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ABSTRACT  
 
 A new algorithm for undertaking three-dimensional (3D) terrain mapping in autonomous reconnaissance 
has been presented in this paper. The novel algorithm generates 3D discrete terrain data that is acquired from 
terrain surface using inertial sensors. The algorithm uses fractal interpolation to generate 3D terrain surface. 
This algorithm can be implemented in reconnaissance mission for building 3D map unknown surfaces without 
using light. 
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Introduction  
 
 A reconnaissance mission consists of two major components, one is the data acquisition and the other is 
data mapping. In this paper data mapping for a particular terrain is implemented. A set of data was adapted 
using autonomous multi-robot in data acquisition part (Billah, 2012). An algorithm was presented for data 
acquisition of 3D uneven terrain using autonomous multi-robot collaboration (Billah, 2012). This paper presents 
the 3D mapping part for reconnaissance using the acquisition data.  
 However, 3D map is seldom considered for research. Some researchers (Farenc, 1999; Lamarche, 2004) 
carried out 3D map development researches applicable for virtual dynamic and complex environment. The 
development of 3D map requires development of software for many individuals at the group level for building 
3D graphics. There are two common methods of generating three dimensional terrains: The first is to sample 
terrain data from the real world and then drawn according to digital elevation mode data (Haider, 2007). This 
method usually needs massive terrain data, from which the topography generated has high precision and is 
lively; however, with complex data structure and massive data, the graphics generation is slow. The second 
method applies fractal technology into terrain rendering, which can simulate the three-dimensional terrain 
(Dudgon, 1996) faster. However, the topography generated in this way uses data in a random fashion, and the 
shape generation cannot be controlled as well as predicted unless the whole process is finished. On top of that 
the topography generated is prone to distortion.  
 Traditionally terrain data is collected from single source and topography is generated offline. Such practice 
of reconnaissance is time consuming both in terms of data acquisition as well as topography generation. It is 
evident time of reconnaissance will be reduced if multiple sources for data acquisition is employed. Multi-agent 
robots are expected to perform such mission efficiently. However, collaboration of multiple autonomous robots 
is a difficult job. In this paper a novel method is developed for constructing three-dimensional topography based 
on discrete points of terrain sample that are acquired through multi-agent robots. This new method can 
overcome the problems of the existing methods.  
 
Materials and Methods 
 
3d Mapping Algorithm: 
 
 The outline of the 3D mapping algorithm developed in this research is as follows: 
a) First stage: Triangular network terrain model is generated according to known discrete points (triangulate 
discrete points) which can control the outline of the topography.  
b) Second stage: Transform triangulated irregular network into regular network to generate the regular 
elevation data of real terrain.  
c) Third stage: Add rich details by Diamond-Square algorithm in fractal technology. 
The above stages of the algorithm are presented in detail in the following sections. 
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Triangulation Algorithm Based On Unorganized Points: 
 
Digital Terrain Elevation Model (DEM) and the Discrete Data: 
 
 Digital elevation model is the main expression of terrain model. By collecting a series of discrete points in 
practical terrain measurement, DEM data can be received. The set of terrain discrete points (Liu, 2003) is a 
finite sequence of three-dimensional vector {Vi = (Xi, Yi, Zi), i = 1,2,…………, n} in terrain region. (Xi, Yi) 
are the coordinates on a plane, Zi is the corresponding elevation value of (Xi, Yi). According to the view of data 
structures, constructing digital terrain model can be divided into two categories: One is triangulated irregular 
network (TIN) based on discrete point data. The other is grid based on rule distribution points. Moreover, TIN 
has the advantages of small data redundancy, better performance characteristics of the terrain, full reflection of 
the complexity of the terrain details, etc. However, its limitation is that the algorithm is complex and difficult to 
realize. 
 Comparatively, the advantages of Grid data are simple topology, easy algorithm implementation, 
convenient manipulation and storage. But large data redundancy is a shortcoming of Grid data, which can hardly 
describe the feature of the terrain structure. This research adopts several series of discrete terrain data which are 
constituted with several special points, such as mountain peaks and valley points. The Triangulated Irregular 
Network (TIN) approximates the terrain with a set of non-overlapping triangles. Because these terrain data are 
irregular and discrete, TIN model is used to simulate the terrain surface. In this process TIN is converted to grid 
data and fractal technology is used to further subdivide terrain meshes. TIN model can keep the original outline 
of terrain model. The method of generating TIN is presented in the following section.  
 
