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Abstract

Sequential Gaussian simulation (SGS) is a simulation technique used throughout the
natural resources industry to construct multiple equiprobable numerical models.
The SGS methodology is straightforward, but there are complex interdependent
implementation decisions in the transformation from theory to practice.

Some of the implementation issues include: simulation path, search strategy,
number of conditioning data, and secondary data affects. The simulation path is
random to avoid artifacts. At every unsampled location along this path, the local
data is identified by a search and their covariances calculated. This data is then
used as input to condition the simulation process. To produce the best possible
estimate, the conditioning data should be representative of the surrounding region
up to a maximum number of data to avoid excessive CPU time. Secondary data can
be considered in this process, but an understanding of how this data will affect the
results and problems associated with different techniques will allow the practitioner

to make a balanced decision.
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Chapter 1

Background / Theory

The natural resources industry is reliant on modelling techniques to estimate rock
properties at unsampled locations. Linear estimators are commonly used to predict
these properties by weighting local data. Kriging is a common estimator that finds
the set of weights that minimizes the error variance (Deutsch 2002a). Sequential
Gaussian simulation (SGS) is built on the foundation of kriging. SGS incorporates
many of the benefits of kriging, but it also accounts for heterogeneity and uncer-
tainty.

Sequential Gaussian simulation is a robust algorithm, but implementation re-
quires an understanding of how the algorithm operates. The SGS theory has been
documented in different sources (Isaaks 1990, Deutsch 1998, 2002a), but will be
summarized below to set the platform for the rest of this thesis. This chapter starts
with a look at the development of the simple kriging equations and then extends
this to simulation. Some of the mathematical properties of these techniques are
discussed.

The details behind transforming SGS from theory to application is the focus of
Chapter 2. To start, an explanation of how non-Gaussian input data can undergo
normal score transformation resulting in a Gaussian distribution. SGS requires a
number of implementation decisions regarding the assignment of data to the grid
nodes, simulation path, data search method, and maximum number of conditioning
data. The different options available for each decision are presented and some guid-
ance is provided. In regards to the maximum number of conditioning data, some
earlier research is explained. This chapter presents some of the different options
available when applying SGS and was designed to help the practitioner make more
informed decisions.

In some cases, the assumption of stationarity used in SGS can be violated by the
data. For these non stationary variables, Chapter 3 presents some alternative formu-
lations of SGS to try and incorporate extra information to account for the changes in
these variables. The most common non stationarity is a location-dependant mean.
The theory of how to incorporate a location-dependant mean into SGS is presented



along with an example. Other non stationary variables include the variance, cor-
relation, and angles of continuity. Limited research has been done on these topics,
but the groundwork is presented as a starting point and to guide further research.
The final violation to stationarity is the presence of different rock types inside of
the modelling area. The problems associated with incorporating rock types into a
model are presented along with some ideas on how correlations between the rock
types can be utilized.

In Chapter 4, an algorithm is presented on how to deal with global variance
inflation problems associated with the collocated cokriging (Xu 1992) and locally
varying mean forms of SGS. The cause for variance inflation is explained specific to
each technique. To correct this problem, an algorithm termed self-healing (Zanon
2002) was developed by the author. Self-healing dynamically alters the kriging
variances used in SGS to correct the global variance. The application of self-healing,
specific to each technique, is outlined along with the limitations. An example for
each method is provided.

For some of the methods presented there are alternative techniques that can be
used. Full cokriging and Stepwise conditional transformation (Leuangthong 2003a,
2003b) are two alternatives that are discussed in Chapter 5. Full cokriging is another
way to incorporate secondary information into the simulation process. The theory
behind full cokriging is reviewed along with the advantages and difficulties associated
with its application. Stepwise conditional transformation is another alternative
technique that has recently gained more notice. This technique is a form of normal
score transformation applied to multiple variables where the resulting distributions
are statistically independent. This allows all the variables to be simulated using
basic SGS techniques and the correlation between the variables is preserved in the
transformation process.

Chapter 6 is the final chapter in this thesis. The conclusions from all the previous
chapters are presented along with any other final comments. Many of the techniques
discussed in this thesis require more research. These areas of future research are
presented along with the some ideas on the direction this research should take.

The programs used throughout this thesis were from the publicly available geo-
statistical software library - GSLIB (Deutsch 1998). The primary program that
incorporates the SGS algorithm is SGSIM. In many cases, SGSIM was altered to
explore specific implementations.

1.1 Linear Estimation

We start with a random function (RF) model Z(u),Vu € A, that is, a mathematical
representation of the petrophysical properties, z-values, at all locations of interest,
u, within the study area A. The random function is assumed to be stationary
(Journel 1978). Under this assumption, the expected value at all locations is equal
to the global mean, F{Z(u)} = m,Vu € A, and the variability at all locations is

2



the global variance, o?(u) = 0%,Vu € A. We subtract the mean at all locations to
get a residual value, y(u) = z(u) — m. This process can be reversed by adding the
mean back to the residuals, returning the data to its original units.

2(u) = y(u) + m (1.1)
where the expected value of the residuals is zero, F{Y (u)} = 0. Note that it
is conventional to use upper case notation for a random variable and lower case
notation for actual numbers.

A linear estimate, y*, is commonly used to estimate the value at an unsampled
location:

v =3 e ylua), (1.2)

This estimate is a weighted linear combination of n nearby data variables at locations
u,,a = 1,...,n. The weights, Ao, = 1,...,n, can take any values, but common
practice consists of defining an estimation variance and determining the weights that
minimize this variance.

1.2 Estimation Variance

The estimate at an unsampled location is unlikely to be the same as the true value
at that location. The error in the estimate can be calculated in expected value. The
estimation variance is written:

oz (u) = B{[Y*(u) - Y(w)]*} (1.3)
Note that we are considering both the estimate and the truth to be random variables.
The right hand side can be expanded into the following form:
oz(u) = E{[Y"(w)} - 2- E{Y"(u) - Y(w)} + B{[Y (0)]*}

e

The estimator (Equation 1.2) is expressed in expected value terms and substituted
into this equation to get:

o2(W) =) > AAE{Y (ua) - Y(up)} =2 Y AE{Y(w)-Y(ua)} + E{[Y (w)]*}
a=1 =1 a=1
To simplify further, the covariance must be introduced. The covariance of a single
variable is a measure of the linear relationship between two values a specified distance
apart:
C(ua,ug) = C(hap) = E{(Y(us) —m) - (Y (ug) —m)}
Since we are working with residuals, the mean is zero and the covariance simplifies

to:
C(has) = E{Y (ua) - Y(ug)} (1.4)
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The covariance can now be used to replace the expected value terms.

o2(1) =D ) AaAsClua,ug) —2- > XaC(u,u,) + C(0) (1.5)
a=1 B=1 . a=l y m

~~ vV
part 1 part 2

where the covariance at h = 0 is equal to the global variance, C(0) = 0.

This estimation variance consists of three parts, each accounting for a different
aspect of the error in the estimate. The first part of the equation accounts for the
redundancy between the data, C'(u,,ug). The greater the redundancy in the data,
the higher the covariance between the data and the higher the error variance. The
next part of the equation accounts for the closeness of the input data to the point
of estimation, C'(u,u,). A negative sign is attached to this part of the equation,
causing a reduction in the error variance. The closer the data are to the location
being estimated, the larger the covariance and the greater the reduction. The third
part of the equation is the global variance. When no local data are available, the
estimate will be the local mean value and the error variance will be the global
variance (Deutsch 2002a).

1.3 Minimized Estimation Variance - Kriging

(Equation 1.5) allows the variance to be calculated for any set of weights, \,,a =
1,...,n. It is desirable to find the set of weights that minimize this error variance.
The optimal weights can be found by taking the partial derivatives of (Equation
1.5) with respect to each of the weights A\, =1,...,n:

2 n
Wy S A Cluaw) 2 Cuug) o= 1 n (10
« =1

We are looking for the minimum when this derivative is set to zero. (Equation 1.6)
is sure to be a minimum because of the positivity property of the covariance function
and the fact that the mean square error has no upper limit (Chiles 1999). This will
be a unique solution.

Setting the n-derivatives equal to zero and moving C'(u, u,) to the left hand side
leads to the simple kriging (SK) equations.

Z)\g-C(ua,u5):C’(u,ua), a=1,...,n (1.7)
B=1

Solving this system of equations will yield the set of weights that minimize the
error variance. The kriging equations can be substituted back into (Equation 1.5)
to simplify the estimation variance specific to SK:
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0% () = C(0) = Y AC(u,u,) (1.8)

This is a classical minimization approach. Note that the simple kriging weights
only depend on the data configuration and the covariance model. If the location
being estimated falls on a data location, the collocated data will receive a weight of
one and all other data will have weights of zero; the location being estimated will
exactly reproduce the collocated data.

The covariance used in kriging is linked to another function called the variogram.
The variogram is a measure of the variability between two values that are separated
by a distance h. The variogram is defined as:

27(h) = E{[Y'(0) - Y (u+ h)]*}
In practice, the variogram is calculated for a limited number of separation distances
and directions, h. The experimental points are then fitted with a model that allows
the variogram to be calculated for any direction and distance.
The covariance is linked to the variogram through the following expression re-
sulting from the assumption of stationarity:

C(h) = o* = 5(h)

The covariance is calculated from the variogram model.

1.4 Covariance of Kriged Estimates

A kriging estimate can be calculated for any location and any configuration of input
data; however, the kriged values will be smoother, have less variance, than the origi-
nal data. Nevertheless, kriging has the very interesting property that the covariance
between the estimates and the data are correct. This can be demonstrated by start-
ing with the definition for the covariance (Equation 1.4) and then substituting in
the expression for the Y*(u) estimator (Equation 1.2):

Cov{Y*(u),Y(u,)} = E{Y*(u )'Y(ua)}
= E{Zﬁ 1)‘,@ }
= Dpm1Ms E{Y(ua) ( )}
= EB:IAB C(uq, ug)

The last line is equal to the left hand side of the simple kriging equations (Equation
1.7) and can be replaced by the right hand side:

Cov{Y*(u)-Y(u,)} = C(u,u,)

This final covariance, C(u,u,), is the correct model covariance. Thus, kriging re-
produces the covariance between the data, but the smoothing effect changes the
variance and the variogram is not reproduced.
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1.5 Missing Variance

Under stationarity, the expected value of the variance at every location should be the
global variance 02 = C(0). The variance of the kriging estimate can be calculated:

Var{y”(u)} = E{[Y"(u) — m]"}

(Equation 1.2) is substituted into the quadratic term. Note that the expected value
of the estimate is zero.

