial variation of clay. Geoderma 171:53-63

Delfiner P, Chiles JP (1977) Conditional simulations: a new Monte-Carlo approach to probabilistic evalua-
tion of hydrocarbon in place. SPE paper 6985

Dietrich CR, Newsam GN (1993) A fast and exact method for multidimensional Gaussian stochastic sim-
ulations. Water Resour Res 29:2861-2869

Dimitrakopoulos R (1990) Conditional simulation of intrinsic random functions of order k. Math Geol
22(3):361-380

Dong A, Ahmed S, De Marsily G (1990) Development of geostatistical methods dealing with the boundary
conditions problem encountered in fluid mechanics of porous media. In: Guérillot D, Guillon O (eds)
2nd European conference on the mathematics of oil recovery. Technip, Paris, pp 21-30

Dubrule O (1983) Two methods with different objectives: splines and kriging. Math Geol 15(2):245-257

@ Springer



974 Math Geosci (2015) 47:955-974

Emery X (2008) Uncertainty modeling and spatial prediction by multi-Gaussian kriging: accounting for an
unknown mean value. Comput Geosci 34(11):1431-1442

Emery X (2010) Multi-Gaussian kriging and simulation in the presence of an uncertain mean value. Stoch
Environ Res Risk Assess 24(2):211-219

Emery X, Lantuéjoul C (2008) A spectral approach to simulating intrinsic random fields with power and
spline generalized covariances. Comput Geosci 12(1):121-132

Emery X, Peldez M (2011) Assessing the accuracy of sequential Gaussian simulation and cosimulation.
Comput Geosci 15(4):673-689

Emery X, Arroyo D, Peldez M (2014) Simulating large Gaussian random vectors subject to inequality
constraints by Gibbs sampling. Math Geosci 46:265-283

Galli A, Gao H (2001) Rate of convergence of the Gibbs sampler in the Gaussian case. Math Geol 33(6):653—
677

Gentle JE (2009) Computational statistics. Springer, New York

Golub GH, Van Loan CF (1996) Matrix computations. Johns Hopkins University Press, Baltimore

Haas A, Jousselin C (1976) Geostatistics in the petroleum industry. In: Guarascio M, David M, Huijbregts
C (eds) Advanced geostatistics in the mining industry. Reidel, Dordrecht, pp 333-347

Hamilton JD (1994) Time series analysis. Princeton University Press, Princeton

Keitt TH (2000) Spectral representation of neutral landscapes. Landsc Ecol 15(5):479-494

Kitanidis PK (1983) Statistical estimation of polynomial generalized covariance functions and hydrologic
applications. Water Resour Res 19(4):909-921

Kitanidis PK (1999) Generalized covariance functions associated with the Laplace equation and their use
in interpolation and inverse problems. Water Resour Res 35(5):1361-1367

Lantuéjoul C (2002) Geostatistical simulation: models and algorithms. Springer, Berlin

Lantuéjoul C, Desassis N (2012) Simulation of a Gaussian random vector: a propagative version of the
Gibbs sampler. In: Ninth international geostatistics congress, Oslo. http://geostats2012.nr.no/pdfs/
1747181.pdf. Accessed 23 April 2014

Mandelbrot BB (1975) Fonctions aléatoires pluri-temporelles: approximation poissonienne du cas brownien
et généralisations (Pluri-temporal random functions: Poisson approximation of the Brownian case and
generalizations). Comptes Rendus Hebdomadaires des Séances de I’ Académie des Sciences de Paris,
Série A 280:1075-1078

Marcotte D, David M (1988) Trend surface analysis as a special case of IRF-k kriging. Math Geol 20(7):821—
824

Matheron G (1973) The intrinsic random functions and their applications. Adv Appl Probab 5:439-468

McBratney AB, Hart GA, McGarry D (1991) The use of region partitioning to improve the representation
of geostatistically mapped soil attributes. J Soil Sci 42(3):513-531

Ripley BD (1987) Stochastic simulation. Wiley, New York

Séguret SA, Celhay F (2013) Geometric modeling of a breccia pipe—comparing five approaches. In: Costa JF,
Koppe J, Peroni R (eds) Proceedings of the 36th international symposium on application of computers
and operations research in the mineral industry, pp 257-266

Shim BO, Chung SY, Kim HJ, Sung IH (2004) Intrinsic random function of order k kriging of electrical
resistivity data for estimating the extent of saltwater intrusion in a coastal aquifer system. Environ
Geol 46(5):533-541

Stein ML (2002) Fast and exact simulation of fractional Brownian motion. J] Comput Graph Stat 11(3):587—
599

Sudrez Arriaga MC, Samaniego F (1998) Intrinsic random functions of high order and their application to
the modeling of non-stationary geothermal parameters. In: Proceedings of the twenty-third workshop
on geothermal reservoir engineering, Technical report SGP-TR-158. Stanford University, Stanford,
pp 169-175

Tierney L (1994) Markov chains for exploring posterior distributions. Ann Stat 22(4):1701-1762

Yin ZM (1996) New methods for simulation of fractional Brownian motion. ] Comput Phys 127(1):66-72

@ Springer


http://geostats2012.nr.no/pdfs/1747181.pdf
http://geostats2012.nr.no/pdfs/1747181.pdf

	Simulation of Intrinsic Random Fields of Order k with Gaussian Generalized Increments by Gibbs Sampling
	Abstract
	1 Introduction
	2 Concepts and Notation
	2.1 Basic Drift Functions and Generalized Increments
	2.2 Intrinsic Random Fields of Order k and Representations
	2.3 Generalized Covariance Functions
	2.4 Intrinsic Kriging
	2.5 Distribution of Generalized Increments

	3 Non-conditional Simulation by Gibbs Sampling
	3.1 Case of a Gaussian Random Vector
	3.2 Case of an IRF-k with Gaussian Generalized Increments
	3.3 Rate of Convergence

	4 Numerical Experiments
	4.1 Description
	4.2 Sensitivity to Blocking Strategy
	4.3 Sensitivity to Updating Strategy
	4.4 Sensitivity to Block Size
	4.5 Sensitivity to the Generalized Covariance Model

	5 Conditional Simulation
	5.1 Simulation Algorithm
	5.2 Experiments
	5.2.1 Example 1: Simulation of a Fractional Brownian Surface
	5.2.2 Example 2: Simulation of an IRF-1

	5.3 Discussion

	6 Conclusions
	Acknowledgments
	Appendix: Convergence of Algorithm 2
	References




