Application of Location-Dependent Moments in Estimation and Simulation

David F. Machuca-Mory and Clayton V. Deutsch

The use of location-dependent moments and distributions in estimation and simulation is proposed under
an assumption of local stationarity. Location dependent distributions and variograms are informed by
exhaustive maps of their local model parameters. They can be used for locally stationary simple and
ordinary kriging as well as for change of support models with local spatial continuity. Multigaussian
kriging with local prior distributions is achieved by modelling the local normal scores transformation
function using local Hermite polynomials. When samples are clustered or moderate in number, estimation
with location dependent variograms shows an increased accuracy, precision and reproduction of local
spatial features. Estimation with local prior distributions improves greatly the precision but at the price of
decreasing the accuracy. If abundant and evenly spaced data is available, the information provided by
these samples outweighs the importance of local measures of continuity and prior distributions. Significant
computer resources are required to vary all parameters.

Introduction

Using locally varying moments and distributions for the spatial modelling of a geologic or environmental
attribute allows introducing a locally relevant, rather than globally relevant, background information basis.
The procedure for calculating locally varying parameters was presented earlier in this report (Machuca-
Mory & Deutsch, 2008a,b). In classic geostatistics, the range of possible values that an attribute can take at
a unsampled location U is modelled by the distribution of a stationary Random Variable Z(u).
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In contrast, if local stationarity is assumed, the moments and the multivariate cdf of the random function is
invariant by translation only if they are defined in relation to the same reference or anchor point 0 Thus,

Pr{Z(ui)<zl,...,Z(un)<zK;oa}zPr{Z(ui +h)<zl,...,Z(un+h)<zK;0ﬁ}
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This location dependency is important for the assumption of local or quasi stationarity, and it is the major
difference in relation to a fully non-stationary model:

Pr{Z(u;)<z,....2(Up) <24} #Pr{Z(u; +h) < z;,...,Z(u, +h) < z,,}
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This paper explains the application of location-dependent moments and distributions in estimation and
simulation under the assumption of local stationarity. Location-dependent variograms are applied to a
locally stationary ordinary kriging and complement the information provided by the local mean in locally
ordinary simple kriging. The increased local information basis provided by a locally changing histogram
shape is exploited by a locally stationary multigaussian kriging and locally stationary sequential Gaussian
simulation. The location-dependent variograms yield to estimation variances that are not only dependent of
the local data arrangement, but also of the local spatial continuity. These enhanced estimation variances is
used for P-field simulation under a globally stationary and multigaussian assumption. These estimation and
simulation techniques are compared with techniques based in the traditional stationarity models.

Estimation with location-dependent moments

A locally varying mean has been incorporated in several types of kriging. Simple kriging with varying
means (Deutsch & Journel, 1998) uses a prior model of the local means at every location. The simple
kriging (SK) estimator and system of equations are reproduced here because they are akin to those of
kriging with location-dependent moments. Thus, the SK estimator is expressed as:
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Where the weights A, are obtained by simple kriging (Deutsch & Journel, 1998; Goovaerts, 1997):

n
D A5(UC(U4U,)=C(u,u,) @=1,..N (5)
B=1

Where C(ug,u,)and C(u,u,)are the covariances between sample pairs, and between samples and the

estimated point U. Techniques such as universal kriging (Goovaerts, 1997) incorporate a deterministic
trend model of the form :

K
m(u) =Y a fy(u) (6)

k=0

Where f, (u) are a set of known functions (usually polynomials) of the coordinates, and g, are unknown

coefficients that are implicitly estimated in the universal kriging system of equations (Deutsch & Journel,
1998). In kriging with location-dependent moments, not only the mean varies in function of the location,
but also the spatial correlation measures. Additionally, by using a local normal scores transformation it is
possible to honour the local histogram shape in the back transformation of estimates. These proposed
techniques are described next.