Var{Y*(w)} = >0 2251 AadsE{Y (1) - Y (ug)} — 07
= Zgzl AQC(IL ua)

If these results are substituted into (Equation 1.8) and rearranged:
Var{Y"(w)} = C(0) — o5,(u) (1.9)

Note that the variance of the estimate is only correct when the kriging variance is
equal to zero. This will only occur at the data locations. At all other locations
the variance will be too small and the reduction in variance is equal to the kriging
variance.

1.6 Addition of a Random Component

To correct the smoothing effect of kriging, the missing variance must be added
back into the estimate without changing the expected value of the estimate or the
covariance between the estimate and the data values. This is done by Monte Carlo
simulation (Journel 1989). The simulated residual is added to the kriging estimate
resulting in the simulated value.

ys(u) = y*(u) + r(u)

The simulated residual, r(u), is drawn from a distribution with a mean of zero
and a variance equal to the kriging or missing variance. This residual is added to
the kriged estimate to produce the final simulated value retained at location u. A
different outcome is obtained if the process is repeated. Since the expected value
of the residual is zero, E{R(u)} = 0, the simulated value is equal to the kriged
estimate in expected terms, F{Y;(u)} = E{Y*(u)}. The variance of the simulated
value will be increased due to the addition of the residual.

Var{Y;(u)} = Var{Y*(u)} +Var{R(u)} +2- Cov{Y*(u), R(u)}

[C(0) = 0% ()] + 03, (w) + 0
= C(0)



The variance of Y;(u) is now equal to the expected variance and the expected
value is unchanged. Furthermore, the covariance remains unchanged:

Cov{Y; (w)-Y(u)} = B{Y;(u)-Y(u,)}
B{[SZ50 Ao+ Y (us) + R(u }
S A B{Y (1) <uﬁ>}+E{R )Y (ua)}

> 51 As - C(uq, up)
C(u,u,)

Where E{R(u) - Y(u,)} = 0 since the random component is independent of the
kriged estimator; therefore, the covariance between them is zero. The covariance
has not been changed with the addition of the residual; it is still the right covariance.

The process so far has described how a value at a specified location is simulated
conditional to the input data. To populate a whole model, every unsampled loca-
tion will undergo the same process in a sequential order. Starting with a limited
number of input data, an unsampled location is chosen and the simulated value is
calculated. Moving to the next location, the previously simulated value is added
to the conditioning data and the process is repeated. This continues until every
location in the model is populated. Note that including the previously simulated
values as conditioning data will produce the right covariance between the simulated
values.

1.7 Gaussian Simulation

Sequential simulation is designed to create multiple realizations of the underlying
geostatistical model. This is possible since there is an infinite number of values
that can be drawn from the distribution at each location. The global distribution
for every realization should reproduce the input distribution within statistical or
ergodic fluctuations. Simulation will reproduce the global mean and variance, but
there is no control over the shape of the resulting distribution. This final shape is
a function of the the input distribution, the shape of the residual distributions and
the shape created by combining the average of multiple simulated locations.

The input distribution is based on the input data or a reference distribution from
another source. This distribution is what is trying to be reproduced, however, it
can have any shape. Data transformation (Section 2.1) provides a way to transform
the input distribution to any other distribution and back again. If the shape, mean,
and variance of the transformed distribution are maintained, backtransformation
will return the data to their original distribution and units.

The simulated value at each location is a single sample taken from the distri-
bution of possible values at that location. The final distribution is then calculated
from the collection of simulated values. The averaging process of kriging invokes
the central limit theorem (Scheaffer 1995). Under this theorem, the sum of a large

7



number of independent and identically distributed samples taken from any distribu-
tion will produce a distribution that is Gaussian in shape. Even though there may
be relatively too few variables and they may be correlated, the results of kriging
tend towards a Gaussian distribution. The Gaussian distribution is a ”"bell” shaped
curve described by the Gaussian density function (Deutsch 2002):
1 1 2 2
= —3(z=m)*/o
) =~ o

where m is the desired mean and o? is the desired variance for the Gaussian distri-
bution.

The Gaussian distribution has the unique property that when multiple Gaussian
distributions are combined, the resulting distribution will maintain the Gaussian
shape. Since kriging tends towards Gaussianity, this shape should be maintained
throughout the simulation process. Data transformation allows us to transform the
input data to be Gaussian. The distribution of the residuals is chosen to be Gaus-
sian and the simulated values will be approximately Gaussian in shape. Therefore,
maintaining the Gaussian shape throughout the simulation process will preserve this
shape in the output distribution and backtransformtion can be used to return the
data to its original distribution. The expected distribution of simulated values from
SGS is Gaussian in shape with a mean of zero and variance of one. Deviating from
these results indicates a problem and must be investigated.



Chapter 2

Sequential Gaussian Simulation
Implementation Details

Sequential Gaussian simulation is a common method used to create multiple equiprob-
able numerical models based on a set of conditioning data (Isaaks 1990). Since the
early 1990’s, SGS has gained in popularity due to its simplicity, flexibility, and rea-
sonable CPU time (Deutsch 2002a). The basic methodology is not difficult, but
there are some important implementation details.

2.1 Data Transformation

A key component to SGS is the Gaussian distribution. It is rare to find real data
that follows a Gaussian distribution exactly. To correct this problem, the data are
transformed to follow a standard Gaussian or normal distribution. This process is
reversible so the data can be returned to their original distribution and units.

Normal score transformation programs, like nscore (Deutsch 1998), will trans-
form any set of z-data to a standard normal distribution G(y) (Figure 2.1). Starting
with the z-data’s cumulative distribution function (cdf), Fz(z), the transformation
is achieved by:

y =Gy (Fz(2))

where z is a data value in original units and y is the corresponding normal score
transformed value. The transformation is achieved by linking the two cdfs through
their quantiles. Reversing this process will yield the original z-value:

z=F;'(G(y))

SGS is designed to reproduce the input distribution within statistical fluctua-
tions. Typically, the cdf used in transformation is based on the input data, how-
ever, data collection is not usually preformed to define the underlying distribution
(Deutsch 2002a, p50). This will produce realizations that honour the input data
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Figure 2.1: Starting with the z-data’s cdf, the quantile for any z-value can be found. This
quantile is then transferred to the standard normal cdf and the corresponding y-value is
found.

and not the desired underlying distribution. To fix this problem, the input data
must be corrected to be more representative or more information is required about
the true global distribution.

Preferably, an alternative source can be used to define the global distribution
and this reference distribution is then used to transform the input data. In most
situations, the input data is the only available information. One way to correct
for the sampling process is to decluster the data. Declustering is a process that
weights the data based on their area of influence relative to surrounding data. If
many samples are taken close together, they are all sampling the same part of the
underlying distribution. To correct for this over-sampling, the data will be weighted
to reduce their influence on the global distribution. Alternatively, a single sample
far away from other data provides all of the information for a large area. To correct
for this under-sampling, the weight applied to this data will be large, increasing its
influence on the global distribution. To try to correct for the sampling process, the
weights are applying to the data in the construction of the global cdf.

One problem that can occur in the transformation is caused by multiple data
with the exact same value. These data cause a spike or vertical jump in the cdf.
This spike of a single value will cover a range of quantiles in the original cdf, and this
causes problems in the transformation. To correct this problem, a despiking process
is used to remove the vertical jump in the cdf and transformation can proceed.
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For multiple variables, it is common practice to transform every variable us-
ing a normal score transform. This collection of independent transformations will
not ensure multivariate Gaussianity. To ensure multi-Gaussianity, a different trans-
formation, like Stepwise Conditional Transformation (Leuangthong 2003b), Section
5.2, should be considered.

2.2 Assign Data to Grid Nodes

SGS can consider data at their original locations or relocate them to the nearest
grid node. Since the model created by SGS is typically based on a cell centred grid
network, it is computationally efficient to move the data to grid nodes. For each grid
cell containing data (Figure 2.2) only the data inside of the cell will be considered.
The data point closest to the centre of the cell is retained and this data is exactly
reproduced in every realization. Note that data cannot cross the cell boundaries.
The other data are only used in the definition of the global distribution F(z).

Assigning the data to grid nodes reduces covariance calculations in the simulation
process. Since the data fall on a regular grid system, the covariance between the
nodes can be calculated and stored in a look-up table. The covariance between two
nodes is easily found by calculating the number of nodes separating them in each
direction and then use the look-up table to find the corresponding covariance.

There are two problems that can arise when assigning the data to grid nodes:
data outside the modelling area and large shifts in location. In some studies, only
a portion of the sampled area is to being simulated, but all of the data is included
to better define the input distribution. Historically, the data outside the modelling
area was shifted to the edge of the grid system, potentially over-populating the edge
nodes and moving data large distances. To prevent this problem, only the data
inside of the modelling area are considered when assigning data to the grid. Large
shifts in location can occur when the grid spacing is much larger than the sample
spacing. If the shifts are small, the error in the covariance will be small and average
out over the modelling area. Working with a grid that is much smaller than the
sample spacing will help to prevent large shifts and reduce the number of data lost
when assigning the data to the nodes.

2.3 Local Data

The theory behind SGS is based on using all data and previously simulated values
to create an estimate at location u. As simulation progresses, the addition of each
new simulated value will continuously increase CPU demands. The last estimate
in a model could potentially use M — 1 data in the kriging step, where M is the
number of grid nodes in the model. If the data are not assigned to the grid nodes,
this number is even larger. This require the inversion of a very large matrix and is
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Figure 2.2: a) four grid cells with data and b) assigning the closest data to the grid node
at the centre of the cell.
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impractical. To make SGS practical, only the nearby or local data are used. This
is reasonable since the data closest to the point being estimated heavily screen the
data further away; however, choosing what data to use, the number of data, and
efficiently searching for this data are important implementation decisions.

