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Abstract

The varfit program developed by CCG has received widespread attention because it greatly
simplifies variogram fitting, particularly in 3D and with multiple variograms making up a linear
model of coregionalization. A number of enhancements have been made: (1) a new gamv output
format is considered as input, which simplifies the input parameters and makes it straightforward
to input directional, indicator, and cross variograms, (2) any number of directions can be opti-
mized simultaneously, not just the three principal directions, (3) the angles can be optimized in-
dependently, optimized and fixed between structures, or frozen at user input values, and (4) indi-
cator direct and cross variograms can be fit with constraints on reasonable variations between
thresholds.

Introduction

Fitting variogram models is an integral part of the geological modelling process. However, fitting
experimental variograms can take a large proportion of time during the building of numeric geo-
logical models. This is particularly true if there are a significant number of facies and/or vari-
ables to model. The original varfit program received a great deal of attention because it sim-
plifies the variogram fitting process.

During the previous year a number of enhancements have been made to varfit. These en-
hancements were aimed at making varfit easier to use and to reduce the number of errors that oc-
cur. Some of the changes are that the experimental variogram information is passed to varfit
using a new gamv output format and indicator variograms can now be fit with constraints on pa-
rameter variation between thresholds.

The new gamv2004 Program

The limitation of the gam/gamv formats in GSLIB is that little information is passed regarding
the parameters used to calculate the variogram. This requires the user to keep those parameters
separately and pass them into other programs such as varfit. This is inefficient and error-
prone. The same basic format will be retained, but now there will be the possibility of additional
lines of input parameters. The input parameter file has been modified to the following:
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-file with data

- columns for X, Y, Z coordinates

- number of varables,column numbers
- trimming limits

-file for variogram output

-number

-Dir 01:

-Dir 02:

-Dir 03:

of directions
azm,atol,bandh,dip,dtol,bandv
nlag,xlag,xtol
azm,atol,bandh,dip,dtol,bandv
nlag,xlag,xtol
azm,atol,bandh,dip,dtol,bandv
nlag,xlag,xtol

-standardize sills? (0=no, l=yes)

-number

of variograms

-tail var., head var., variogram type
-tail var., head var., variogram type

traditional semivariogram
traditional cross semivariogram
covariance (-3 calculates variance-covariance)
correlogram (-4 calculates l-correlation)
general relative semivariogram

= pairwise relative semivariogram
= semivariogram of logarithms

semimadogram

indicator semivariogram - continuous - requires a cutoff
indicator semivariogram - categorical - requires a category
indicator cross semivariogram - cont. - requires two cutoffs
indicator cross semivariogram - cat. - requires two categories

Note that the number of lags, the lag spacing, and the lag tolerance must now be specified for
each direction. This permits the simultaneous calculation of horizontal and vertical directional
variograms. It also permits the more reliable specification of directional variograms when the
domain is anisotropic. The basic calculation scheme within the program remains the same.

The other major change is to the output format. Input data parameters are saved with the calcu-
lated variogram points. They are saved on four input lines after each title line. Each line begins
with a four character index.

e HDIR - horizontal direction parameters: the azimuth, the azimuth tolerance and the
bandwidth perpendicular to the horizontal direction.

e VDIR - vertical direction parameters: the dip, dip tolerance, and the bandwidth perpen-

dicular to

the vertical direction.

e LAGS - lag parameters: number of lags, the lag distance, and the lag tolerance. Note that
these are potentially different in each direction.

e VARI - variogram parameters: the variogram type, the variable number for the tail, the
variable number for the head and the categories or cutoffs (for indicator and indicator
variograms). For indicator cross variograms two categories or cutoffs are required.

-HDIR
-VDIR
-LAGS
—VARI

-30 22.5 25.0
-90 22.5 25.0
10 15.0 7.5

9 1 1 0.73

-azm, azm tol, azm bandw
-dip, dip tol, dip bandw
-# lags, lag dis, lag tol

-var type,
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The vargplt2004 program recognizes this format and removes any lines with a recognized
four character index. The new varfit programs require this format to get information about the
experimental variograms.