Simple and ordinary kriging with LDM

Under a locally stationary decision the SK estimator becomes:

a=1

Z{5sk (0) =Y 2, (0)Z(u,)+ {1 > (O)} m(0) (7
a=1

Which is similar to the stationary form of SK, but with the difference that the mean is specific of the
estimated point 0. Note that the notation of the estimated point location is changed from U to 0, this is done
in order to stress that 0 not only the estimated location but it is also the point in relation to which all the
location-dependent moments are defined. The locally stationary simple kriging (LSSK) allows the use of
location-dependent covariances (or correlograms):

n
D 25(0)C(ug —u,;0)=C(0-U,:0) a=1,..N (8)
=

The LSSK variance is given by:

sk (0)=C(0;0)[ 1" 2, (0)p(0—U,,;0) ©)

a=1
Where C(0;0) is the location-dependent covariance at lag 0, which can be demonstrated that is equivalent

to location-dependent variance o’ (0) under a consistent set of weights for location-dependent 1-point and

2-point moments (Machuca-Mory & Deutsch, 2008a; 2008b). Thus, the LSSK variance is locally
conditioned not only by the data availability and arrangement around the estimated point, but also by the
local variability, which informed by the location-dependent variance, as well as by the local spatial
correlation, which is informed by the location-dependent covariance or correlogram.

The locally stationary ordinary kriging (LSOK) estimator is similar to the traditional ordinary kriging
estimator (Deutsch & Journel, 1998):
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But the covariances in the LSOK system of equations are location-dependent:

n

p=1
] (11)

> A2 0) =1

B=1

As in the case of LSSK, the LSOK variance is enhanced by the incorporation of the location-dependent
variance and covariances:

oisok (0) =C(0;0) - ﬁﬁéom(o)cz(o—ua;o)—u(o) (12)

a=1

These locally stationary kriging forms allow the incorporation of location-dependent means, variances and
2-point measures of correlation in the estimation process.

Locally stationary multigaussian kriging

Under the multigaussian approach the inference of the posterior local cdf reduces only to the estimation of
the local mean and variance (Goovaerts, 1997). The non-gaussianity of the univariate distribution of most
attributes is not a major issue, since this can be normal-scores transformed (Deutsch & Journel, 1998).
However, the bivariate gaussianity cannot be assured by the normal scores transformation of the global
distribution and multivariate gaussianity must to be assumed in most cases (Verly, 1983). Beyond the
multigaussian assumption, this approach requires a decision of strict stationarity, thus everywhere within a
domain the prior univariate and multivariate distributions are assumed normal (0,1). Moreover, since the
normal scores transformation is performed over the global original values distribution, the desicion of strict
stationarity of the multigaussian distribution implicitly translates in an assumption of strict stationarity of
the original values distribution. This stringent assumption may be deemed inadequate in presence of strong
non-stationary features that not only affect the mean but also the variance and cdf shape. Additionally, the
posterior local Gaussian distributions is obtained from the SK estimate and variance, which means that the
local data variability is not incorporated in the posterior distributions in original units after back-
transformation.

In the locally stationary multigaussian approach, the prior local distributions are obtained by weighting the
available samples inversely to their distances to a reference point 0 (Machuca-Mory & Deutsch, 2008a),
subsequently, these local distributions are locally normal scores transformed. The resultant location-
dependent local scores transformation functions are expressed as:

Z(ui)zF’l(G(Y(ui);o):(pZ(Y(ui);o) i=L..,n (13)

In order to reduce dimensionality the local normal scores transformation functions are not described by
correspondence tables between original and transformed values (transformation tables), but modelled by
Hermitian polynomial series of at most 30 coefficients and terms.

The back-transformation of this distribution is performed using the reconstructed transformation tables.
This back-transformation honours the location-dependent distribution. Thus, the variance of the posterior
distribution in original units is affected not only by the stationary covariance and the samples arrangement
around the estimated points, but also by the local variance, local cdf shape and local spatial continuity.