2.3.1 Maximum Number of Data

The number of conditioning data, n, used in the kriging system must balance two
factors: CPU time and improvement to the estimate. As n increase, the improve-
ment in the estimate is diminishing and the CPU demand is growing exponentially.
For this reason, a maximum number of conditioning data are used.

To solve for the n kriging weights, (Equation 1.7) must be solved. This is ex-
pressed in matrix form:

C(u,uy) -+ C(u,uy,) A1 C'(u,uy)

Cuy,uy) -+ C(uy,uy,) An C(u,u,)

As the number of data increases, two things will require more CPU time: the search
and solving for the kriging weights. As n becomes larger, the demand on the search
increases by some multiple of n depending on the density of the surrounding data.
The covariances from the n data will create an n x n matrix or a set of n linearly in-
dependent equations. The kriging weights are calculated by solving these equations
simultaneously. The cost of this process is proportional to n3. The total change in
CPU time will initially be a combination of the two factors, n+n? but as n becomes
sufficiently large, solving for the kriging weights will dominate the CPU time.

The change in CPU time is shown with an example. A 100 x 100 grid was kriged
using 300 randomly placed input data. The maximum number of conditioning data
was varied between 5 and 300. The search radius and variogram range was set at
200 so that the maximum number would be found for every location. A 2.27 GHz
Pentium 4 processor with 1.0 GB of RAM was used to calculated the CPU time
(Figure 2.3). The figure shows that as the number of data increases from 5 to 50,
the curve is continuously increasing. When more than 50 data are used, the N3
term is dominating the CPU time and the slope becomes constant. The solid line
on the figure represents the N3 slope where one order of magnitude change in the
X direction will cause a three order of magnitude change in the Y.

The second reason to limit the number of data used in SGS is that the closer
data screens the data further away. All of the available input data and previously
simulated value supply some degree of information; however, as more data are in-
cluded, the distant data are screened by the closer data. This screening reduces
the contribution supplied by the data and eventually the increase in information
will be small enough to ignore (Isaaks 1990, p16). The decision to consider only
nearby data is a Markov-type screening approximation, where the closest data in
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Figure 2.3: The change in CPU time as the number of conditioning data increases.

each direction provide the same information as including the more distant data in
the same direction. These data will have large kriging weights associated with them
to reflect their importance in determining the kriging estimate and variance. The
data from further away will be overshadowed by the closer data and their kriging
weights are small to reflect the limited increase in information.

The kriging weights account for two things, the distance from the point of esti-
mation to the conditioning data and the redundancy between the conditioning data.
The closer this weight is to zero (regardless of the sign) the less information that
point supplies to the kriging system. Therefore, the point with the smallest absolute
kriging weight supplies the least amount of information to the estimate. (Gandin
1965, p70) calculated the bounds on how the kriging variance would increase if this
least informative point was excluded. The calculation requires three sets of kriging
weights (Figure 2.4). To start, kriging is performed using n data to calculate the
kriging weights, A, &« = 1,...,n, and a kriging variance, ng,n. In the example there
are five data that produce a kriging variance of 0.3097. The location that supplies
the least information, k, is found by squaring the kriging weights and taking the
location with the minimum value.

E=min{\2}, a=1,...,n

In the example, location 5 has the smallest squared weight at 0.0064.

14



Kriging Weights with 5 Data

a
) A= 0.364
@
Location of Interest
" A=0258 Gy 0.3097
2=0.391 o)
@ A=0.141
‘o
As=-0.080
®

A; First kriging weights

Kriging Weights with 4 Data
A =0.374
®

on 03112

A Second kriging weights

Kriging Weights Point 5 (with 4 data)
h=-0.124
o

P.=-0.0799

P’=-0.0195

Scale a/2

ﬁi Third kriging weights
0
[

Figure 2.4: a) the configuration of the five input data along with the kriging weights and
variance, b) the new kriging weights and variance when the 5t data point is not used,
and c¢) changing the location of interest and performing a third kriging to obtain another
set of weights and a new variance. Note a is the range of the variogram.
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The data point at location k is removed and kriging is performed with the re-
maining n — 1 data (Figure 2.4b):

i A, - C(ug,up) =C(u,ug), f=1,....,n, B#k (2.1)

a=1,a#k

This second set of kriging weights, A, will produce a slightly higher variance than
before, 03, ,,_; or 0.3112.

Using the same n — 1 data but moving to location £, a third kriging is performed
(Figure 2.4c):

> A Clugug) =Clug,ug), B=1,....n, B#£k (2.2)

a=1,a#k

Note that the right hand side covariances are in terms of u,. This provides the set
of kriging weights, Ao, that would be used to find an estimate at location k. The AL
and A\, kriging weights are related using the following relationship:
Pl
P, = — (2.3)
Clug,ug) = >0 1 asp Ao - Oug, u,)

where C'(uy,uy) = 1 for a standardized variable and P/ is equal to:

P = C(u,uy) — Z A, - Clug, uy) (2.4)

a=1,a#k

The three sets of weights are linked by the following relationship:
A=MN,—Xo-P,,a=1,....na#k (2.5)

The change in variance by adding the data point at location k& will be bounded
by two inequalities:
o1 (W) = 0 (@) < (Fn) (2.6)
and
o1 (W) = 0 (0) > (F)° (2.7)

Using the results from the example, the upper bound (Equation 2.6) is 0.0064
and the lower bound (Equation 2.7) is 0.0004. The true change in the variance is
0.0015, which falls within the the bounding limits.

(Gandin 1965) has provided a way to determine bounds on how the kriging
variance changes when the least informative conditioning data is removed; however,
these bound are specific to the data configuration and would change if the location
of the input data were different. Theoretically, this process could be implemented
with SGS to find the optimum number of conditioning data based on the maximum
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Figure 2.5: The input data is represented as small circles and the three test points as
large dots.

possible change in variance. This would be very CPU intensive and the change in
variance could be calculated directly from the weights. A more practical application
would be to study several locations in the model area before simulation. The chosen
locations should cover a range of data orientations from many nearby data to only
a few distant data. At each location, several increments of conditioning could be
looked at. For example, the change in variance between the 5 and 6 data, 10 and 11
data, 15 and 16 data, and so on. Based on the spread of the bounding limits and
the maximum possible change in the variance, the maximum number of conditioning
data would be chosen.

A 2-D example is used to better understand how the kriging estimate and vari-
ance change as the number of data increases. The model area (Figure 2.5) has 100
randomly placed input data and three locations were chosen to track how the kriging
estimate and variance change as the number of input data is varied.

For the three chosen locations, the maximum number of conditioning data was
varied between 1 and 100. The kriging estimates and variances were determined
and plotted (Figure 2.6). The change in the kriging estimate for each location, a),
¢), and e), shows a large degree of fluctuation for the first 10 conditioning data.
The initial conditioning data can all have very different values with relatively large
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weights. Since the kriging estimate is a weighted combination of the conditioning
data, the more variability in the conditioning data the larger the fluctuations. Once
more than 10 data are used, there is almost no change in the estimate and any
fluctuations are centred on the best estimate.

The kriging variance, b), d), and f), continuously decreasing with the addition of
more data. Initially, the change in the variance is large, but continuously approach-
ing the minimum value. Once about 7 to 10 conditioning data are used, the change
in the variance is close to the minimum and the slope is almost flat. Sensitivity of
these results to the variogram and nugget effected were performed, but the rate of
convergence stayed the same.

In general, the conditioning data should be representative of the surrounding
area. As the data becomes more redundant and/or distant, the kriging weights will
become smaller. Once more than 10 conditioning data are used, the kriging estimate
and variance are mostly fixed. Even when the data point comes from a previously
unrepresented direction, there is almost no change in the kriging mean and variance.

In determining the maximum number of conditioning data, the CPU require-
ments and the accuracy of the kriging estimate and variance must be considered.
The lower limit for the maximum number of data would be 8 to 10 data. At this
number, the kriging estimate and variance are close to convergence and the CPU
time is still small relative to using more data. If possible, more data should be used
depending on the size of the model, the number of realizations and the limitations
placed on CPU time. If zonal anisotropy or periodicity have been observed in the
data, this number should increase to help capture these features in the model and
to improve variogram reproduction.

2.3.2 Searching for Data

To preform kriging at an unsampled location, the surrounding data must be iden-
tified. A local neighbourhood is defined by specifying a search ellipsoid that corre-
sponds to the principle ranges and directions of continuity based on the variogram.
Data beyond these ranges will have a limited number of pairs in calculating the
variogram and the covariance will be poorly understood (Deutsch 1998). Incorpo-
rating this data would provide little to no extra information. The presence of zonal
anisotropy or periodicity in the data is an exception to this rule and the search
ellipsoid may need to be increased.

An exhaustive search can be performed to check every location for input data, or
previously simulated values, and their covariance calculated to the point of interest.
These covariances could then be sorted into descending order and the data with
the largest covariances, up to the maximum, are used in the kriging system. This
process is not computationally efficient and is only practical for small grids.

The spiral search (Deutsch 1998) is an efficient way to find data on a regular grid.
Starting at the location being estimated, the search spirals towards less correlated,
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Figure 2.7: The spiral search starts at the closest nodes from the central point of interest
and spirals towards increasingly less correlated nodes. The first 24 nodes are shown in
this 2-D example for an isotropic variogram.

or increasingly distant, nodes based on the defined grid system, and the variogram
(Figure 2.7). The search continues until the maximum number of data have been
located or the search radius is reached. If the data shows some degree of anisotropy;,
the search will become elliptical to account for the different ranges of continuity.
In 3-D, the nodes above and below the 2-D plane are included in the search path.
The search will simply start at the node with the highest covariance, regardless
of direction, and then continue through nodes with decreasing covariance. The
spiral search requires a minimum of CPU time since as few as possible locations are
searched and no ordering is required.