Triangulation Algorithm: 
 
 The idea of this algorithm is that the horizontal plane of the 3D terrain is first divided into grids of 
equilateral triangles. This triangulation process starts with a point inside the terrain as one of the vertices of an 
equilateral triangle of predefined side length, which is chosen based on the minimum span of the terrain. The 
first side of this triangle is set parallel to the x axis. This triangle is considered as the reference triangle for 
generating new triangles. Then the other triangles are generated considering each edge of the existing triangles 
as one of the sides of the new triangle, and the process continues until the whole space surveyed is full with 
triangular grids. The key of this algorithm is the growth of each new triangle. Figure 5.1 shows the triangulation 
scheme, where O is the initial point and the line OA parallel to the x axis is the side of the reference triangle OB. 
The length of the line OB is chosen based on the minimum span of the elliptical plane in this case. A triangular 
network of discrete point data is then stored in the TIN file.  
 

 
 
Fig. 1: Triangulation scheme. 
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Normalized Grid Interpolation Based On Triangulation Network: 
 
 In establishing 3D terrain model, TIN terrain model of data structure may become extremely complex. 
General data structure of TIN contains a large amount of information, such as coordinates of the points, texture 
coordinates, the index of edge and point in triangle and the relationship between adjacent triangles etc. But the 
structure of rule grid file is relatively simple which includes the minimum and maximum coordinates of the grid, 
mesh width and elevation of grid points. Using grid to replace TIN mesh, the unique terrain profile can be 
effectively maintained, data structures are effectively simplified, and grid is the basis of fractal generating 
terrain. Through the standardized interpolation of triangular mesh, we can get the grid data. Common 
interpolation methods include linear interpolation, polynomial interpolation and gauss wavelet interpolation. In 
order to generate grid data in the triangulation network, two-dimensional Gaussian wavelet interpolation are 
adopted in this work. 
 Gaussian wavelets interpolation function is mentioned (Liu, 2003; Xue, 2000). The Gaussian wavelet 
interpolation adopted in this work is described below: 
 Let p(x, y, z) be an interpolation point, where x, y be the known values of intersection in the regular grid 
network. Two-dimensional Gaussian wavelet interpolation function is then defined as  
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 In Equation (1), k is the wavelet coefficient, x and y separately stands for the location of the ground plane, a 
the shift factor of X direction and b the shift factor of Y direction. The coefficient m and n are the scaling factors 
of X and Y direction respectively. In many cases, the value m and n often are considered same. In this research 
m is considered equal to n, which gives the expression of k as shown in Equation (2).  
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 Coordinates of the vertices of each triangle are substituted in Equation (2) to calculate the values of a, b and 
k for that triangle. Then according to the values of a, b and k, the known values of x and y are substituted in 
Equation (2) to calculate the elevation values of grid points. By using the above method, the grid of elevation 
data from the triangular network can be calculated and stored as three-dimensional array. 
 
Fractal Terrain Generation Method: 
 
 Fractal methods are common for generating 3D terrain, a small amount of terrain data can approach the real 
terrain. Random midpoint displacement method is the most common method of fractal terrain model. Diamond-
Square algorithm (Yang, 2005) is two-dimensional random midpoint displacement algorithm. The Diamond-
Square algorithm is briefly described below:  
(1) Initialize the three-dimensional array, the array size usually is 3n+1. Elevation values of the four corners of 
the diamond grids are used as initial data. Take the four corners with black spots shown in Figure 2(a) as the 
initial values of the 5 × 5 array for recursive refinement process.  
 