So far the locally stationary simple, ordinary and multigaussian kriging techniques described are related to
point estimation. The first two can be easily extended to locally stationary block estimation, while the last
one needs a change of support model for the estimated values.
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Software implementation for estimation with location-dependent moments

The FORTRAN program KT3D_ MG1lp allows LSSK and LSOK with location-dependent variograms and
multigaussian. The parameter file for this program is an extension of the KT3D parameter file (see figure
2). A line for the file containing the interpolated Hermite coefficients for local Gaussian transformation has
been added. The number and starting column for these coefficients is specified in the next line. If a valid
file is not provided, data transformation will not be performed. This is adequate for estimation with a global
cdf in original or normal units. The last files below the specifications of the globally stationary variogram
model correspond to the gridded parameters of the location-dependent variograms with up to two
structures. If one or more of these parameters are not provided their value is replaced by the corresponding
of the globally stationary variogram definition.

Simulation with location-dependent moments

The use of location-dependent moments can be extended to simulation. As in the case of estimation, the
main difference compared with stationary techniques is the introduction of a location-dependent moments
under the locally stationarity decision. This is translated in a considerable increase of the computational
demand for the application of the simulation algorithms with locally changing parameters, although the
core of the methodology remains similar as in the stationary case.

Sequential Gaussian simulation with LDM

Given a locally normal scores transformed values and a random path visiting each simulation node, 0',
only once, the core of the sequential Gaussian (SGS) algorithm remains unchanged, this is (Goovaerts,
1997):

e Atanode 0'in the random path define the Gaussian conditional cdf from the mean and variance
resulting of applying SK using normal scores data and previously simulated values within a search
neighbourhood.

e  Generate a random value y(') (0") from such distribution and add to the dataset.

e Go to the next node in the random path, repeat previous steps and loop until all nodes are
simulated.

e  Back-transform simulated values

e Repeat all steps with a different random path for generating another realization.

The challenge of using location-dependent moments and distributions is that at each simulation node,0’,
the variogram model used in LSSK may change, so does the back-transformation function. This greatly
increases the computer memory requirements since the location-dependent variogram model parameters
and Hermite coefficients of the local back-transformation function must be stored for each simulation node.
Moreover other artifices designed to reduce the processing demand of the sequential simulation algorithm
cannot be applied. An example of these artifices is the covariance lookup table, which stores the data-data
and data-point covariance matrices for all the nodes located within twice the search radius (Deutsch &
Journel, 1998). Under the strict stationary decision, the covariance lookup table needs to be calculated only
once, which means a considerable saving in processing time. By contrast, when using location-dependent
parameters, these covariances need to be calculated at each nodeo’.

The huge memory requirements of locally stationary sequential Gaussian simulation (LSSGS) can be
mitigated by following a sequential path instead of a random path. So, the location-dependent parameters
can be read sequentially from external files. However, this may cause artifacts to appear in the simulated
maps (Deutsch, 2002). Alternatively, the location-dependent moments can be stored only for the anchor
points where these were calculates, and obtained by interpolation at each node during the simulation. This
would reduce the memory storage requirements, but increase the processing time.

Another option for reducing the excessive memory and computer processing demand is to define the
location parameters not at the resolution of simulation, which is concordant to the sample scale, but at the
block scale.
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P-field simulation with LDM

The p-field simulation greatly reduces the processing and memory requirements of simulation with
location-dependent moments. In fact, this simulation technique takes the same resources as in the stationary
case. This is because the local conditional distributions are modelled only once by multigaussian LSSK,
rather than for every realization. These conditional distributions are constructed only with original data, and
instead of random Monte Carlo drawing, simulated values are obtained from correlated probabilities
(Deutsch, 2002). Thus, the computer memory and processing requirements are considerably decreased.

This very efficient simulation methodology has however some important drawbacks that have caused p-
field simulation be dismissed as an appropriate simulation method for continuous variables (Deutsch,
2002). These challenges are caused by the inherent characteristics of the methodology and appear as two
kinds of artifacts in the proximity of hard data locations (Pyrcz & Deutsch, 2001). The first artifact appears
as tendency of hard data values to appear as a local extreme. The second artifact is the increased continuity
in the proximity of conditioning hard data, which introduces a covariance bias hindering the variogram
reproduction of simulated values.

