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Abstract
Realistic rendering methods of natural phenomena in
real-time have a variety of applications, such as flight simulators or computer games. The scattering effect due to atmospheric particles is one of the most important elements in
creating realistic outdoor images. Shafts of light are caused
by objects which shut out the sunlight, such as clouds and
mountains. This paper proposes a method for creating outdoor images including shafts of light caused by mountains
and clouds. In our method, shafts of light are displayed by
subtracting the intensity of the shielded light. Our method is
accelerated by using the fragment shader, which is a function of the latest graphics hardware.
Keywords: Rendering, Natural Phenomena, Atmospheric Scattering, Graphics Hardware, Clouds, Sky, Shafts
of Light

1. Introduction
In the field of computer graphics, rendering realistic images based on physical phenomena is one of the most important research subjects. Light passing through the media,
such as the air and clouds, is scattered by small particles.
This phenomenon is called atmospheric scattering, which is
one of the most important elements in creating realistic outdoor images. The air contains two kinds of particles of different sizes, air molecules and aerosols. Air molecules and
aerosols obey Rayleigh scattering and Mie scattering theories, respectively. Clouds consist of particles such as water
droplets, which obey Mie scattering theory. These two theories correspond to the phase functions with different properties. The phase function of Rayleigh scattering is proportional to power of -4 of the wavelength of light. Mie scattering is strong forward scattering and little dependent on
the wavelength. There are many studies of rendering photorealistic images of clouds [19].
When objects, such as clouds and mountains, shut out
part of the sun’s rays, we can observe dark volumes compared to surroundings in the atmosphere. This effect is

called shafts of light. Several methods of calculating shafts
of light have been proposed [10]. However, these methods
are kinds of ray tracing and take hours to create images.
Methods of using graphics hardware for interactive rendering of the sky and clouds have been proposed [4, 5, 17].
In these methods, shafts of light are rendered by generating sampling planes in the view volume and by rendering
the sampling planes and accumulating the intensity of the
atmospheric scattering using hardware color blending functions.
This paper proposes a method for creating outdoor images including shafts of light caused by shielding objects
(i.e., mountains) and non-uniform translucidus media (i.e.,
clouds). Our method improves the method proposed by
Dobashi et al [4, 5]. In these methods, numbers of the sampling planes are generated in the entire view volume, resulting in increase in the rendering time. In general, the
shielded volume of mountains and clouds is far smaller than
the entire view volume. Therefore, the rendering time can
be reduced by generating the sampling planes in only the
shielded volume. Based on this idea, our method displays
shafts of light by firstly rendering the atmospheric scattering
effects without taking into account shadows of objects and
then by subtracting the intensity of the atmospheric scattering corresponding to the shielded volume.

2. Releted Work
There were a number of methods of generating images by taking into account scattering or absorption of
light in participating media, such as the sky or clouds
[1, 3, 12, 13, 21, 23, 24, 27]. Nishita et al. take into account
multiple scattering for rendering the sky [18] or clouds [19].
Studies of rendering shafts of light have also been developed [10, 11, 14, 15, 20, 22, 25]. However, most of these
methods use a ray tracing algorithm or scan-line algorithm.
The computational costs of these methods are expensive.
To accelerate the calculation, several methods of fast rendering of clouds or shafts of light using graphics hardware
have been proposed. Dobashi et al. proposed a fast method
for rendering clouds with shafts of light [4]. In this method,
the intensity of clouds is calculated by using metaballs.
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Figure 1. Flowchart of our method. The
shadow map and the attenuation buffer are
also used for calculating shafts of light.