Updates to varfit

The varfit program has received several updates over the past year. Two major changes were
made to varfit. The first change was to split varfit into three specialized programs: (1)
varfit for single variable variograms, (2) varfit 1lmc for fitting linear models of coregion-
alization, and (3) varfit ind for fitting indicator variograms. The second change was to re-
quire the new gamv2004 format for all of the varfit programs. Each specialized program has
received specific enhancements discussed below.

Single Variable Variogram (varfit)

There have been two important changes made to varfit in addition to the changes mentioned
above. Any number of variograms in multiple directions can be used for fitting the variogram
model and the angles can be frozen or allowed to vary for each nested structure as the optimiza-
tion sees fit.

The variogram specification portion of the parameter file has also been simplified. The user does
not need to specify the variogram parameters since varfit reads the settings for each experi-
mental variogram from the gamv2004 output file. This will help to reduce the number of errors
that occur. The old and new parameter file lines are below:

OLD VARIOGRAM SPECIFICATION:
2 2 1 2 -ivarl, ivar2, idir, ivarn
gamv-hori.out - variogram file

NEW VARIOGRAM SPECIFICATION:
gamv-hori.out -variogram #1 file
2 - variogram number in file

Linear Model of Coregionalization (varfit 1lmc)

Only one significant change was made to varfit 1mc. This is the need to specify the coordi-
nate system rotation angles at the start of the parameter file. The azimuth and dip of the input
experimental variograms are used to determine which principal direction the variogram was cal-
culated along. The additional parameter file line is:

START OF MAIN PARAMETERS:
0.0 0.0 0.0 -angl, ang2, and ang3 (GSLIB definition)

Unlike varfit, wvarfit Imc can only use experimental variograms calculated along the
three principal directions. If an input experimental variogram does not correspond to one of the
three principal directions an error is reported.
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Indicator Variogram (varfit_ind)

Indicator variograms require additional constraints than traditional variograms. There are a num-
ber of parameters “p” that should be consistent from one cutoff to the next. For example, some
parameters are (1) relative nugget effect, (2) sill contributions for the number of structures, and
(3) one or more ranges. A measure of smoothness for each parameter has been added to the ob-
jective function.

Consider the parameters p;, i=1,...,n. where n. is the number of cutoffs or thresholds. The meas-
ure of consistency implemented that still allows reasonable discontinuities is:

n.—1 2

smoothness =) [% - pl]

This measure of consistency requires a weighting during the optimization process. A fixed
weight did not work well. For this reason, the user is required to input an appropriate weighting
for the components of the objective function. The three components are: (1) the fit to the experi-
mental variogram points, (3) the transition of the structure sill contributions across the thresholds,
and (3) the transition of the structure ranges across the different thresholds. The weights are
specified as a scaling factor with 1 being the standard. The additional parameter file line is:

J=2

1 1 1 -fitting preferences: points, cc and range transitions

All of the variogram parameters are written to an output file that is formatted for checking the
transitions between thresholds. This file can be easily imported into Excel, or similar program,
for plotting. Adjustments can be made to the above weights based on the smoothness of these
plots and the fit of the modelled variogram to the experimental points. The additional output file
name is an additional parameter in the input file:

varfit ind thresholds.out -file for threshold information

In addition, the number and type of structures are forced to be the same for all indicator direct and
cross variograms to make the models easier to interpret.

Examples

Two short examples are presented here to show the enhancements made to the varfit pro-
grams. The first example is a horizontal anisotropic variogram and the second is a multiple
threshold indicator variogram.

Horizontal Anisotropic Variogram

This example was done to test how varfit handles a large number of experimental variograms
in any direction. The data set is two dimensional and has been normal score transformed. The
experimental variograms were calculated horizontally in 10° azimuth increments from 0° to 360°.
This resulted in 37 variograms as input to varfit.

