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Abstract 

For providing accurate geological information, it is important to construct the three dimensional geological model including 
the reliability. In urban area, many three dimensional geological models are constructed from the borehole data. The 
reliabilities of these geological models are different in area, because the borehole data distributions are not uniform. In this 
study, the basic theory and methods for evaluating the reliability of three dimensional geological model constructed by the 
borehole data have been established by using the data density and the geological structure. 
 
 
Keywords: Reliability; Three Dimensioal Geological Model; Borehole Data; Kernel  Density  Estimation 

1. Introduction 

Recently, three dimensional geological models have become increasingly important as social infrastructure 
information. For solving many problems such as mitigation of natural disaster and environmental pollution in 
urban area, it is necessary to provide the three dimensional geological model including the reliability. Many of 
these three dimensional geological models are constructed by the surface modelling using borehole data. In the 
surface modelling, optimized spline interpolation method has come to be used frequently for the estimation of 
the geologic boundary surface (e.g. Kimura et al., 2013). Since the reliability of the geologic boundary surfaces 
using spline estimation method cannot be directly calculated, the reliabilities of these three dimensional 
geological models are not able to be easily evaluated. Because, the surface to approximately satisfy all of the 
data can be created by the spline estimation method (e.g. Shiono et al., 2001; Nonogaki et al., 2008). As a 
countermeasure for this problem, two types of evaluation methods for the reliability of three dimensional 
geological model had been discussed (e.g. Masumoto et al., 2012). One was the method for geologic boundary 
surface and the other was the method for three dimensional model space. However, these were simple methods 
using only data density.  

The improved evaluation method for the reliability of boundary surface based on the kernel density 
estimation using variation of surface shape in addition to data density had been developed (Masumoto et al., 
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2014). In this study, the improved evaluation method for the reliability of three dimensional model space has 
been developed using complexity of model in addition to the data density. 

2. Basic Theory for Reliability Evaluation 

In generally, a higher density of data for three dimensional geological modeling provides a higher 
reproducibility. And, high data density is required for a complex part of geological structure (Fig. 1). According 
these basics, the evaluation method for reliability of the model space is examined based on the data density 
corrected by the complexity of geological model. In this method, the data density and the reliability are 
expressed by the value of voxel model. This voxel model is defined by the set of small rectangular dividing the 
three dimensional model space in horizontally and vertically. 

2.1. Data Density Estimation 

A borehole data is not a point but a line segment. Therefore, for the data density estimation, a distance 
between center of voxel and line segment of borehole is calculated as shown in Fig. 2. To obtain data density for 
the model space, the kernel density estimation method has been extended to three dimension. Kernel density 
estimation is a non-parametric method, defined by the following equation (1) 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 (Fig. 
3). In this case, multivariate kernel density estimation and Gaussian kernel function (equation (2)) has been used 
in accordance with the density estimation for geologic boundary surface (Masumoto et al., 2014).   
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2.2. Complexity of Geological Model 

Homogeneity is used to express the complexity of geological model. The homogeneity vx,y,z is defined by the 
matching degree of geologic unit between target voxel gx,y,z and around voxel gx+i,y+j,z+k with in a limited space 
(l, m, n)(Fig. 4). According to this logic, the homogeneity can be calculated by the following equation. 
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where a is weight for difference of geologic unit, b is weight for distance. 
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Fig. 1. Borehole data density and complexity of geological structure 
(a) Simple case of geological structure and (b) complex case of geological structure. 
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Fig. 2. Distance between center of voxel and line segment of borehole data 
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Fig. 3. Examples of kernel function for data density estimation 
(a) Examples of kernel function and (b) two dimensional shape of Gaussian function. 
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Fig. 4. Homogeneity vx,y,z of geological model in vertical geologic section 
(a) Definition of distance d and (b) examples of different homogeneity. 

3. Example of  reliability 

As an example, the reliability of model space have been calculated using test data shown in Fig. 5(a) and (b). 
Three dimensional geological model in surface modelling form constructed by this test data is shown in Fig 5(c). 
For the homogeneity calculation this geological model is converted to voxel model. The homogeneity of the 
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model space is calculated by equation (3) using this voxel geological model.  
The results of kernel data density estimation using various h are shown in Figure 6. It can be inferred from 

these results that if band width h is small then density is high around data point. Thus, the result of h = 60 is used 
as the data density of this model space. The results of the homogeneity, the data density and the reliability 
calculated by these data are shown in Fig. 7 as in the vertical sections. 

As the example of visualization, the vertical geologic sections are shown by changing brightness 
corresponding to the reliability in Fig. 8. And, the horizontal geologic sections are shown by changing 
transparency corresponding to the reliability in Fig. 9. 
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Fig. 5. Test data for reliability calculation 
(a) (b) Test borehole data and (c) three dimensional geological model constructed by using test data. 
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Fig. 6. Results of kernel density estimation 
(a) h = 10, (b) h = 25, (c) h = 50, (d) h = 60, (e) h = 75 and (f) h = 100. 
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Fig. 7. Results of calculation  
(a) Homogeneity, (b) data density and (c) reliability. 
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Fig. 8. Examples of visualization for reliability using brightness 
(a) Vertical geologic sections, (b) reliability and (c) vertical geologic sections with reliability using brightness. 

4. Conclusion 

The expression method of the reliability for the model space of three dimensional geological model 
constructed by the geologic boundary surfaces which are estimated by spline interpolation using borehole data 
has been developed. It became possible to evaluate the reliability for both geologic boundary surface and model 
space with these results.  

However, the considerations for parameter are not adequate to practical use. For the practical application, 
further development and improvement of these reliability expression methods and visualization methods are 
necessary. 

 



6 Shinji Masumoto/ GIS-IDEAS (2016) 

 
 

 (a)                               
 
 

(c) 
 
 
 
 

 
 
(b) 
 

Geologic
unit 

 

   C 
 

   B 
 

   A 

Reliability 
 

High 
 
 
 
 
Low 

 

High
 
 
 
 

Low 
Reliability 

Geologic
Unit 

 C B A 

 

Fig. 9. Examples of visualization for reliability using transparency 
(a) Horizontal geologic sections, (b) reliability and (c) horizontal geologic sections with reliability using transparency. 
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