To render shafts of light, multi spherical shells are generated. Harris and Lastra developed real-time cloud rendering
method [9]. This method require two passes in intensity calculation of clouds and ignore light scattering due to atmospheric particles. Dobashi et al. proposed a fast method of
rendering shafts of light [7, 6, 8]. In these methods, shafts of
light are rendered by generating sampling slices in the view
volume. However, aliasing is appeared bacause frame buffer
has only 8 bit accuracy. To resolve this problem, Dobashi
et al. improve these methods by generating sub-planes to
sample the shielded volume precisely [5]. Miyazaki et al.
proposed an interactive method for rendering clouds with
shafts of light using sampling slices facing mid-way between the sun and the view directions [17]. Sun et al. proposed a real-time rendering method of single scattering of
light [26]. However, this method do not take into account
shadows of object and cannot render shafts of light.
In previous methods, shafts of light are rendered by accumulating the intensity of scattered light. However, to render
outdoor images, a number of sampling slices are required to
calculate shafts of light caused by clouds or mountains. In
our method, sampling slices are only placed in the shielded
volume and the improvement of the computational time can
be expected.

3. Overview of Our Method
We propose a method for calculating shafts of light by
both clouds and mountains. Fig.1 shows the flowchart of
our method. Numbers in the figure show the processing order. In our method, the intensity is calculated in the frag-

ment shader and stored in the 16 bit floating point offscreen
buffer. The attenuation ratio of the intensity of light reaching the scattering point,  , is precomputed and stored as
two-dimensional texture. The other required data, such as
the density of atmospheric particles, are also stored as textures. First, sky color is rendered as a hemispherical dome
with a large radius (Step 1 in Fig.1). The color of the dome
(i.e., sky color) is calculated when the sun altitude or the
height of the viewpoint is modified. In the previous method,
the intensity of sky color is calculated by generating virtual shells and by accumulating the intensity of scattered
light stored in the virtual shells [5]. Recently, the fragment
shader, which is a function of the latest graphics hardware,
is available. In the fragment shader of the latest version, the
iterative calculation is possible. In our method, the intensity of scattered light is accumulated in the fragment shader.
Next, the terrain is rendered. The shadow map, which stores
the depth from the light source, is also created in this step
(Steps 2 and 3 in Fig.1). Then, clouds are rendered by using a slice-based volume rendering technique [17] (Steps 4a
and 4b in Fig.1). In this step, the attenuation buffer, which
stores the attenuation ratio of the intensity by water droplets
in clouds, are also created. When rendering the terrain and
the clouds, the atmospheric effects (scattering and absorption) are taken into account but shadows of the terrain and
the clouds are not considered. After that, shafts of light are
displayed by subtracting the intensity of sunlight shielded
by the terrain or the clouds (Step 5 in Fig.1). To calculate
the intensity of light reaching the shielded volume, sampling slices that look towards both the viewpoint and the
sun are placed. The intensity of light attenuated or shielded
by objects in the sampling slice is calculated by making use
of the shadow map and the attenuation buffer created in the
step of rendering clouds and the terrain. Finally, the image
is copied from the offscreen buffer to the frame buffer (Step
6 in Fig.1).

4. Intensity Calculation of Sky Color and
Clouds
The intensity of light reaching the viewpoint,   , is
given by the following equation:
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(1)

where  is the intensity of sunlight,  is the attenuation ratio of the intensity of light reaching the scattering
point from the sun,  is the attenuation ratio between
the scattering point and the viewpoint,  is the wavelength,
 is the distance from the viewpoint to a point on the viewing
in Fig.2),  is the disray,  is the phase angle (see
tance from the scattering point on the viewing ray to a point
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Figure 2. Intensity calculation of sky color
and clouds.

Figure 3. Sampling slices covering shadows
of clouds and mountains.

on the sunlight ray,  is the distance between the viewpoint
and the top of the atmosphere.
 ,  , and  are calculated by following equations:

sky  and the attenuation ratio  are calculated iteratively in the same pass by using a fragment shader.
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where  is the scattering coefficient,  is the density of participating media,  is the phase function. Subscripts ”” and
”” of  ,  and  represent Rayleigh scattering and Mie
scattering, respectively. For the phase function of Mie scattering, we use the improved Henyey-Greenstein function
described by Cornette [2]. The phase functions of Rayleigh
scattering and Mie scattering are given by the following
equations:
 











 


4.2. Rendering clouds
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4.1. Rendering the sky
The sky is considered as the hemispherical sky dome
whose center is at the viewpoint (see Fig. 2(a)). When rendering sky color,   is calculated by taking into account
both Rayleigh scattering and Mie scattering. The densities of atmospheric particles, air molecules and aerosols,
are considered as depending on the altitude. Therefore, the
density distribution of atmospheric particles is stored as an
one-dimensional texture. The attenuation ratio  is precomputed and stored in a two-dimensional texture with the
height and the sun altitude at that point. The intensity of the