The optimization process took less than 30 seconds using all of the experimental variograms.
Figure 1 and Figure 2 show 6 of the experimental variograms and the resulting variogram model.
The fit for the remaining 31 variograms was as good as the fit in Figures 1 and 2. The final
variogram model was:

7(h)=0.15+0.01-T"(h) +0.75-T"*(h)
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where Fl(h) is an exponential structure with a maximum range of 11.4m, and a minimum range

of 7.3m, and I'*(h) is a spherical structure with a maximum range of 228.0m, and a minimum
range of 113.4m.

Multiple Indicator Threshold Variogram

This example was done to ensure that varfit ind produces good fitting variogram models
that have consistent parameters between thresholds. We used a 3D variogram with 10 thresholds
to test the variogram fitting and parameter consistency in varfit ind.

All 10 thresholds were fit simultaneously. Figure 3 and Figure 4 show the experimental and
modelled variograms for thresholds #2 and #8 respectively. Figure 5 and Figure 6 show how the
parameters change between thresholds. The parameter transitions between thresholds are smooth.
This should help alleviate order relations problems. The variogram model for all of the thresh-
olds has the following format:

y(h)=C0+CI-sph,_ _,(h)+C2-sph, . (h)+C3-exp,, ()
hminl hmin2 hmin3
vertl vert2 vert3

where C0 is the nugget effect, C/1-3] are the variance contributions for three nested structures,
and hmax[1-3], hmin[1-3], and vert[1-3] are the ranges for the nested structures. Table 1, Table
2, and Table 3 list the variogram parameters.

Table 1: Modelled indicator variogram variance contributions.

Threshold Co Cl c2 c3
1 0.23 0.26 0.24 0.28
2 0.30 0.24 0.28 0.17
3 0.35 0.21 0.33 0.12
4 0.38 0.15 0.37 0.10
5 0.38 0.11 0.43 0.08
6 0.38 0.09 0.48 0.05
7 0.37 0.10 0.51 0.02
8 0.37 0.13 0.49 0.00
9 0.38 0.18 0.44 0.00
10 0.40 0.22 0.38 0.00

Table 2: Ranges for the first and second nested structures.

Threshold hmaxl1 hminl vertl hmax2 hmin2 vert2
1 26.1 121.1 0.0 220.8 187.7 22.5
2 22.1 97.6 12.2 201.1 155.6 353
3 18.3 77.4 24.5 180.1 127.1 48.9
4 14.2 61.2 37.3 155.1 102.8 62.9
5 11.3 46.6 48.7 126.3 82.5 76.9
6 10.1 34.0 55.6 98.4 66.6 88.5
7 11.6 23.8 58.2 74.1 54.8 99.1
8 16.5 16.5 57.3 54.9 46.5 108.1
9 22.5 12.2 53.6 39.7 39.7 117.0
10 29.0 8.8 49.2 29.0 32.1 99999
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Table 3: Ranges for the third nested structure.

Threshold hmax3 hmin3 vert3
1 99999 199.1 99999
2 99999 175.7 99999
3 244.7 154.3 99999
4 199.4 135.9 99999
5 155.5 122.8 94.5
6 116.4 116.4 110.0
7 88.2 107.2 125.8
8 65.5 98.9 141.8
9 46.5 90.0 157.9
10 29.1 81.1 99999

Conclusions

The original varfit program was widely accepted because it simplified the variogram model-
ling process. The enhancements made to varfit make it more powerful and easier to use. All
of the information for the experimental variograms is passed to varfit by using the new gamv
output format. This helps reduce the number of errors that occur. Any number of directions can
now be used to model single variable variograms, not just the three principal directions. Multiple
threshold indicator variograms can now be fit with logical constraints on the parameter consis-
tency between thresholds.
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Figure 1: 3 of the 37 experimental variograms used for example 1.