Despite these drawbacks in p-field simulation and the warnings about its use, this remains the only viable
simulation method with location-dependent moments and distributions for large datasets on 32-bit
computers. Currently the correlation between simulated values is induced by a globally stationary
covariance. A p-field simulation algorithm that incorporates locally stationary covariances needs to be
developed.

Example

Again, the samples used for illustrating the application of Multigaussian Kriging with location-dependent
moments were taken from exhaustive Walker Lake data set (Isaaks & Srivastava, 1989). This data set and
the clustered and gridded subsets are shown in Figure 3.

Also, the same location-dependent correlogram model parameters and the exhaustive Hermite coefficients
for local transformation that were presented earlier are used for this example. Four varieties of
Multigaussian Kriging are compared: 1) Multigaussian simple kriging with globally stationary cdf and
variogram (MGSK), 2) Multigaussian simple kriging with globally stationary cdf but location-dependent
variograms (MGLSSK with LDV), 3) Multigaussian simple kriging with location-dependent cdf ‘s but
globally stationary variogram (MGLSSK), 4) Multigaussian simple kriging with location-dependent cdf ‘s
and variograms (ful-MGLSSK).

These techniques were applied for both the clustered and gridded data sets. In the case of the gridded data
the multigaussian kriging with location-dependent variograms was tested with a fixed exponential
variogram shape, and with stable variograms with locally varying shape. The stationary model of 1-p(h) for
the clustered data set is presented in table 1, while the corresponding exponential and stable models for the
gridded data set is presented in table 3.

The different types of multigaussian kriging were performed at pixel scale and without block discretization.
This means only point estimation was done for this example. Figure 4 present the post-processed posterior
local means of 4 types of multigaussian kriging performed on the clustered data set. There, it can be
observed the increased difference between high grade and low grade areas introduced by the use of local
cdf’s. It can be observed as well a better reproduction of the local spatial features when location-dependent
correlograms are used. These locally varying patterns of spatial continuity produce a map that is more
concordant with the exhaustive data set in figure 3. The variances in normal score units, before post-
processing, are shown in figure 5. Note there that the variances of multigaussian kriging with a globally
stationary correlogram model are dependent only of surrounding data configuration. Whereas, the variances
obtained using location-dependent correlogram models in the estimation are affected by the local continuity
informed by these models. After post-processing the posterior variances are modified by the local data
variability. The influence of the local correlograms models is visible in the 2 of the posterior variance maps
(right side of the figure 6), while the use of prior local cdf’s translate in an increased contrast of the
posterior local variances (bottom side of the figure 6).

For the clustered data set, crossvalidation and estimation results show that when locally stationary
correlogram models are used the accuracy and precision of the estimates increase slightly compared with
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the classical multigaussian kriging results. This is shown by a reduction of 1.3% in the average square error
and increase of 1.5% in the coefficient of correlation between true and estimated values when local
variograms are used. While the smoothing of estimates is reduced, this is reflected by an increase of 7.9%
in the variance of estimates.

When local prior cdf’s are used, the local accuracy may suffer a slightly to moderate decrease, but local
precision is increased. This is seen by the increase of the average square error (Table 2-a) and a decrease of
the coefficient of correlation between true and estimated values (Table 2-b), whereas the smoothing of
estimates is greatly reduced (Table 2-c), as well as the estimation variance average (Table 2-d).

Accuracy plots (Deutsch, 1996) for this data set were generated using normal estimates of the posterior
mean and variance before post-processing (see Figure 7). Stationary multigaussian kriging show wide
probabilitydistributions, these are increased when location-dependent correlograms are used. However the
distributions are narrowed when local prior cdf’s are introduced. The two effects are balanced in full
multigaussian kriging with location-dependent variograms and cdf’s, yielding slightly narrow distributions
and a fairer reproduction of the original proportions in the posterior cdf’s.

