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Sequential indicator simulation (SIS) is a powerful alternative to Gaussian based methods for
simulating continuous random variables;, however, there are two common problems: (1)
transition probabilities and the ordering of the classes are not reproduced, causing an unrealistic
patchy look to the realizations, and (2) the drawing within classes is random, hence problems of
a too high nugget effect and unrealistic abrupt changes when a high value within a class is drawn
close to a low value of a different lower class.

The first problem can be partially solved by using a full cokriging of the indicators to estimate the
local conditional probabilities. Papers 401 and 402 in this report address this problem to some
extent. This short note focuses on the second problem. We propose a solution to improve the
resolution of SIS within classes, which requires considering the distance to the edge between
classes. A distance measure could be used as a secondary variable to inject this continuity
across the boundaries. This secondary variable could even add some fuzziness to the class
boundaries, given that kriging may extrapolate beyond the minimum and maximum values
defined by the data, in this case, the distance to the edge of the class.

Introduction

Sequential indicator simulation (SIS) is commonly used to generate stochastic rock type models.
The approach is flexible in its ability to capture hard and soft data and locally varying means.
SIS is also used for continuous variables where it provides an alternative to the widely used
multivariate Gaussian methods such as sequential Gaussian simulation (SGS), simulation based
on matrix decomposition, and turning bands (Journel, 1983; Journel and Isaaks, 1984, Gomez
Hernandez and Srivastava, 1990).

The main advantages of SIS are the integration of secondary variables and the ability to consider
different correlation functions at different thresholds (Alabert, 1987). Notwithstanding these
advantages, practitioners avoid its use due to the unrealistic look of the realizations obtained by
this method. Realizations look patchy because the transition probabilities between thresholds are
not considered in the estimation of the indicators.

The estimation of the conditional distributions is usually done by approximating the conditional
expectation of the indicator by its simple kriging estimate. Consider the indicator coding of the
continuous values of Z:

i(u,;z,) =Prob{z(u,)<z,} Vk=L..K

Where z;, k=1,...,K are predefined thresholds (normally K is between 7 to 10) and u, is a
location. The conditional expectation of the indicator value is estimated by:
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where the weights are calculated by solving the well known simple kriging system:

> 2 (wz,)-C(uy—u,;z)=C(u-u,z) Va=l.,n
£l

SIS consists of implementing this inference step in a sequential fashion with Monte Carlo
Simulation (MCS) implemented at each step from the conditional distributions. This approach
provides realizations with an unrealistic look (Figure 1). This could be partially solved by
considering a full indicator cokriging to estimate the indicator values at unsampled locations or
by accounting for the transition probabilities between the classes defined by the thresholds
(Goovaerts, 1994; Carle and Fogg, 1996).

A second problem is the lack of correlation within classes due to the random drawing, once the
class has been defined. This can be seen clearly, by looking at the simulated values within a
particular class defined by a lower and upper threshold. As shown in the example, the variogram
of points within that class is a pure nugget effect, since values have been drawn considering
independent uniform random numbers between the cumulative distribution function values for the
upper and lower thresholds (Figure 2).

This lack of correlation carries an additional problem. We can have the highest value of a class
close to a boundary between that class and a lower class, having the lowest value of that lower
class close to the boundary too (Figure 3). This causes a problem of consistency in the simulated
model, which we would like to avoid.

Proposed Methodology

Our idea to address the problem of within class resolution is to consider a distance from each
node to the closest edge of the class. This distance and the closest class type could be used to
introduce correlation in the probabilities when drawing values within the class.

To illustrate the idea, let us consider a realization where only two classes for a continuous
variable with uniform distribution in [0,1] have been defined. The continuous variable can be
coded as a categorical variable, and the distance to the edge of the class can be calculated (Figure
4). The distance to the nearest edge can be used as a secondary variable to draw from the within
class distribution in order to get a better resolution of SIS within the classes and a more consistent
numerical model of the continuous variable of interest. The main difficulty is to find what the
correlation of the distance measure is to draw a value.

One approach to determine this correlation would be to infer the variogram of the distance
measure using as a reference a Gaussian simulation. We could have a hybrid method that uses
the classes defined by SIS (with all its advantages: different variograms for different thresholds,
integration of secondary information) and the distance correlation from a truncated Gaussian
simulation.

Another possibility to account for this distance to the edge would be to calculate the cross-
correlation between the value within a particular class and its distance value. Simulated values
within that class could be drawn by considering this coregionalization. This approach may even
allow changing the position of the edges, since kriging is a non-convex estimator that allows
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generating values outside the range of the data. The borders between classes may become fuzzy
and change from what was originally defined by the simulation.

Conclusions and future work

One significant problem of sequential indicator simulation is that values simulated within each
class defined by the thresholds occur randomly, generating inconsistencies due to the possibility
of simulating a high value very close to a low value, without capturing the proper transition
between high and low values that a continuous variable should show.

We propose investigating the use of a secondary variable related to the distance of the node to the
edge with the other classes defined by the indicator coding of the data, in order to impose some
degree of correlation and consistency within the classes. This methodology could potentially
improve the performance of numerical models generated with sequential indicator simulation.

Future work is required to determine the best approach to impose the within class correlation.
Considering the correlation found in a Gaussian random field is one possibility that will be
explored.
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Figure 1: Typical sequential indicator simulation realization. The continuous simulated values are shown
and the discontinuity between the grades across the boundary defined by two classes appears quite clearly.
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Figure 2: Variogram in the North-South and East-West directions considering only the values within the
class defined by the thresholds 0.2 and 0.3.
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Figure 3: The problem of within class resolution. On the left, the simulated contact between two classes of
continuous values. On the right, the actual simulated values can be seen. It is clear that, since SIS does not

control the correlation within the class (and near the contact with the adjacent class), a high value of the
higher valued class can be drawn close to a low value of the lower valued class.
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Figure 4: Left: Map showing the location of values that fall above (light blue) and below (blue) the median

of the distribution. Right: Map showing the distance of each simulated node to the closest edge of its
corresponding class.

105-5




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