The super block search (Deutsch 1998) is designed to efficiently find non-gridded
data in a local neighbourhood when the number of input data is constant. To start,
an independent grid is placed over the model area to create blocks (Figure 2.8). A
template is then constructed based on the number of super blocks that represent
the search ellipsoid. The template is centred on the super block that contains the
point of interest. As simulation progresses, the template is moved around the map
to quickly identify all the surrounding super blocks inside the local neighbourhood.
These super blocks are then searched to locate the conditioning data.

The speed advantage of the super block search comes from the way it sorts and
indexes the data. Starting at one corner of the map, the super blocks and data are
numbered (Figure 2.9). In ascending order, each super block is searched and the
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Figure 2.8: A 2-D illustration of how the super block search divides the modelling area
into blocks and constructs a template based on the search ellipsoid.
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Figure 2.9: The super block search numbers all super blocks and then identifies the data
in each block. The cumulative number of data is stored in an array and the data is indexed
for quick retrieval.

cumulative number of data is stored in an array:
Block(i) = Zdat(j), i=0,...,n
j=1

where Block(0) = 0, dat(i) is the cumulative number of data for the first i super
blocks, and there are m super blocks in total. The number of data inside of any
super block is found by subtracting the previous super block value from the super
block of interest, Block(j) — Block(j — 1). The index location of data inside of this
super block ranges between Block(j — 1) + 1 to Block(j). Using the example in
(Figure 2.9), super block 2 has 5 — 3, or 2, data and their index locations are 4 and
5, respectively.

Working with non-gridded data in simulation requires a two part search. The
spiral search locates all previously simulated nodes on the grid system and the super
block search finds the non-gridded input data. Keeping the two data types separate
allows input data to be preferentially used over previously simulated values.

The cost of using the two part search is CPU time due to the setup and operation
of the searches. To understand the CPU cost, the same time example as (Section
2.3.1) will be used with some minor changes. The number of previously simulated
values will be set to zero so only the non-gridded input data will be used. The grid
will be reduced to 97 X 100 since the previous example did not simulate the 300
gridded input data. The CPU time (Figure 2.10) for the two part search, dots, is
higher than using just the spiral search, black line. Initially, the two part search
can take over an order of magnitude more time than just the spiral search. Since
both methods use the spiral search, this increase in time is due to the setup and
execution of the super block search. As the number of data increases, the difference
between the search becomes less important since matrix inversion takes most of the
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Figure 2.10: The CPU time using a two part search is shown by the dots. The solid black
line shows the change in CPU time when only the spiral search is used.

CPU time. Note, once the super block search is set up, the CPU time should not
change since the same blocks are checked every time.

Drillhole data is typically densely sampled in the vertical direction and sparsely
sampled in the horizontal. Working near a drillhole can be problematic since the
maximum number of conditioning data is quickly reached from a single drillhole,
causing the horizontal data to be poorly represented. To force data to come from
different directions, an octant search (Deutsch 1998) can be used. The octant search
divides the search ellipsoid into octants in 3-D and quarters in 2-D. A maximum
number of data are retained from each octant. Since a straight drill hole typically
only goes through two octants, a minimum of three octants with data should be
used to ensure the data comes from more than one drillhole.

2.4 Simulation Path

Simulation does not distinguish between input data and previously simulated val-
ues. After a location has been simulated, it will be added to the set of possible
conditioning data and is used to help inform surrounding locations. The influence
of previously simulated values will extend to the surrounding unsampled values,
causing the order in which the nodes are visited to be important. If a poor choice
of path is used then artifacts can be added to the model. This should be avoided so
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Figure 2.11: In areas away from the edge of the model, the same relative nodes will
be used in the kriging system for a regular simulation path. All locations that fit this
template can use the same kriging weights.

that any structure in the model is based on the input data and the model variogram.

2.4.1 Regular Path

Following the grid system in a regular fashion is one possible simulation path. The
GSLIB (Deutsch 1998) grid format starts at the bottom left hand corner of the
lowest level. The grid then cycles in the X direction first, followed by the Y and
then Z directions. The simulation path could follow the same sequence.

This regular path would reduce the number of matrices that must be solved
when kriging. As the path moves away from the edges of the model, assuming there
is no input data, the same data locations relative to the point of estimation will
be used. Therefore, the same kriging weights can be used repeatedly, removing the
need to solve the same kriging matrix. The number of locations that conform to this
template depends on the search radius and the presence of input data. If a small
search radius is used and there are no input data, then up to 90% or more of the
model will use the template weights.

Although this choice of path may be computationally fast, the input variogram
will be poorly reproduced (McLennan 2002) (Figure 2.12). Variogram reproduction,
within ergodic fluctuations, is important when creating a simulated model to ensure
the proper geological structure is maintained. This is enough to discourage the use
of this method.
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Figure 2.12: The average North variogram reproduction, dots, for 100 realizations using
a random simulation path, a), and a regular simulation path, b). The solid line is the
input variogram. One realization for the random path, c), and the regular path, d), are
shown. The units have been transformed to follow the Gaussian distribution. This figure
is taken from (McLennan 2002).
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2.4.2 Spiral Path

A spiral path, moving away from input data, could propagate the influence of the
input data over more of the modelling area (McLennan 2002). The path is created by
finding the distance between each node and the closest input data. These distances
are stored and sorted in ascending order. Simulation proceeds by visiting the nodes
in this order (Figure 2.13). To break the ties caused by a regular grid, a small
random component can be added to the distances.

This method will preferentially travel through all the locations closest to the
input data. The problem is that as simulation progresses, each location will be next
to several previously simulated values. This causes most of the conditioning data
to come from the same direction, with only small separation distances. Using only
the closest data will cause poor variogram reproduction in the large-scale features.
This lack of variogram reproduction is enough to discourage the use of this method.

2.4.3 Random Path

Practice has shown that it is best to proceed randomly to prevent any influence of
the path on the model (Deutsch 1998, Isaaks 1990, McLennan 2002). A random
number is assigned to each grid node and then these values are sorted. The starting
point and sequence of this path will change for every realization. Over multiple
realizations, the structure found in the model will be based on the input data and
model variogram. It will not be an artifact of the simulation path.

2.4.4 Multiple Grids

Using a fully random path and only nearby conditioning data may not reproduce
the variogram structure at large distances in the model. To correct this problem, the
simulation path can by performed on multiple grids (Tran 1994) where a random
path is used for each grid. To start, a coarse grid is simulated to help capture
the large-scale features in the model by working with conditioning data over long
distances. This grid is then reduced in several steps until the final model grid size
is reached. (Figure 2.14) shows an example of how the multiple grids is created
using three different grid sizes. Incorporating multiple grids into the random path
will improve variogram reproduction at large distances without compromising the
benefits of the random path.
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and reduces the scale in several steps until the final grid has been reached.
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Chapter 3

Non Stationary Parameters

Stationarity is a basic assumption required in geostatistics. It assumes all the data
belong to the same statistical population and they share the same limit statistics
(Journel 1978). In most situations, local trends are observed in the data that deviate
from the global statistics. Ignoring these trends does not affect reproduction of the
global histogram, but local structure in the models will not be reproduced. Trends
can be observed in the mean, variance, and correlation with secondary variables. In
structurally controlled areas, these trends can even be observed in the angles and
anisotropy ratios that describe the spatial variability.

Rock types are another form of secondary information. Separating the data by
rock type removes the need for a global assumption of stationarity; stationarity is
assumed inside each rock type. The limiting factor in dividing the data is that
there must be a minimum amount of data in each rock type to: inform the required
statistics, transform the data, and model the variogram. In some cases, the data
are correlated between rock types and this information should be allowed to cross
the rock type boundaries. These soft boundaries allow data from either rock type
to be used in SGS, but this can be problematic.

3.1 Mean

The most common violation of stationarity is a location-dependent mean. In many
geostatistical studies, the modelling area will contain large regions of high and low
values; thus, the local mean changes throughout the modelling area. Ideally, these
regions would be modelled separately. This may not be practical due to the limited
number of data, and the uncertainty in the boundaries between the regions due to
the gradational nature of these changes. One approach is to group data based on
similar characteristics and use a trend to describe local departures from the global
average. The model that describes the local mean is constructed based on some
form of secondary information, expert knowledge, or large-scale contouring of the
data.
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The local mean is built at the same scale as the simulated model to provide a
mean value at every location. Under SK, the mean is subtracted from the data
and the stationarity assumption is applied to the resulting residual values. Simple
kriging with a locally varying mean (LVM) is written:

Zivar(w) —m(u) =) Aa - [2(ua) — m(ua)] (3.1)

where m(u) and m(u,) are the location-dependant means.

In this form, the covariances should come from the residual values. In practice,
the variogram of residuals can be difficult to obtain, so the original data variogram
is often used. This is reasonable at short distances since the trend most significantly
affects the large-scale variogram. In this form, kriging provides an estimate of the
residual value or the degree of fluctuation from the local mean. To return to original
units, the calculated residual is added to the local mean. The kriging variance is
expressed as:

oty (W) = C(0) = ) Aa-Clu,u,) (3.2)

A 2-D synthetic example was created to show the affect of local means on kriging.
To start, 30 primary data points were placed in a 50m x 50m area. To create the
map of local means, the 30 primary data had a small random component added to
them, reducing the correlation from 1.0. Some more data was added to the local
means to create structure not captured by the primary data. The local mean data
was block kriged produce a 50 x 50 cell map to cover the whole area. At the primary
data locations, the block kriged local mean values were extracted from the map and
a correlation of 0.750 was calculated between the primary data and local means.
The primary data and local mean values (Figure 3.1a,d) were then used to create
kriged maps using SK, b), and LVM, e). The SK map and LVM map have some
similar properties and both honour the input. To see the differences, the SK values
were subtracted from the LVM values to create a difference map, ¢). The scale of
this map goes from -25.0, white, to +25.0, black, with the grey areas close to 0.0.
The same scale was used for the LVM minus local means difference map, f). It is
easy to see from the difference maps that LVM is similar to the local means in most
areas, but shows much more deviation when compared the SK results.