As mentioned before, the estimated models of the gridded data set were constructed using exponential and
stable correlogram models, both globally and locally stationary. The globally stationary models using
exponential and stable single structures are presented in Table 3.

Only the maps of post-processed estimated means using an exponential model are presented here (see
Figure 8), since the maps produced using stable models are very similar. They do not show a clear
improvement of local spatial features reproduction when locally stationary correlograms are used. This is
because the abundant data available outweighs the information input supplied by the location-dependent
correlograms. The semi-regular and dense sampling pattern yields to low estimation variances everywhere
when a globally stationary correlogram model is used (see Figure 9, left column). The regular pattern of the
spatial distribution of these variances reflects the samples semi-regular pattern. By contrast, when a
location-dependent correlograms are used the estimation variances in normal units reflect the local changes
of spatial continuity (see Figure 9, right column). This is more patent when a stable location-dependent
model is used, as it can be observed in the right column of Figure 10. There, the highly continuous areas of
low estimation variances correspond to areas where the local stable model has a higher power value, and
vice versa.

The statistics of cross validation and estimation results for gridded data (see Tables 3 and 5) show the same
features as those obtained from the clustered data set. This is a decrease of local accuracy outweighed by an
increase of local precision when location-dependent correlograms and prior cdf’s are used. This effect is
clearer when stable location-dependent correlograms models are used (see Table 5).

The abundance of semi-regularly spaced data causes a considerable narrowing of the posterior distributions
when a global cdf is considered (see top line in Figure 11). Contrarily to the case of the clustered data set,
the introduction of location-dependent cdf’s makes the posterior distributions wider, correcting in this way
the reproduction of original proportions (see bottom line in Figure 11).

Discussion and Conclusions

Estimation and simulation with location-dependent moments and distributions is possible under a decision
of local stationarity. These techniques require the prior exhaustive models of the local moments, and in the
case of multigaussian kriging, of the Hermitian coefficients that approximate the local normal scores
transformation functions. This greatly increases the work of parameter inference as well as computer
requirements for estimation and simulation. I n particular, the memory and processing requirements for
sequential Gaussian conditional simulation with random paths can become prohibitive.

Multigaussian kriging with location-dependent moments and distributions is feasible without an excessive
demand of computer resources. Its advantage is greater when applied on clustered or sparse data,
particularly in areas were local data scarcity may be complemented by the information provided by local
measures of continuity and prior cdfs. If data is abundant and evenly spaced, the increased pre-processing
and estimation requierements of using location-dependent moments and distributions may be not worth and
stationary methods may be preferred. Similarly, if samples are very scarce and there is no other
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information source for obtaining the local moments, there is no other option than adopt the classic
stationarity assumptions.

According to the cross-validation results and the statistics of estimates, location-dependent variograms can
increase the accuracy and precision of estimates on clustered data. The incorporation of prior local cdfs
may decrease the local accuracy in favour of a high local precision.

When a dense quasi-regular grid of data is used, the use of location-dependent correlograms may decrease
both the local accuracy and precision. Using local prior cdfs improves greatly the local precision in this
case. This decrease in local accuracy can be explained by the prevailing importance of the information
provided by the dense sampling over the information provided by local variograms. However, a dense
sampling pattern can yield to a misleadingly narrow and uniform posterior distributions estimated with a
globally stationary correlogram. The use of locally stationary correlograms and cdfs may correct this by
allowing areas of differentiated spatial variability.

Some issues of multigaussian kriging with location-dependent moments and distributions still need further
research. One of them is the abundance of posterior local distributions with very low variance, particularly
when local stable models are used. Another is the algorithm for local change of support in order to obtain
the distributions of the block scale.

