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ABSTRACT 
 

The reliability of the three dimensional subsurface geological model affects the result of the geological 
analysis. The consistency of the geological model using geostatistical method has been discussed as regards the 
uncertainty. However, the reliability of the geological models using spline estimation method for geologic 
boundary surface cannot be derived directly. In this study, we examined the expression method for the reliability 
of the spline geological surface model based on the density of the data and a new evaluation function of the 
surface estimation method. 
 
 
1. INTRODUCTION 

 
Recently, there are many problems such as environmental pollution and 

mitigation/prevention of natural disaster which should be carefully considered using geologic 
information. As one of the solutions of this problem, it is necessary to provide the geologic 
information accurately and effectively by the use of a 3D geologic model. In the construction 
of the 3D geologic model, optimized spline interpolation method has come to be used 
frequently for the estimation of the geologic boundary surface using borehole data and field 
survey data (e.g. Kimura et al., 2013). It is necessary to express the reliability of the model, 
because the reliability of the geologic model relates the quality of the geologic analysis. The 
reliability of the geological model created by the geostatistical method has been discussed in 
terms of uncertainty (e.g. Tacher et al., 2006). However, the reliability of the geological 
models using spline estimation method for geologic boundary surface cannot be calculated 
directly. The reason being that spline estimation method can create the surface to 
approximately satisfy all of the data. 

In order to solve this problem, a few evaluation methods for the reliability of 3D 
geologic model using data density have been discussed (e.g. Masumoto et al., 2012). In this 
study, a new evaluation method for the reliability of boundary surface based on the kernel 
density estimation using variation of surface shape in addition to data density has been 
developed. 
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2. BASIC THEORY FOR RELIABILITY EVALUATION 
 

In general a reliability of 3D geologic model increases when boundary surface are 
estimated by appropriate data set. In case of surface estimation, it will, obviously, be better 
when there will be more data. In addition, for the part of high variation of surface, high 
density data is necessary. Therefore, the evaluation method for reliability based on the data 
density corrected by the variation of surface shape are examined. 

 
2.1 Data Density Estimation 
 

To obtain data density for surface estimation, the kernel density estimation method has 
been extended. Kernel density estimation is a non-parametric method, defined by the 
following equation in one-dimension. 
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where, K(u) is the kernel function, n is a number of data points, h is a band width and x  xi is 
distance between data point xi and calculation point x. 

There are various expressions for the kernel function, such as Triangular, Gaussian and 
Epanechnikov using the following equation (Figure 1(a)). 
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In above equations,  }1u{1   is the indicator function. 

In the case of 2 dimension, multivariate kernel density estimation has been used. The 
examples of kernel function for surface estimation are shown in Figure 1(b), (c) and (d). In 
order to estimate the geologic boundary surface, equality and inequality elevation data are 
mainly used (Figure 2). Reliability of inequality elevation data is relatively small compared to 
the equality elevation data. According to this logic, different weight for the kernel density 
estimation has been used. The weight of data can be defined by the height of kernel function. 
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where wi is weight for height of kernel function (Figure 3(a) and (b)). 

Corresponding to the data type, equality data are wi = 1, and inequality data are wi = p1 
(0 < p1 < 1). The distribution of data density calculated by above show two important 
properties. The values of the density indicate the quantity of data used for surface estimation. 
Secondly, the titling of density surface is related to the degree indicating the extent to which 
data is scattered. A steep slope shows uneven and inclined distribution to a certain direction 
of the data point. Therefore, high density and low slope suggest high reliability of surfaces. 
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2.2 Variation of surface shape 
 

A true surface of 3D geologic model is unknown. For calculation of a variation of 
shape of surface estimated by the existing data at this time has been used. There are many  

 
 

                                                                                          
 

 

(a)                            (b) Gaussian 

(c) Triangular                       (d) Epanechnikov 
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Figure 1. Examples of kernel function for surface estimation 
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 (a) wi =1.0, si =1.0 

(b) wi =0.5, si =1.0 

(c) wi =1.0, si =0.5 
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Figure 2. Equality and inequality elevation data    Figure 3. Variation of kernel function 

 
methods to evaluate the shape of the surface. For example, first-order or second-order 
differentiation are often adopted. The first-order differentiation cannot be used because 
geologic boundary surface does not need to be horizontal. The second-order differentiation 
which shows flatness of surface is appropriate to the evaluation of surface variation. 
Therefore, the second-order differentiation has been used. In this study, the second-order 
differentiation defined by the following functional equation J ( f ) which is in the same form as 
evaluation equation for surface estimation has been used for variation of surface f (Shiono et 
al., 2001). 
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For discrete data, J ( f ) can be approximately expressed by the following formula. 
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2.3 Reliability of Surface 
 

The variation of surface is reflected by calculation of the data density. In the location of 
large variation of surface, it can be assumed that the effective region of each data is small. 
According to this logic, the band width of the kernel function is set to a small value in the 
large variation area of the surface. Thus, new variable si for the control of band width has 
been used. Finally, the reliability of surface can be defined by the following equation. 
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Corresponding to the variation of surface, variable si is si = 1 for the no variation area, and si 
is si = p2 (0 < p2 < 1) for the large variation area (Fig. 3(c)). However, the parameter p1 and p2 
have not been determined at the present and more detailed research is necessary. 
 
 
3. EXAMPLE OF RELIABILITY 
 

As an example, the reliability of surface have been calculated using test model with 
large variation of surface. The example of test model surface and sampling data points are  
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Figure 4. Test model surface 

Figure 5. Data sampling points 
Figure 6. Results of kernel density estimation 
   (a) h = 10, (b) h = 20, (c) h = 25 and (d) h = 40.
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Figure 7. Estimated surface                 Figure 8. Difference between test model 

surface and estimated surface 
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Figure 9. Results of calculation   (a) Variation and (b) reliability. 
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Figure 10. Reliability of               Figure 11. Demonstrations of reliability using                             

surface                                           transparency of surface 
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Figure 12. Resampling data points and recalculated      Figure 13. Difference between 

surface                                                        test model surface and 
recalculated surface 
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shown in Figure 4 and 5. The results of kernel density estimation using Gaussian kernel 
function are shown in Figure 6. It can be inferred from these results that if band width is 
small then density is high around data point. Figure 7 shows the estimated surface using BS-
Horizon program (Nonogaki et al., 2008). Difference between test model surface and 
estimated surface is shown in Figure 8. There are huge gaps from test model such as 
overshoot or undershoot occurring in the estimated surface. Figure 9 and 10 show the 
variation and the reliability using variation of surface based on the basic theory. In Figure 11, 
the reliability using transparency of surface have been demonstrated. In order to confirm, the 
surface has been recalculated using additional data appended high density data for the low 
reliability area (Figure 12). Difference between test model surface and recalculated surface is 
shown in Figure 13. In comparison with Figure 8, the difference of surfaces is seen to have 
reduced remarkably. 
 
 
4. CONCLUSIONS
 

The evaluation method for the reliability of geologic boundary surface has been 
developed using kernel density estimation. The reliability estimate has many applications 
such as survey route planning for reconstruction of 3D geologic model and connecting two 
adjacent 3D models created individually in addition to the original purpose of 3D geological 
model generation. In case of practical application, further development and improvement of 
this reliability expression are necessary.  
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