To look at the affects of the local mean on the global distribution, the histograms
for the primary data, SK values, LVM values, and the local mean values were created
(Figure 3.2). The shape of the input data histogram is approximately lognormal
with mean and standard deviation of 30.29 and 38.17, respectively. The SK run
maintains the lognormal shape and almost the same mean value at 30.39, but the
standard deviation decreased to 18.00. This decrease in standard deviation is caused
by the limited number of high values as seen by the small tail on the distribution.
The LVM distribution is a combination of the input data and the distribution of
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Figure 3.1: The 30 primary data locations, a), and local means, d), were used to create
a SK map, b), and a LVM, e) for permeability in mD. Difference maps between LVM -
SK, ¢), and LVM - local means, f), can be used to compare the results.

local means. The LVM mean at 35.26 is between the lower bound from the input
data, 30.29, and the upper bound of the local mean, 38.05. This is also true for the
standard deviation at 25.44 where the lower bound is 23.45 from the local means
and the upper bound is 38.17 from the input data. Note that the local means used
in this example may show more local features than usual. Changes in the local mean
map are typically restricted to large-scale features.

LVM is a simple way to include information about a location-dependent mean
in a one-step kriging process. In a simulation context, this process is not as simple.
The addition of a random component when simulating with LVM can cause global
variance inflation problems. This problem is further explained and a correction is
proposed in Chapter 4.

3.2 Variance

Variability is another parameter that can be non stationary. When the change in
variance is linked to the magnitude of the variable it is known as heteroscedasticity
or the proportional effect (Isaaks 1989, Oz 2002). The variance is then a function
of the local mean, o%(u) = f(m(u)), and is assumed to be pseudo-stationary or
locally accurate. This property can be very pronounced in original units and is of
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Figure 3.2: a) primary data histogram, b) SK histogram, c¢) local means histogram, and
d) LVM histogram.

great concern in any direct sequential simulation technique. When a normal score
transformation is performed, the proportional effect is assumed to be removed from
the data (Deutsch 2002a, p167). For most cases this is reasonable, but sometimes
a remnant of the problem can be seen in normal space. In these special cases, this
change in variability should be accounted for in the simulation process.

The relative variogram (Olea 1991), yg(h), is one solution that can be used to
account for heteroscedasticity in the data. A semivariogram, v(h), is modelled from
the data and is then scaled by a mean-dependant function, f(m(u)), to obtain the
relative variogram: (h)

~v(h
where the scaling function is commonly the square of the mean, f(m(u)) = m(u)?.
This will adequately remove the effects of heteroscedasticity for application in SGS.

Alternatively, a scaling factor could be applied to the kriging variance to account
for local departures from the global variance (Lyall 2000). To start, a scatter plot is
created to compare the moving window means and variances for normal score data
(Figure 3.3). The data is then divided into bins where there should be at least 10
data per bin and from 5 to 20 bins depending on the number of data. The bin width
can either be constant, as shown, or vary so that each bin has the same number of
data. The variance for each bin is calculated and the correction factor, F', is the bin
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Figure 3.3: The variance scaling factor is calculated per bin on the scatter plot by dividing
the bin variance by the global variance. The mean is in the Gaussian transform of the
ordinal units. Note, the heteroscedasticity is overstated for illustrative purposes.

variance divided by the global variance:

2
Ubin
2

O Global

Fyir, = (3.4)
During simulation, the kriging estimate is calculated and is matched to a bin. The
bin specific correction factor is applied to the kriging variance and simulation con-
tinues. This will not affect data reproduction since the kriging variance is zero at
data locations. Correcting the variance locally will affect the global histogram. The
input histogram will have poor reproduction, especially for the global variance.

The change in variance can be linked to regional fluctuations and changes de-
pending on location. To describe how the variance changes, a trend map is con-
structed and the correction factor is calculated from this map. The location depen-
dent correction factor, F'(u), is applied in the same way as above.
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3.3 Correlation

Collocated cokriging (Xu 1992) (Section 4.1) incorporates secondary information
into the estimate through the correlation between the two variables. This correlation
is most often assumed constant, however, under certain geological conditions it
can vary over the model area. Accounting for this change is simply a matter of
calculating the local or regional correlation and applying this correlation to the
cokriging equations. It is the geological context of how the correlation changes that
needs to be established.

In the natural resources industries, certain geological phenomena can cause
changes in the correlation between variables of interest. In mining, the correlation
between the minerals can change throughout the deposit. Not accounting for these
changes could cause misclassification of the material, especially in areas near the
cut-off grade. In the petroleum industry, the correlation between static properties,
or between the seismic responde and static properties, may changing throughout
the reservoir. These changes in correlation can have an impact on the calculated
reserves and predicted recovery factor. In both industries, even small changes in the
resource model can have a large financial impact on projects.

3.4 Angles

The angles associated with the search radius and variogram modelling can be non
stationary. It is possible to have preferential directions of continuity in some ge-
ological formations and other naturally occurring phenomena. If these directions
of continuity change over the area of interest, they should be accounted for in the
modelling process. A prior coordinate transformation is sometimes used to remove
these changes. In complex 3-D cases, this transformation can be difficult. In these
situations, the angles of continuity may become location-dependent.

Continuity is described by three angles and two anisotropy ratios for a 3-D area
(Figure 3.4). Following the GSLIB (Deutsch 1998) convention, the three angles
relate to the rotation around the X, Y and Z axis and the anisotropy ratios relate to
the differences in the range of continuity in the X-Y, horizontal, and Y-Z, vertical,
directions. Angle one is the degree of shift to create a new X’ and Y’ in the X-Y
plane. The second angle is the tilt of the Z-Y’ plane around the X’ axis creating new
Y” and 7’ directions. The third angle is the degree of rotation around the Y” axis
that shifts the X’-Z’ plane to create new X” and Z” directions. The first anisotropy
value is the ratio of the X” range over the Y” range and the second anisotropy value
is the ratio described by the Z” range over the Y” range.

In most cases, the change in the principle directions and anisotropy ratios over
the modelling area are small or non existent. The global averages for these param-
eters are the best choice. In complex 3-D cases, the average would produce poor
results since the local neighbourhood would not be properly defined (Figure 3.5),
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Figure 3.5: Geological structures with complex geometry cannot use average directions
of continuity.

and the covariances would be incorrect. To correct this problem, the angles of con-
tinuity can vary locally over the modelling area. The changes in the angles can be
found deterministically by rock type or hand contouring, or stochastically through
surface and/or fault models. The anisotropy ratios are often assumed constant;
however, location-dependent anisotropy ratio models could be used by scaling the
variogram ranges (Deutsch 1992).

A difficulty in dealing with locally varying angles (LVA) is the calculation of the
distance between two locations. The distance measurement should account for the
local directions of continuity along the path between two points and not just the
Euclidian distance. Difficulty in calculating the separation distance translates to
uncertainty in the covariance between any two locations. This uncertainty increases
over larger distances and with more complex structure.

To implement LVA, the varying parameters must be modelled at the same scale
as the primary variable model. The parameters can change at every location or
within regions. The variogram model should account for these angle changes, but
due to the uncertainty in the separation distances, calculating the lags would be
almost impossible.

Once variogram modelling is completed and the trends in the angles are mapped,
simulation can be performed. At an unsampled location, the search ellipsoid and
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variogram is oriented to local angles of continuity and anisotropy ratios. Local data
are identified inside of the shifted search ellipsoid and the covariances are calculated
based on the shifted variogram. The rest of the steps to create a simulated value
will be the same as the standard SGS method.

3.5 Rock Types and Soft Boundaries

In a geostatistical study, the variable(s) of interest will typically cover the whole
modelling area. In some cases, this area could contain two or more different rock
types, all associated with the variable(s) of interest. The problem is that the spatial
correlation and histogram can be rock type dependent, globally violating stationar-
ity. To capture these features, the rock types need to be treated separately.

For each rock type, variograms and statistics are calculated based only on the
data contained in that rock type. Simulation is performed independently by rock
type. Usually, the boundaries between the rock types are hard, that is no information
can cross them. In some cases, there is correlation between the rock types and
this must be accounted for in the modelling process. The boundaries between the
correlated rock types will be soft or information can pass from one side to the other.
There can be two kinds of soft boundaries: one-way and two-way boundaries. In
most cases, the correlation between two variables will go both ways. Rock type A
is correlated to rock type B and rock type B is correlated to rock type A. This
will create a two-way boundary where information can move in either direction. An
example of a two-way boundary is where there is a transitional zone between the
two rock types. Near the boundary, the rock type properties would be similar and a
two-way boundary would be practical. Alternatively, a one-way boundary is when
rock type B can inform A, but A provides no information to B. An example of a
one-way boundary is a high grade rock type can use data from an adjacent low grade
rock type, but the low grade rock type can only used internal data. If the reverse
was allowed, the high grade values would over influence the low grade results.

To control these boundaries, a logic matrix is required where 0 is a hard bound-
ary, no data is used, and 1 is a soft boundary, data can be used (Deutsch 2002b)
(Table 3.1). If all the boundaries are set to zero, including the principle diagonal,
this rock type will be ignored in the simulation process. This allows the matrix to
be used to key out areas of the model.

Each rock type is independently transformed to normal space for use in SGS.
This can cause problems when using soft boundaries since a normal value in rock
type A is not equal to the same value in rock type B after back transformation. If
the distributions in original space are similar, these effects will be small and this
problem can be ignored. If the distributions are different, these effects can cause
problems. For example, a gold grade of 10g/tonne may be equal to the 0.68 quantile
for rock type A and the 0.54 quantile for rock type B. This will cause the same value
in original space to be unequal in normal space. To correct this, any value crosses a
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Can __ be used to estimate rock type __ Rock Type

Yes=1No=0 A B C
A 1 0 0
B 1 1 0
C 0 0 1

Table 3.1: The logic matrix used to describe hard, soft one-way, and soft two-way bound-
aries. A 0 is a hard boundary and a 1 is a soft boundary.

boundary must first be transformed back into original space and then transformed
into normal space specific to the rock type being estimated.