Beyond the virtues and challenges of estimation and simulation with location-dependent moments and
distributions discussed here, these techniques show and interesting promise for enhancing the geological
realism of numerical models. These improved models should translate in improved decisions taken by
using them.
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Table 1: Stationary exponential 1-p(h) model parameters for clustered data

sill Anisotropy Maximum Minimum
Nugget effect contribution rotation range range
0.25 0.75 165 119 28

Table 2: Summary of cross-validation and estimation results for the clustered data set

CDF Correlogram MSE p (est-true) Var of Est Avg K-Var
Global Global 36980 0.77 33190 39515
Global Local 36515 0.78 33200 39665
Local Global 42250 0.73 40250 26400
Local Local 43620 0.74 42000 26000

Table 3: Stationary exponential and stable 1-p(h) models parameters for gridded data

Nugget Model sill Anisotropy Maximum Minimum
Variogram model  effect exponent contribution rotation range range
Exponential 0.00 1.00 1.00 160 90 37
Stable 0.00 1.00 1.28 160 88 34

Table 4: Summary of cross-validation and estimation results for the gridded data set

CDF Correlogram MSE p (est-true) Var of Est Avg K-Var
Global Global 22300 0.81 50300 16350
Global Local 22680 0.81 51350 21400
Local Global 25850 0.77 50800 11900
Local Local 25250 0.78 51650 14750

Table 5: Summary of cross-validation and estimation results with stable variogram

CDF Correlogram MSE p (est-true) Var of Est Avg K-Var
Global Global 22950 0.80 52300 12750
Global Local 23750 0.79 54850 14150
Local Global 26750 0.76 53200 9300
Local Local 26950 0.76 55650 8800
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Figure 1: Estimation under the assumption of local stationarity and with location-dependent variograms
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Figure 2: Example of the parameter file for KT3D_ MGlp
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Figure 3: Exhaustive, clustered and gridded datasets of the Walker Lake site.
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Figure 4: Postprocessed local means obtained from multigaussian stationary SK (top left), multigaussian
LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior local cdf’s (bottom
left) and multigaussian LSSK with prior local cdf’s and location-dependent correlograms (bottom right)
using the clustered dataset.
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Figure 5: Estimation variances in normal units obtained from multigaussian stationary SK (top left),
multigaussian LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior
local cdf’s (bottom left) and multigaussian LSSK with prior local cdf’s and location-dependent
correlograms (bottom right) using the clustered dataset.
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Figure 6: Postprocessed local variances obtained from multigaussian stationary SK (top left),
multigaussian LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior
local cdf’s (bottom left) and multigaussian LSSK with prior local cdf’s and location-dependent

correlograms (bottom right) using the clustered dataset.
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Figure 7: Accuracy plots before postprocessing for multigaussian stationary SK (top left), multigaussian
LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior local cdf’s (bottom
left) and multigaussian LSSK with prior local cdf’s and location-dependent correlograms (bottom right)
using the clustered dataset.
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Figure 8: Postprocessed local means obtained from multigaussian stationary SK (top left), multigaussian
LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior local cdf’s (bottom
left) and multigaussian LSSK with prior local cdf’s and location-dependent correlograms (bottom right)
using the gridded dataset and exponential correlogram models.
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Figure 9: Estimation variances in normal units obtained from multigaussian stationary SK (top left),
multigaussian LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior
local cdf’s (bottom left) and multigaussian LSSK with prior local cdf’s and location-dependent
correlograms (bottom right) using the gridded dataset and exponential correlogram models.
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Figure 10: Estimation variances in normal units obtained from multigaussian stationary SK (top left),
multigaussian LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior
local cdf’s (bottom left) and multigaussian LSSK with prior local cdf’s and location-dependent
correlograms (bottom right) using the gridded dataset and stable correlogram models.
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Figure 11: Accuracy plots before postprocessing for multigaussian stationary SK (top left), multigaussian
LSSK with location-dependent correlograms (top right), multigaussian LSSK with prior local cdf’s (bottom
left) and multigaussian LSSK with prior local cdf’s and location-dependent correlograms (bottom right)
using the gridded dataset and exponential correlogram models.
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