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Abstract. Terrain rendering is essential to represent virtual environment in inter-
active applications. We have explored voxel-based terrain rendering using ray 
casting method. Real-time applications such as computer games and simulations 
require interactive fly-through or walk-through on the terrain. However, since 
previous approaches usually require a tremendous amount of CPU computation 
for view-frustum culling and level-of-detail selection, they are not suitable for 
those applications. We propose an accelerated terrain rendering method using 
GPU, which exploits a novel data structure, named Cube Mesh, for the accelera-
tion of the voxel-based terrain rendering. In addition, we expanded the conven-
tional PARC (Polygon Assisted Ray Casing) algorithm by applying our method 
to accelerate rendering performance of GPU- based terrain rendering method. 

1   Introduction 

Terrain rendering is used in a variety of fields such as Geographic Information System 
(GIS), flight simulations and interactive computer games. Although triangular meshes 
or other polygonal models are used for terrain visualization, the height field data is 
mainly used to present a terrain. Ray casting method can directly render a scene with-
out geometric modeling such as TIN (Triangle Irregular Network). Although ray cast-
ing can produce realistic images, it has a drawback of excessive processing time since 
the algorithm is inherently complex. Previous approaches for voxel-based terrain  
rendering usually have common demerits of requiring a tremendous amount of CPU 
computation, for instance, to perform view-frustum culling and detail level selection.  

We present a GPU-based acceleration method that can be applied to interactive ap-
plications. Also we propose a novel data structure, named Cube Mesh, for the accel-
eration of the voxel-based terrain rendering in GPU ray casting. Applying the Cube 
Mesh to empty space leaping algorithms, we can reduce rendering time and computa-
tion errors as well as eliminate visual artifacts. In the pre-processing stage, it gener-
ates a set of cubes (Cube Mesh) fully enclosing the height field. It renders a terrain 
using GPU-based ray casting method with the Cube Mesh in rendering time. Since the 
Cube Mesh is a sort of bounding polyhedron containing terrain surface, we can 
achieve speedup as in empty-space leaping. Early ray termination is also applied for 
further acceleration. 

In Sect.3, we explain our method in detail and we present acceleration technique 
using early ray termination. In Sect.4, we show experimental results. Lastly, we 
conclude our work. 
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2   Related Work 

In original Polygon Assisted Ray Casting algorithm, known as PARC [1],[2], a pair of 
bounding polygons is used to determine the distance between the nearest and the 
farthest voxels that possibly contribute to final image along each ray. The distance 
values can be obtained by projecting the bounding polygonal model. Once a distance 
has been computed for a ray, only the voxels between the nearest and the farthest 
samples are considered to determine the pixel color (Fig.1). Original PARC algorithm 
is a progressive-refinement approach using temporal coherence. In the initial frames, 
the rendering speed is relatively slow since it has to evaluate entire voxels in a volume 
data. Since the bounding polygon becomes tighter than that in the previous frame, we 
can progressively reduce rendering time by considering only the voxels that poten-
tially contribute to final image.  

 

Fig. 1. An example of determining the meaningful voxels in PARC algorithm. A bounding 
polygon is used to determine the distance between the nearest and the farthest possibly contrib-
uting voxels along each ray. 

Although original PARC is designed to accelerate volume ray casting method, it 
can be applied to height field rendering in Envelope method [3]. Envelope method 
uses graphics hardware and is expended voxel-based terrain method [4],[5]. It gener-
ates a bounding polygon mesh that encloses the terrain surface in rendering stage. 
However, since it produces a bounding polygon by considering only the maximum 
height values in each block, it has a problem of convexity. 

As show in Fig. 2(a), Envelope method partitions height field data into n×n blocks 
(each block has n×n size). To make a polygon boundary, it selects vertices that have 
the maximum height value in each block. Then it connects the vertices to make a 
triangle mesh (Fig. 2(a)). However, this method has a critical drawback due to con-
vexity of resulting mesh. Unless the block size is considerably small, a vertex might 
penetrate the generated polygon boundary (Fig. 2 (b)). This results in some visual 
artifacts on final image. Although small block solves the problem, it requires much 
preprocessing and rendering time to generate and manipulate denser triangle mesh. 
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Fig. 2. (a) Previous method is applied n×n block to polygon boundary generation. (b) Result of 
convex problem when previous method applies the Envelop mesh to real-terrain data. 

3   Efficient Height-Field Rendering 

For the real-time rendering of height-field data, we exploited the voxel-based terrain 
rendering method, which is composed of preprocessing and rendering stage. In the 
preprocessing step, we generate a Cube Mesh that fully encloses the terrain surface. 
The size of the Cube Mesh is determined by pre-defined threshold values. In the ren-
dering step, we display a terrain using three textures containing start position, direc-
tion and distance to exit point for each ray. While rasterizing the Cube Mesh, those 
textures are derived from depth values in graphic hardware. Additionally, we apply 
early ray termination as acceleration technique.  

3.1   Cube Mesh 

Our method divides an input height field into a quadtree (Fig.3) and generates a cube 
by considering errors εh which enclose all terrain as shown in Eq. (1). 
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In Eq. (2), the symbol Δ is difference value of maximum and minimum height and 
it is calculated in each block. In addition, the symbol ς is average value of all points. 
The error value εh is the standard deviation for all terrain data. The symbol Δ is ap-
proximately proportion to error value εh. And the constant c control partition level of 
block. So, we can define partitioning condition from these parameters. 

where,   =ς  average of all points                     =Δ max - min 
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 (partitioning condition) 
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Fig. 3. An example of partitioning of height field data. When the difference of the maximum 
and the minimum value of a block is larger than the threshold εh, the block is recursively subdi-
vided until the difference becomes less than εh.  