38



Chapter 4

Self-healing

New forms of SGS were developed to incorporate secondary information. Collocated
cokriging (Xu 1992) and simple kriging with a locally varying mean (Section 3.1)
are two such techniques that are commonly used in practice due to their simplicity;
however, the cost of this simplicity is often an inflation to the global variance. This
variance inflation is problematic in the backtransformation to original units, causing
the input histogram not to be reproduced. An algorithm was developed to correct
the variance inflation problem based on the underlying cause for each technique.
This algorithm is referred to as self-healing (Zanon 2002) since it is only applied
when variance inflation is detected during simulation.

4.1 Collocated Cokriging

Collocated cokriging (CCK) was developed as an alternative to the much more
difficult to apply full cokriging (Section 5.1). In CCK, only the collocated secondary
variable is used due to a Markov-type screening assumption (Xu 1992). Under this
assumption, the collocated secondary data caries the same information as all the
surrounding data. This will result in the following equation:

Yor(W) = Y Aay - y(a,) + X - ya(u) (4.1)
a1=1

where there are n; primary data and ), is the weight applied to the single collocated
secondary variable, ys(u). To solve for the weights, a ny + 1 covariance matrix is
created. The first n; equations in the matrix follow the form:

Z )\al : Cn(ual, U51) + )\/2 : 012(ua1, LI) = Cn(u, ual), o = 1, N 51 (42)
B1=1
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and the last equation is then:

D ey Car(u,ug,) + Ca(0) = Ci(0) (4.3)
B1=1

where the C12(0) is equal to p12(0) and the Cia(u,,,u) term is approximated by
p12(0) - C11(u, vy, ), Vu,u,, for normal score variables (Deutsch 2002a). The corre-
sponding kriging variance for CCK will then be:

0trx(W) =C(0) = Y Ay - Clu—ua,) = Xy - p12(0) (4.4)

ar1=1

CCK provides the means to incorporate secondary data by only slightly increas-
ing the size of the kriging matrix and with only the knowledge of the correlation
coefficient, p12(0). The cost of this simplification is that the global variance has a
tendency to exceed the expected value of 1.0 in normal space. This causes problems
in the backtransformation and poor reproduction of the global histogram. The cause
for this global variance inflation is linked to the Markov approximation. Restricting
the secondary data to only the collocated variable yields a close approximation to
the full cokriging estimate; however, this limitation causes the kriging variance to
be larger. In (Equation 4.4), the secondary data acts to reduce the kriging variance.
Including more data would decrease the variance even further. This local increase
in variance affects every unsampled location in the model area, thus increasing the
global variance.

4.2 Locally Varying Mean

Locally varying mean (Section 3.1) is an extension of SK that utilizes secondary
data in the form of a geological trend in the local mean. Accounting for this trend
can help to capture high and low regions in the model area but this departure from
stationarity can cause inflation in the global variance. This increase in the global
variance is linked to a relationship between the kriged mean and variance.

Simulation uses kriging to predict an estimate and variance at every unsampled
location. Based on these values, a Gaussian distribution is created and the simulated
value is drawn. In SK, the expected mean is zero and the highest possible kriging
variance is one. The probability of drawing an extreme value from this distribution
is very small. The mean can deviate away from zero but this would be driven by
nearby local data and the corresponding variance would be small. This will maintain
a low probability of drawing an extreme value.

In the case of LVM, departures from the expected value of zero are based on
the secondary data and not the local data. Without the supporting local data, the
kriging variance will not be reduced and the probability of drawing an extreme value
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Figure 4.1: Illustration of a locally varying mean (solid line) versus location, u, and
three conditional distributions. The shaded regions of the two outside distributions cause
variance inflation because there is a too high probability to draw extreme values.

in simulation is much higher. These extreme values will then be used as conditioning
data, compounding the problem. This will result in an inflated global variance. A
graphical example of this is shown (Figure 4.1). Three local distributions using the
same variance with different mean values can be seen. When the mean deviates
away from zero, left and right distributions, a large variance causes the tail on the
extreme size to be too large. This same variance would not cause this problem if
the mean was close to zero, centre distribution.

4.3 Fixing the Problem

To fix the global variance inflation problem, the kriging variance for both cases must
be reduced. The simplest historical fix to this problem is to use a global correction
factor to reduce the variance, 6% = f - o%. This single value is then applied at
every location. A global correction fix was problematic in two ways, the correction
factor was found iteratively and was applied at every location. Testing a suite of
correction factors and choosing the one that closest reproduces a global variance of
1.0 is slow and does not allow for automation of the simulation process. Applying
the correction factor everywhere will reduce the local variability in areas that are
not a problem.

To overcome these limitations, an algorithm was developed that dynamically
corrects the variance when variance inflation is detected. The algorithm in essence
allows the program to heal the problem itself, hence the name self-healing. To start,
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the first twenty locations in the model are simulated without restriction to develop
an estimate of the global variance. The global variance is then tracked throughout
the simulation process. If a simulated value causes the global variance to exceed
the accepted maximum, the kriging variance is corrected and a new estimate is
calculated at that location. This algorithm is an improvement in three ways: the
degree of correction can change at every location, it is only applied to problem
locations, and all calculations are performed internally in the program.

For CCK, the correction factor is calculated based on the global variance. Ini-
tially, a value is simulated at a given location and the temporary global variance is
calculated. If the temporary variance is greater than 1.02 then self-healing is ap-
plied. A value of 1.02 allows for some deviation from the expected variance of 1.00.
Values larger that 1.02 were tested, but it was found that self-healing was applied
more often and allowed a higher global variance.

When self-healing is applied, a corrected variance is calculated by dividing the
temporary global variance by the dispersion variance:

0_2 _ O-zim. global (4 5)
“or = D2(v, A) |

where the dispersion variance is close to one for point estimates. The corrected
variance is then used to find the correction factor that will be applied to the local

variance: ]

3'(”207‘. —1)
6( ACC )

factor = (4.6)
where AC'C is range function that was optimized. This equation is shown graphically
(Figure 4.2).

To determine the best value to use for ACC, self-healing was applied to a few
test cases. For each case, the global mean, variance, correlation, and variogram were
tracked for five realizations as ACC' was varied between 0.002 and 0.500. There was
little change from 0.002 to 0.010 for all the cases but beyond this value an increase in
the variance and/or correlation was observed. For all values of ACC| there was only
minor changes in the means and almost no change in the variogram. A final value
of 0.01 was chosen for ACC' since this will provide the proper degree of correction
while limiting the possibility of over-correction.

For LVM, the cause for variance inflation is different and the maximum accept-
able kriging variance is calculated based on a theoretical function. A relationship
between local mean and variance was approximated using an exponential function.
This expression is used to calculate the maximum acceptable variance based on a
specified mean:

U/%VM — o WL (4.7)

where |y(u)| is the absolute value of the kriged mean at location u, 0%, is the
maximum acceptable variance for the given mean, and L is a positive scaling factor.
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Figure 4.2: The calculation of the self-healing correction factor used in CCK.

Working with the example data used in the next section, SK was performed and
the means versus variances were plotted (Figure 4.3). The lower limit of the variance
is linked to the variogram used in the example, specifically the nugget effect. The
figure shows three sets of lines that correspond to the maximum acceptable variance
based on (Equation 4.7) and three different values for L equal to 0.5, 1.0, and 2.0.
The L = 0.5 line provides the widest limits and allows a much higher variance for
non zero means. This line contains most of the points from the example data, but
when implemented, the global variance was well above the expected value of 1.0.
Increasing L to 1.0 and 2.0 will greatly improve the global statistics. A final value
of 1.0 for L provides the desired reduction in the global variance while providing an
output correlation closest to the input value.

To apply this calculated variance some specific criteria must be satisfied. To
start, the temporary global variance must again exceed 1.02 to even consider self-
healing. When a point has been identified as a candidate for self healing, the max-
imum variance is calculated from (Equation 4.7). If the kriging variance is below
the calculated maximum variance, then the kriging variance is retained; otherwise,
the maximum acceptable variance is used as the kriging variance. If the kriging
estimate is positive, the new kriging variance is applied to the right hand side of the
residual distribution. In this way, simulated values drawn from the right half of the
distribution will be limited, reducing the probability of drawing extreme values, but
the full variability is accepted on the left hand side. This is reversed for negative
kriging estimates. An earlier version of self-healing applied the calculated kriging
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Figure 4.3: The points on this graph show the link between the SK mean and variance for
the example data set used later in this chapter. The dashed lines represent the variance
limit used for self-healing for different values of L. The mean is in the Gaussian transform
of the ordinal units.
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variance to the whole distribution, but the model was overly smoothed. Limiting the
correction to one side of the distribution allows for more variability and improved
variogram reproduction.

Altering the variance will have an affect on the licit model of coregionalization,
however, these effects are not clearly understood. To satisfy the licit model of
coregionalization, the following equality must be checked:

Cii(h) - Cop(h) > (Cia(h))? (4.8)

where Cpp(h) is the covariance of the primary variable, Cqs(h) is the covariance of
the secondary variable, and Cjy(h) is the covariance between the variables. For
standardized variables this is re-written:

p11(h) - pya(h) > (p1a(h))? (4.9)

where the covariances have been replaced with correlations. When the correlation
varies locally or self-healing is used, this restriction comes into effect. For example,
a smooth secondary variable will have a large correlation, pss is large, and if this is
highly correlated with the primary variable, p1 is also large, then p;; must be large
to satisfy this requirement. A large correlation for the primary variable will result in
a smooth model. The implications of this restriction needs to be looked into further
and the resulting models should be checked to ensure that it is not violated.

Self-healing is an effective way to correct the variance inflation caused by CCK
and LVM; however, there is no clear definition of when the variance is considered
to be inflated. The boundary between acceptable fluctuations in the variance and
a problematic variance needs to be studied. This boundary will most likely change
depending on the data, setting, and context of the study.

4.4 Example

The porosity of a petroleum reservoir will be used with seismic data as an example
for the application of self-healing for CCK and LVM. This reservoir will be modelled
using 50m x 50m cells with a range of 4000m in the X direction and 8200m in the
Y direction. The isotropic variogram model has a nugget of 0.1 and two spherical
structures with a range of 650 and 1000 with corresponding contributions of 0.50
and 0.40, respectively. The variogram sill is at 1.0 to reflect the expected variability
of the data. All of the results are for the normalized variables.