Azimuth: 90 Dip: 0

404-8

1846
L ]
1824
] .
1869
°
1833
°
- nst, nugget effect
0.0 0.0 - it,cc,angl,ang2,ang3
11.380 7.660 460.040 - a_hmax,a_hmin,a_vert
-1 1 0.753 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
227.990 113.390 858.790 - a_hmax,a_hmin,a_vert
e e L e e e e e e e e e L B
0.0 50.0 100.0 150.0 200.0
Distance
Azimuth: 100 Dip: 0
1841
°
1830
- .
. - nst, nugget effect
1 2 0.097 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
11.380 7.660 460.040 - a_hmax,a_hmin,a_vert
- 1 0.753 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
227.990 113.390 858.790 - a_hmax,a_hmin,a_vert
———T—T T T T TT ] T T T T T T
0.0 50.0 100.0 150.0 200.0
Distance
Azimuth: 110 Dip: 0
1777
] [ ]
- nst, nugget effect
. - it,cc,angl,ang2,ang3
11.380 7.660 460.040 - a_hmax,a_hmin,a_vert
- 1 0.753 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
227.990 113.390 858.790 - a_hmax,a_hmin,a_vert
———T T T T T T T T T T T T T
0.0 50.0 100.0 150.0 200.0
Distance



1.20_]

0.80_}

1.20_]

1.20_]

Azimuth: 210 Dip: 0
704
L]
924
- (]
- nst, nugget effect
_O 0.097 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
11.380 7.660 460.040 - a_hmax,a_hmin,a_vert
-1 0.753 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
227.990 113.390 858.790 - a_hmax,a_hmin,a_vert
—— T
0.0 50.0 100.0 150.0 200.0
Distance
Azimuth: 220 Dip: 0 1228
°
1360

nst, nugget effect
it,cc,angl, ang2, ang3

o 11.380 7.660 460.040 - a_hmax,a_hmin,a_vert
1 0.753 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
227.990 113.390 858.790 - a_hmax,a_hmin,a_vert
—T—T———T—7TT—T—T—TT7 "7 T
0.0 50.0 100.0 150.0 200.0
Distance
Azimuth: 230 Dip: 0 11054
1501
o
1581
. °
. - nst, nugget effect
1 0.097 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
11.380 7.660 460.040 - a_hmax,a_hmin,a_vert
1 0.753 354.0 0.0 0.0 - it,cc,angl,ang2,ang3
227.990 113.390 858.790 - a_hmax,a_hmin,a_vert
—T— T T T
0.0 50.0 100.0 150.0 200.0
Distance

Figure 2: 3 additional variograms used for example 1.
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Figure 3: Modelled variogram for indicator threshold #2.

404-10



0.00

1.20 ]

0.80

0.00

1.20_]

0.00

Horizontal Maximum Direction

1 53096.48799 44183.43202.38062
55716 (] o
50954 )
r Y
3 0.373 - nst, nugget effect
1 1 0.133 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
16.465 16.465 57.259 - a_hmax,a_hmin,a_vert
1 1 0.490 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
54.908 46.474 108.060 - a_hmax,a_hmin,a_vert
b 2 0.004 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
65.477 98.923 141.770 - a_hmax,a_hmin,a_vert
L e B e e e e S B s s p p
0.0 40.0 80.0 120.0 160.0
Distance
Horizontal Minimum Direction
52829
48793 49012
- 36309 €43976
L] 40315g
35830. os
19500 L4
6687
i (]
3 0.373 - nst, nugget effect
1 1 0.133 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
16.465 16.465 57.259 - a_hmax,a_hmin,a_vert
1 1 0.490 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
54.908 46.474 108.060 - a_hmax,a_hmin,a_vert
- 2 0.004 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
65.477 98.923 141.770 - a_hmax,a_hmin,a_vert
— T T T T T T T T T T T
0.0 40.0 80.0 120.0 160.0
Distance

Vertical Direction

3 0.373 - nst, nugget effect

b 1 0.133 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
16.465 16.465 57.259 - a_hmax,a_hmin,a_vert

T 1 0.490 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
54.908 46.474 108.060 - a_hmax,a_hmin,a_vert

b 2 0.004 -30.0 0.0 0.0 - it,cc,angl,ang2,ang3
65.477 98.923 141.770 - a_hmax,a_hmin,a_vert

LI S s B B e B e ey B B e e e
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Distance

Figure 4: Modelled variogram for indicator threshold #8.
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