As in most quadtree-based methods [6],[7],[8],[9], it trades off the size of quad-
rants for speedup. That is, if the block size becomes smaller, the efficiency of empty 
space skipping becomes higher since the distance between polygon boundary and the 
actual terrain surface is also decreased. However, we have to render a lot of polygons. 
Therefore we determine optimal block size by considering the maximum and the 
minimum values in preprocessing stage. In pre-rendering stage, firstly, we make once 
a unit cube that has a size of 1x1x1. And we exchange a unit cube for transformed 
cube through the calculated information (minimum value, maximum value and xy-
coordinate) for each block. In other world, each block is translated and scaled as cube 
mesh in world coordinate. After transformation is finish about all unit cubes, we can 
show perfectly cube mesh that is applied adaptive quadtree. This result in a series of 
cubes inclosing each block called Cube Mesh (Fig.4).  

 

Fig. 4. In the preprocessing stage, (a) we get the minimum and the maximum height value for 
each block, (b) and make cube using the maximum value. The(c) show that a result image is put 
together all generated Cube Mesh.  
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Fig. 5. Because each cubes in Cube Mesh perfectly enclose terrain surface in each region, it can 
solve convexity problem 

As shown in Fig.5, Cube Mesh solves the convexity problem of Envelope method 
since each cube perfectly encloses terrain surface in that area and no vertex can be 
located outside of a cube. Because polygon mesh in Envelope method encloses terrain 
surface more tightly than Cube Mesh, its rendering time might be slightly faster than 
our method. However, when the size of cube is sufficiently small, the difference of 
rendering speed is negligible. Moreover, penetrated vertices causing severe artifacts 
are much more critical than rendering time. 

3.2   GPU Ray Casting  

Rendering stage of our method is further divide into two sub-steps. The first step 
renders the Cube Mesh to evaluate depth values of Cube Mesh. The second step actu-
ally renders a scene using GPU-based ray casting method [10],[11].  

In the first step, the Cube Mesh is rendered once as triangle mesh to compute ray 
directions for current viewing condition required in the second rendering pass. We 
made pixel-shader program to perform volume ray casting [12],[13],[14],[15]. We 
stored coordinates of the front and the back faces of the bounding cubes into textures, 
then, we calculate the viewing directions for pixels by subtracting two textures [10]. 

 

 

Fig. 6. The GPU ray casting using pre-calculated Cube Mesh in rendering stage 
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Since the calculated direction texture of the Cube Mesh is already reflected on the 
space leaping by the pre-calculated start position texture, we can easily perform 
empty space skipping (Fig.6). Using the elevation map (height field) and two textures 
storing the ray directions and start positions as color textures, we render the terrain in 
pixel shader. Rendering performance is improved in comparison to that of CPU be-
cause whole pixels can be processed in parallel in GPU. While traversing a ray as the 
amount of unit distance in a cube, we compute the x- and y- position of each sample, 
and compare the height value (z-coordinate) of the elevation map with y-coordinate of 
current sample position. If the ray still lies on the transparent region, it continues to 
advance. When it reaches the terrain surface (non-zero height value in elevation map), 
we compute real terrain surface point by linear interpolation. That is, if we assume the 
first inside sample for the ray is Pi and previous sample point of Pi is Pi-1, we compute 
exactly real terrain point through the interpolation of Pi with Pi-1. In this case, al-
though the preprocessing time is reduced compared with the Envelope method by 
rendering the triangle meshes using GPU, the total rendering time increases because 
ray casting method continuously requires sampling until ray traversal is terminated.  

 

Fig. 7. The early ray termination, length of each ray is computed by subtracting depth of front 
face and depth of back face 
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Fig. 8. A comparison of rendering speed of conventional method and outs for test dataset 
(Puget) 
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(a) 

 

(b) 

 

(c) 

Fig. 9. A comparison of images produced by the conventional method and ours. (a) is an image 
produced by the Envelope method using the 16×16 blocks. (b) is generated by the Envelope 
method using the 8×8 blocks. (c) is resulting image of our method using adaptive quadtree.  
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Further acceleration is possible with early ray termination (Fig. 7). If we know exit 
position of ray traversal in advance, sampling and color computation do not require 
from that position. This improves the rendering performance. In preprocessing step, 
we store the minimum height values into each leaf node as well as the maximum 
values. By exploiting two boundaries (upper and lower boundaries), we can identify 
the interval of each ray that contributes to final image.  

4   Experimental Results 

Our method is implemented on a PC equipped with Pentium IV 3.0GHz CPU and 
1GB main memory and NVIDIA Geforce 6600 graphic hardware. Puget height field 
data is well-known bench-marking data of which the resolution is 512×512. The view 
port size is 640×480.  

Fig.8 shows the comparison of rendering time of the conventional method  
(Envelop) and our method. Our method is about twice faster than Envelope method 
since we use the Cube Mesh using adaptive quad tree. The Envelope method has not 
only a critical drawback of image distortion, but also is not use the early ray termina-
tion. But our method can reduces pre-processing time through the Cube Mesh using 
error metric. Also, since we can generate a tight boundary of top and bottom using 
Cube Mesh, we improve total rendering performance by early ray termination.  

5   Conclusion  

Recently, terrain visualization is important factor in the field of real-time computer 
games, flight simulations and GIS. The most important issue is to produce high qual-
ity images in real time. To render huge amount of height field data efficiently, we 
propose the Cube Mesh structure and GPU recasting using acceleration technique. 
Based on these methods, we can render the terrain scene fast with high image qual-
ity. Experimental results show that our method produces high quality images and 
requires less rendering time compared with the original GPU ray casting based ter-
rain rendering method.  Our algorithm has shown good speedups on a GPU/CPU by 
employing load-balancing. It can be used to render the virtual environment in several 
applications. 
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