Clouds are calculated by taking into account only Mie
scattering due to water droplets. The density distribution of
water droplets (i.e., clouds) is non-uniform. The distribution is stored as volume data using three-dimensional grids.
The volume data is used as a 3D texture. The clouds are rendered by using a slice-based volume rendering technique
[17]. An attenuation buffer is prepared to store the attenuation ratio between the sun and each points on the sampling slice,   . The intensity on each sampling slice
is multiplied by the attenuation ratio stored in the attenuation buffer and the resulting values are accumulated in the
frame buffer (see Fig. 2(b)).

5. Rendering Shafts of Light
Shafts of light can be observed when the sunlight is
shielded by mountains or clouds. Dobashi et al. generated
sampling planes in the view volume for rendering shafts
of light [5]. However, this approach requires a long computation time since many sampling planes are required to
cover the entire view volume. The rendering time is proportional to the number of the sampling planes. We address
this problem as follows. In general, the shielded volume is
far smaller than the entire view volume. The rendering time
can be reduced by generating the sampling planes in only
the shielded volume. Based on this idea, shafts of light are
rendered in two steps. First, the atmospheric scattering effects are calculated without taking into account shadows
of objects. Second, the intensity of the atmospheric scattering corresponding to the shielded volume are subtracted.
Sampling slices facing mid-way between the sun and the
view directions are generated to cover the shielded volume. When we do not take into account the shadows of ob-

Fig. 4(a) shows outdoor images including clouds, the sky
and shafts of light. Figs. 4(b)(c) show images of shafts of
light by using the different number of sampling slices without rendering clouds. Calculating cost of Fig. 4 are 0.3 fps,
11.4 fps, and 21.2 fps, respectively. In Fig. 4(c), artifacts
due to the insufficient number of slices are shown. Therefore, we use 83 sampling slices to create other images including clouds.
(a) clouds

(b)   

7. Conclusion

(c)   

Figure 4. Result images.  is the number of
sampling slices.

jects, the atmospheric scattering effects are computed analytically. Therefore, in this case, the rendering time for
the atmospheric scattering effects is very short and negligible. Therefore, even in the worst case where the view volume is entirely in the shielded volume, the rendering time
of our approach is the same as that of Dobashi’s approach.
The volume shielded by mountains is obtained by creating a shadow map of the terrain. Shafts of light caused by
clouds are computed by making use of the attenuation ratio
of clouds,   , calculated in the cloud rendering step.
The intensity of shielded sunlight at the intersection point
of each sampling slice and the viewing ray,  , is given by
the following equation:
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where  is the sampling slice number,  is the visibility
function which returns 0 if the sampling point is shielded
by the mountains, otherwise returns 1. The intensity on
each sampling slice without considering shadows of objects,    , is computed by assuming the constant density of atmospheric particles.   is the interval of the sampling slices along the viewing ray (see Fig. 3).

6. Results
We used a machine with an Intel Pentium 4 3.6GHz and
an nVidia Geforce 6800 GT to measure rendering time. The
number of the sampling slices of the clouds is 83. To calculate the intensity of clouds, we use the density data of
water droplets generated by using Miyazaki’s method [16].

In this paper, we have proposed an interactive rendering
method for shafts of light. Our method enables us to render
shafts of light caused by clouds and mountains. Sampling
slices are generated only in the shielded volume, which is
far smaller than the entire view volume in general. Therefore, our rendering method achieves interactive speed by reducing the number of sampling slices.
In future work, we discuss the problem prosed by the
multiple scattering of light. In our method, the multiple scattering effect is approximated as a constant term. However,
for participating media with a high albedo, such as clouds,
multiple scattering effect is important. An efficient method
for the multiple scattering has to be developed.
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Figure 5. Outdoor images in different sun altitude.

Figure 6. Shafts of light.
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Figure 7. Shafts of light created by the different number of shadow slices .