The input data for this example consists of 100 primary data and a map of
secondary data at the same scale as the model (Figure 4.4 a,b). Note that the
variability of the secondary variable may be larger than usual. One realization for
CCK was produced using no self-healing, c), and with self-healing d). The self-
haling map shows a decrease in the solid black and white areas, corresponds to a
decrease in extreme values. This assessment is reflected in the difference map where
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the no self-healing results were subtracted from the self-healing results, e). The
difference map shows negative values, white, in the high value areas and positives
values, black, in the low value areas confirming the reduction in extreme values.

Self-healing affects the global distribution of the data, as seen by the histogram
(Figure 4.5). Histograms were created for two realizations of CCK without self
healing, a) and c), and with self-healing, b) and d). When self-healing is not used,
the histograms show an increase in the spread of the distributions and variances are
close to 1.50. Self-healing reduces this spread, along with decreasing the variance
to 1.00. All of the histograms have means of approximately zero.

To look at how the correlation was reproduced, scatter plots between the sim-
ulated results and secondary data were created (Figure 4.6). The two realizations
using no self-healing, a) and ¢), show an increase in correlation from the input value
of 0.77 to 0.913 and 0.908, respectively. This is reflected in the narrow range of
points on the scatter plots. Self-healing, b) and d), did not correct this increase in
correlation, but there was some improvement at 0.874 and 0.864, respectively. The
significants of this improvement is not clear.

The final comparison is a look at the variogram reproduction for five realizations,
dotted lines, against the input variogram, solid line (Figure 4.7). The results for
CCK without self healing were plotted in the X direction, a), and the Y direction,
b). In both directions, the variogram reproduction is fairly good until the input
variogram range is reach at 1000m. The variograms continue to increase beyond the
expected sill of 1.0 and reach maximum variability at over 1.50 with a range of about
1600m. Self-healing, b) and d), show reproduction of the nugget in both directions,
but as the distance increases, there is significant deviation away from the input
variogram. The increase to the range of continuity causes the variogram to reach
the expected sill at about 1500m and this corresponds to a maximin variability of
close to 1.0. This smoothing effect is the cost of applying the self-healing algorithm.
It is interesting to note that the self-healing variogram range is similar to the range
of maximum continuity when self-healing is not used.

The same data set was used to show the changes to LVM when self-healing is
applied (Figure 4.8a,b). The LVM realization without self-healing, c), shows an
increase in extreme values compared to the self-healing realization, d). Subtracting
the no self-healing results from the self-healing results provides the difference map
for LVM, e). This map is much smoother than the CCK difference map, but it again
shows that the extreme values have been reduced by using self-healing.

The histograms for all realizations show some deviation from the normal shape,
but this deviation is smaller in the self-healing results (Figure 4.9b,c). For both
realizations, the variance is at 1.02. The histograms when self-healing is not used,
a) and c¢), have much larger variances exceeding 1.60. This is reflected in the spread
of the histograms and the increased number of extreme values. The mean of the
histogram are all close to zero. In (Figure 4.9c), the last bin on the right is the
collection of all values above the maximum of 3.50.
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a comparison between the models. The plots show the Gaussian transform of porosity.

47



a) Hist. of NS K—CCKBun 1 b) Hist. of NS K—CCK—§H Run 1

E I TH Mean -0.02 ] M Mean 0.01
0.073 N M Variance 1.49 0.08_| I i Variance 1.00
0.06 B 1 n
E i 0.06_| A
.. 0.057 - i ,
o . ™ (8]
= B c 4
L 0.044 g ]
g ] g 0.04]
L 0.03 s i
0.02 ] 0.02 1
0.01 i
0'007:““\““\““““““““\““\“‘ 0'007““\““\““““““\““\““\“‘
-3.50 -250 -150 -0.50 0.50 1.50 250 3.50 -3.50 -2.50 -1.50 -0.50 0.50 1.50 250 3.50
Sim. Value Sim. Value
C) Hist. of NS K-CCK Run 2 d) Hist. of NS K-CCK-SH Run 2
0.08 4 — R 7
7 [ Mean 0.00 i I Mean 0.00
0.07 3 M | Variance 1.46 0.08_l ml - Variance 1.00
0.06 L 1
E N L 0.06_| | ]
> 0.05 1 > ml
o ] o 1
S 1 5 |
S 0.04 4 3 4
g ] g 0.04 |
L 0.031 w B
0.02 0.02]
0.01 ]
0.005 T T T T T 0.00 | T T T T T
-3.50 -250 -150 -0.50 0.50 150 250 3.50 -3.50 -2.50 -1.50 -0.50 0.50 1.50 250 3.50
Sim. Value Sim. Value
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and with self-healing, b) and d). The histograms are in the Gaussian transform of porosity.
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The scatter plots (Figure 4.10) show the relationship between the kriged values
and local means. The realizations when self-healing is not used, a) and c), show
more spread in the data on the x axis compared the self healing results, b) and d).
This change in spread is caused by the decrease in extreme values. Self-healing does
show some banding the the scatter plots. The cause for this banding is most likely
linked to the calculation of the maximum acceptable variance, but the relationship
is not clear.

The variogram reproduction (Figure 4.11) for LVM shows different results from
that of CCK. The variograms for LVM without self-healing, a) and c), have the
correct nugget but they increase much faster than the model variogram, reaching
a variability of 1.0 in about 400m. The variograms continue to increase until they
reach maximum variability at over 1.5. The self-healing results, b) and d), reproduce
the nugget and input variogram up to a variability of about 0.5. Above 0.5, the var-
iograms do not increase as quickly as the model variogram and maximum variability
is not reached until about 1200m. The self-healing variograms show that the global
variance has been reduced, while maintaining partial variogram reproduction.
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Chapter 5

Alternative Secondary Data
Integration

Collocated cokriging and locally varying mean suffer from variance inflation prob-
lems due to simplifications in their theory. There are alternative simulation tech-
niques that can be applied that do not have these same limitations. Full cokrig-
ing and stepwise conditional transformation are two such techniques (Leuangthong
2003a, 2002b). Full cokriging is theoretically correct in a multiGaussian setting.
It utilizes all local secondary data in the kriging estimate and this improves vari-
ance reproduction. Stepwise transformation accounts for the correlation between
the variables in the transformation process. The transformation leads to variables
that can be simulated independently and their correlation will be injected in the
backtransformation process. These techniques can improve on the previously pre-
sented techniques, however, they require the user to perform more work and do have
some limitations.

5.1 Full Cokriging

Full cokriging is an extension of the kriging formalism (Equation 1.2) where sec-
ondary information is included in the estimate. The full cokriging equation is ex-
pressed using residuals, Y;, where the mean, m;, specific to each variable, is sub-
tracted from all the data in variables k. In this form, Y] is the primary variable and
Yi~1 is any number of secondary variables:

Gho =33 A, - pi(ua,) (5.1)

i=1 a;=1

where all k£ variables can have a different number of data, n;, at different location,
u,,, and each variable will have its own set of weights, A,,, to help predict the full
cokriging estimate, yj(u).
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Kriging amounts to minimizing the error variance of the linear estimate (Equa-
tion 5.1). This is done by taking the partial derivatives with respect to the different
kriging weights and setting them to zero (Section 1.3). This leads to the cokriging
equations:

k ng
Z Z Aﬁl . C’ij(uaj,u/gi) = le(u,uaj), a; = ]_,. <oy g, ] = 1, .. .,k? (52)

i=1 B;=1

where Cjj(uq,,ug,) is the covariance when i = j and the cross-covariance when
1 # j. The corresponding full cokriging variance is expressed:

Fho =00~ 33 Ao, Calung) (5.3

i=1 a;=1

where Cj1(u,u,,) is the covariance for ¢ = 1 or the cross-covariance, when i > 1,
between the primary variable at the point being estimated and any other variable
at distance h away.

To obtain the covariances needed to solve these equations, the (cross)variograms
for each variable and between every variable must be modelled. A requirement for
this modelling process is that the (n; +mns+...+n;)? matrix must be (semi)positive
definite (Journel 1978, p35) and to ensure this all the variograms must be mod-
elled using a linear model of coregionalization (LMC) (Goovaerts 1997, p208). This
requires the joint modelling of @ (cross)variograms if Cpg(h) = Cga(h) is as-
sumed. This is done by following the rules outlines in (Deutsch 2002a, p144) or
(Goovaerts 1997, p112). Due to the difficulty in obtaining these (cross)variograms
and the size of the resulting matrix, (Equation 5.1) is typically only expressed for a

single secondary variable:

Yro(u) = Z Aoy Y1(Uay) + Z Aas * Y2(Uay) (5.4)

a1=1 az=1
In this form, only three covariance functions must be known.
Ci(h) = Cov{Yi(u),Yi(u+h)}

Cia(h) = Cov{Yi(u),Yo(u+h))
Cn(h) = Cov{Yz(u),Ys(u+h))

where C1a(h) is assumed identical to C2(h) and the covariances are defined between
any two data located at u and u + h.

Working with only a single secondary variable reduces (Equation 5.2) to only
(ny + ng) equations. The first ny equations will follow the form:

D AsClugg,ug) + ) Ag, - Clug,,up,) = Cu,u,,), og=1,....n;  (5.5)
pr1=1 B2
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and the final n, equations follow the form:

Z Ag - C(ug,,up,) + Z)\gg - C(Ugy,up,) =C(0,u,,), aa=1,....,ny  (5.6)
B1=1 B2

Full cokriging has several advantages over the simplified alternatives, but there
are some significant difficulties associated with its implementation that prevent its
wide spread use. There is a high demand on the number of data required to properly
model the LMC and for k variables, @ variograms must be modelled. Auto-
matic variogram fitting programs can help to alleviate the difficulties and time re-
quirements associated with manually fitting the LMC for all variograms. Also, full
cokriging can suffer from matrix instability when many highly redundant secondary
data are used (Xu 1992). The above reasons have caused most users to lean towards
the simplified alternatives when incorporating secondary data.