 
 
Fig. 2: Diagram of Diamond-Square algorithm (a) initial values of the 5 × 5 array, (b) mid-point of a Square, (c) 

pyramid center and the average value of four vertices of 3 × 3 squares, (d) the bottom left corner 
coordinates of the current square, (e) Iterate the above process until all the sub-grid points are evaluated. 
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(2) Diamond Step: The mid-point of a Square is the intersection of two diagonals. We use black points to 
represent the midpoints in Figure 2(b). The random height value of the mid-point is the average value of 4 
vertexes plus a random value. Gray points are known elevation points. Black points are inserted into the grid to 
calculate the elevation.  
(3) Square step: take pyramid center and the average value of four vertices of 3 × 3 squares in the Figure 2(c). 
Generate a random value from the corner of the pyramid. The average value plus the random is same as the 
diamond step. We can get middle value of all the edges in this way.  
(4) Iterate the above process until all the sub-grid points are evaluated, which is shown in Figure 2 (e). The key 
calculation steps of algorithm are as follows.  
(5) Diamond Step: As is shown in the Figure 2(b) and 2(d) (x, y) indicate the bottom left corner coordinates of 
the current square. If space coordinates of each vertex in the current square are known data, we can use the 
following equation (Equation (3)) to calculate elevation values of the two diagonals of the current square.  
 

z[x+(l/2), y+(l/2)]= mr
lylxzlyxzylxzyxz
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(6)  Square step: As shown in Figure 5.2(c) and 5.2(e), the following formula can be used to calculate elevation 
of the midpoint of each side of the square.  

z[x+(l/2), y]= er
ylxzyxz
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 In the above Equations (3) and (4), l stands for the side length of Square in an iterative process, er and 

mr separately stand for two random values which were generated by two random functions.  

 
Results and Discussion 
 
 The software created in this research has the functions of visualize the real environment condition and do 
the online 3D map. To build up this two main functions, the software are divided into three steps which are 
compile sensor fusion data, the 3D generation and also customize offline digital terrain data editing option. 
Figure 3 has shown the environment of the building software. 
 

 
Fig. 3: 3D Mapping software GUI. 
 
 Modeling and mapping are two steps of graphics generation in Computer Graphics. The goal of modeling is 
to establish the mathematical model and to obtain geometric element corresponding to the 3D data. The purpose 
of mapping is to achieve the display or output of the graphics generated by the computer. According to the 
above analysis, the flow chart of simulating the realistic terrain is shown in Figure 4. According to the flow 
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chart, we use Visual C++ 6.0 and OpenGL as a development tool to simulate the realistic terrain. Figure 5(a,c) is 
the real terrain model. Figure 5(b,d) is the 3D terrain model that the triangulation network generated using the 
modeling algorithm in the computer program. Figure 5.5(e) is texture image using on the 3D terrain. 
 

 
 
Figure 4: Flow chart of simulating terrain 
 

 
 

  
Fig. 5: Terrain model (a) real terrain, (b) 3D terrain of real terrain (a), (c) Real terrain (d) 3D terrain of real 

terrain (c), (e) Texturing image. 
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Conclusion: 
 
 The new algorithm presented in this research for generating 3D terrain, firstly, build irregular triangulated 
network based on discrete points; secondly, uses two-dimensional Gaussian wavelet function interpolation 
algorithm and changes the triangular mesh data into a regular grid data; finally, grid data is broken down for 
further iterations using the method of fractal interpolation, so that the terrain has richer details. Terrain rendering 
on the computer through the programming is achieved on the basis of three dimensional visualization using 
OpenGL technology which is the combination of texture mapping and light mapping techniques. High fidelity 
three-dimensional terrain is produced using this algorithm and then validated experimentally building 3D terrain 
of a corrugated surface. 
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