The full cokriging option will more closely match the global histogram than
CCK (Section 4.1) since the variance at each location will be smaller by incorpo-
rating more secondary data. A variable dependent search is used to define the local
neighbourhood and any secondary data, gridded or non-gridded, can be used in
the estimate. There is no requirement that a secondary variable covers the whole
modelling area.

5.2 Stepwise Conditional Transformation

An inherent assumption in performing SGS with secondary data is that all the vari-
ables are multivariate Gaussian (Deutsch 1998). Conventionally, all variables are in-
dependently transformed through normal scores transformation (Section 2.1). This
will create univariate Gaussian distributions, but there is no control over the higher
order multivariate distributions. Stepwise conditional transformation (Leuangthong
2003a, 2002b) is one way to ensure multivariate Gaussianity of collocated variables
in the transformation process.

Stepwise conditional transformation follows the same procedure as normal score
transformation, but is done in a hierarchical order so that each transformation
is conditional to the transformations already performed. For k variables the k"
transformation is conditioned by the previous k — 1 transformations:

y1 = G [Fi(2)]
Yo = G [Fyn(z2]2)]

/

Yo = G Fun, k-1(zkl21, - 26m1)]

where y;,i = 1,...,k are independent multivariate Gaussian distributions and the
(') indicates that stepwise transformation was used. Note that the transformation
of the first variable is identical to normal score transformation.
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The resulting distributions of the k variables will be multivariate Gaussian with
correlations of zero at a lag distance of zero, h = 0. Since the variables are inde-
pendent, each variable can be simulated independently using SGS. This removes the
need to model or assume an LMC. The model of coregionalization is implicit in the
stepwise transformation (Leuangthong 2003b). Once independent realizations have
been created for all k variables, conditional backtransformation is performed.

The ordering of the variables will have an affect on the final results. Since the
first transformation is not conditioned to any other variable, simulated results will be
the same regardless of what transformation is used. Later variables are conditioned
to the previously transformed variables and this will cause changes in the resulting
statistics and variogram reproduction. To limit these effects, the most continuous
variable should be the primary variable, followed by the second most continuous,
and so on (Leuangthong 2003b).

A limitation of this method, and virtually any method, is that sparse data can
cause erratic and nonrepresentative distributions. It has been found that for k& vari-
ables there should be 10* to 20* data to properly inform all distributions. The data
must be isotopically sampled to infer the relationships between all of the variables.
This will permit each distribution to be discretized into 10-20 classes with 10-20 data
in each class. If there are fewer than this number of data, smoothing algorithms can
supplement the data by filling in gaps in the distributions (Leuangthong 2003b).
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Chapter 6

Final Comments

This thesis has looked into several application details associated with SGS. These
details were presented to explain the SGS algorithm and the reasoning behind some
of the conventional choices. This chapter provides a summary of the main points
from the thesis and areas of future research.

6.1 Conclusions

The transformation of SGS from theory to application requires implementation de-
tails and simplifications to make the process practical. Once the data has been
transformed into normal space, the data can stay at their original locations or be
assigned to the grid nodes. Assigning the data to the grid nodes allows data repro-
duction in the final model with only a minor change to the covariances; provided
the grid spacing is much smaller than the data spacing. Searching for local data
is performed using the efficient spiral search; however, input data and previously
simulated values are treated equally. Keeping the input data at their original loca-
tions allows the input data to be used preferentially over previous simulated values.
Searching for conditioning data is performed in two steps. The spiral search is
used to locate previously simulated gridded data and the super block search locates
non-gridded input data. Performing two searches increases the CPU cost.

Working under the Markov screening assumption allows a limited number of
conditioning data to be used. The choice of this number is very important, but
several factors must be balanced. To achieve reasonably accurate kriging estimates
and variances, more than 8 to 10 data should be used. This data should come from
all directions to achieve a representative sample of the surrounding area. The octant
search will help to achieve this when samples are aligned along drillholes. Working
with more than 10 data will cause only minor decreases in the kriging variance
since the kriging weights will approach zero for the more distant data. The CPU
requirements will increase rapidly as more data is used. The extra cost in CPU time
may be required if complex variogram features are present in the model. To fully
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capture zonal anisotropy and periodicity, more data are required. This is reflected
in the long-range variogram reproduction and is directly related to the more distant
data even though they receive small kriging weights.

The order in which the unsampled locations are visited can have an effect on
the final SGS model. The regular and spiral search paths were looked at due to
their perceived improvement to reduce CPU time or extend the influence of the
input data. Both of these techniques were rejected due to the poor reproduction of
the variogram. Practice has shown that the random path is the best choice since
it does not influence the model over multiple realizations. A fully random path
may poorly reproduce the long-range variogram when only nearby data are used
for conditioning. To improve variogram reproduction, a multiple grid search is used
in conjunction with the random path. The simulation path starts on a coarse grid
that is much larger than the model resolution. This grid is then refined in several
increments until the specified resolution has been reached. The path for each grid
is still defined randomly. The multiple grid search retains all of the benefits of the
random path while improving the long-range variogram reproduction.

One complication to SGS is the presence of non-stationary parameters. The
most common of these is a location-dependant mean. To apply a locally varying
mean, it must be defined everywhere and at the same scale as the final model. SGS
allows the mean to change with location, but practice has shown variance inflation
can occur in the global variance.

The variance can change locally as well. Variability in the variance can be
related to the heteroscedasticity of the data or simply due to regional fluctuations.
Heteroscedasticity is typically removed through normal score transformation, but
sometimes a residual amount is left in the data. To correct this, the data is divided
into groups or bins based on their mean in normal space. The variance in each bin is
calculated and correction factors are determined by dividing the bin variance by the
global variance. During simulation, the kriging estimate at every location is matched
to a bin and the corresponding correction factor is applied to the kriging variance.
Alternatively, regional changes in variability are accounted for by constructing a
trend map. From this map, the location-dependant correction factor is calculated.

Incorporating secondary data into SGS requires a different type of kriging. Collo-
cated cokriging is the easiest to apply since it only requires the collocated correlation
between the two variables. This correlation can vary with location in specific geo-
logical settings. Identifying the geological setting where this variability can occur
is important. A correlation trend map could be constructed and at every location
the corresponding correlation is read from the trend map and applied to the CCK
system.

Additional non-stationarity parameters include the local ranges and directions
of continuity. Folding and faulting can distort these parameters so that they change
locally. Coordinate transformation can reverse these effects but complex 3-D cases
are difficult to unravel. The angles describing local continuity must be calculated
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at each location. This can be extended to changes in the anisotropy ratios as well.
These local parameters can then be applied during simulation. The most difficult
part of this process is the construction of the variogram.

In the presence of multiple rock types, separating the data by rock type can help
to avoid some non stationary parameters. SGS can be performed for each rock type
independently. This requires variograms modelling by rock type. In some cases, the
rock types can be correlated and conditioning data is allowed to cross soft rock type
boundaries. Since each rock type can have a different distribution in original space,
data crossing soft boundaries must be transformed into original units and then back
into normal space specific to the rock type being simulated. Soft boundaries can
allow data to travel in one or two directions.

When secondary information is used in SGS, under CCK or LVM, inflation in
the global variance can occur. To correct this problem, an algorithm was developed
that dynamically changes the kriging variances when inflation in the global variance
is detected. This algorithm is called self-healing. During simulation, the global
variance is tracked. When a location being simulated causes this variance to exceed
a specified limit, self-healing is applied. For CCK, a correction factor is calculated
based on the global variance and this factor is applied to the kriging variance.
The location is then re-simulated using the corrected kriging variance. The LVM
approach is to determine the maximum acceptable variance based on a function.
This function uses the kriging estimate to calculate the maximum variance. The
location causing variance inflation are re-simulated, where the calculated variance
is only applied to the problem side of the residual distribution. Both of these
techniques have been effective in controlling the global variance. An improved global
variance translates to improved histogram reproduction; however, the variogram will
typically be reproduced worse.

Alternative techniques to CCK and LVM are available that do not suffer from the
same variance inflation problems. Full cokriging does not limit the secondary data
to only the collocated point. The increased number of secondary data will reduce
the kriging variance, but this requires the modelling of all variograms and cross-
variograms. The variogram modelling process can be made easier with an automatic
fitting program. Stepwise conditional transformation accounts for the correlation
between multiple variables in the transformation process. After transformation,
these variables will be independent and can be simulated separately. The correlation
between the variables is re-injected in the backtransformation step. To properly
account for the relationships between the variables, at least 10¥ data must be present
for k variables. The data must be sampled at the same locations.

6.2 Future Work

This thesis has considered some of the details associated with SGS, but more work
is required in several areas. When working with non stationary parameters, trend
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modelling is used to understand how the parameters change with location. The
methods used to perform trend modelling are not well understood. More flexible
techniques may need to be developed with an understanding of how uncertainty in
the trend model affects the simulation process.

The research into non stationary parameters has only just started. An under-
standing of their full flexibility is required. Specifically, LVA is limited by the quality
of the variogram used for simulation. Improved variogram modelling methods spe-
cific to LVA must be looked at to help inject the proper structure into the models.

Variogram reproduction is another area where more work is required. Applying
self-healing to CCK leads to poor variogram reproduction. Modifications to the
self-healing algorithm may provide the required variance reduction without such a
large impact on the variogram.

For the maximum number of conditioning data, it has been shown that once
more that 10 data are used, there is little change in the kriging mean and variance.
This assumes the data is representative of the surrounding area. This minimal
change is due to the small kriging weights assigned to the more distant and/or the
redundancy in the data; however, these small weights appear to have an impact on
the variogram reproduction. Understanding the importance of these small weights
and determining how many data are required for adequate variogram reproduction
is another area of future research.

The application of Gandin’s bounds on the kriging variance needs to be con-
sidered. Determining where these bounding limits can be applied is important to
justify the computational effort required to obtain them.

Finally, full cokriging and stepwise conditional transformation have been pre-
sented as alternative techniques to CCK and LVM. A comparative study is required
to show where each of these methods is best applied and their (dis)advantages. This
study should include the application of self-healing to correct for variance inflation
problems in CCK and LVM. Detailed guidelines on where and when to apply these
techniques would be beneficial to most practitioners of geostatistics.
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