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Abstract. Comprehensive enlightenment is one of the fundamental components that
virtualize the real environment. Accordingly, sky shading is one of the important com-
ponents considered in the virtualization process. This research introduces the Dobashi
method of sky luminance; additionally, Radiosity Caster Culling is applied to the virtual
objects as the second thought for outside illumination. Pre-Computed Radiance Transfer
is connected to ascertain the division of patches. Moreover, for real sky shading, the
Perez model is utilized. By pre-ascertaining sky shading vitality and outside light, the
vitality of the entire open air is figured ahead of time. The open air vitality is shared on
virtual articles to make the situations more practical. Commercial videos and cartoon
creators could utilize the strategy to produce real outside situations.
Keywords: Illumination, Radiosity, Outdoor rendering, Virtual reality.

1. Introduction. In outdoor rendering, natural phenomena such as sky illumination,
shadows, and clouds are very attractive topics for researchers. At the top of everything
in sky illumination, the modelling of atmospheric particles is a fascinating area to make
outdoor rendering as realistic as possible.

Natural illumination is the key part of outdoor rendering, that is lighted by the sun
and sky colour that creates shadows correctly. An extremely important part of natural
illumination can be revealed with respect to shadows. The fact that shadows move around
the occluders and are soft enough appreciated factor to make the outdoor scene more
realistic. Indeed, several tools are available to illuminate scenes such as Lighting etc but
are patch-oriented and so are not suitable for real-time rendering [1].
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2. Research Background. The sun and sky play an important role in natural illumi-
nation. Light from the sky is the significant source of outdoor illumination for realistic
scenes [1]. In 1986, Nishita proposed a new technique to calculate the sky light lumi-
nance [2]. They created photorealistic images of outdoor scenes by this technique. In the
method, the part of the sky that can be seen by the observer affects the image. They
proposed some methods such as creating many sample points in the sky and setting the
proportional weighting factor to the sky luminance of each point. The sky dome was
divided into many finite components such as rectangles or triangles. The sky dome was
divided into many bands. However, they selected a third method to reduce the cost of
calculations. An extension of their method is proposed by [3]. They developed it by
adding specular reflection of sky light. Obviously, the calculation of specular reflection of
sky light is expensive, and it is necessary to reduce the calculations. As a result, in 1993,
Tadamura proposed a quick method using graphic hardware [4]. This method can gener-
ate the image rapidly, but it requires pre-calculation of the image every time. Whenever
there are multi-lights, the luminance of all light sources can be calculated as the sum of
all of the individual luminances [5].

Nimeroff [6] proposed a quick method to calculate the luminance of the sky when the
position of the sun changed. In the method, many parameters of the sun‘s position are
extracted analytically with respect to the sky intensity distribution. It takes a lot of
time to calculate the basis luminance. In the method proposed by [1], the integrated
distribution was expanded to many other basic functions to exactly intensity distribution
of the sky, and as a result the number of distributions was reduced. One of the advantages
of the method is that the sky light luminance is calculated when the position of the sun
changes. In 1987, Cabral et al. proposed a similar method [7] with the ability to handle
the occlusion effect, but the difference is that basis luminance.

The main issue with regard to realistic virtual objects in virtual environments and
augmented reality systems is maintaining the balance between realism and FPS. Increasing
the realism is not a big issue if the speed of rendering can be ignored. In 2010, Noh and
Sunar tried to generate realistic soft shadows in AR using the addition of soft projection
shadows [18, 24]. In 2013, Madsen and Lal considered the sky illumination and volume
shadows in AR to enhance the realism but no care about FPS [19,25]. Many other works
have been employed to overcome the issue of realism in AR, which is discussed in the
section 4. In 2012, Lensing and Broll considered indirect illumination in an AR system
for dynamic objects. Their approach is an image-space global illumination based on
reflective shadow maps to reveal diffuse indirect illumination [20,26,26]. In this work,
neither real direct illumination onto virtual objects nor shadows are taken into account.

3. Methods and Materials.

3.1. Lighting. The process of light rendering in a virtual environment approximates
physical based lighting. In outdoor rendering, the colour of each pixel must be calculated
with respect to the position of sun and the sky colour during the rendering. “In this
collision (light with surface), many complicated dynamic processes occur that determine
the pixel’s color. To focus more requires knowing about photons, which is electromagnetic
wave modeling under the physics of light. In this case the brightness of light and the color
of the light can be controlled by the number of photons and energy contained in photons
respectively” [1].

3.2. Light Scattering in Outdoor Scenes. In real-time outdoor rendering, sky colour,
terrain, and shadows are the most visually dominant parameters. Atmospheric scattering
in outdoor scenes is one of the most important effects in real-time outdoor rendering. The
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colour of the sun changes from light red at sunrise to yellow at noon and then back to
light red at sunset due to atmospheric scattering. During the day, the colour of the sky
changes not only due to the time of day and light scattering but also because of pollution,
weather, and other factors [28,29,30].

There are two kinds of illumination: direct and indirect. ”Direct illumination arrives
at the object directly from light sources, while indirect illumination reaches the point by
reflecting light from other objects. The main direct light sources are the sun and sky, but
indirect illumination can arrive from n - 1 objects, where the number of objects in the
scene is n.

In the case of direct light sources, although the sun is far away, it cannot be considered
as a point light source (about 0.5 degree in angular diameter). This is the main reason
why outlines of shadows in outdoor rendering should be soft. However, the sky light is
the result of solar illumination; it should be considered as an independent light source
in the outdoor rendering. Indirect illumination is a more subtle effect for making scenes
realistic” [1]. Absorption is a concept of lighting that should not be forgotten. Some parts
of light are absorbed by particles in the air. This means that increasing the amount of
pollution will lead to an increase in the amount of absorption.

Out-scattering and in-scattering are other concepts related to the incident irradiance
that scatters in somewhere else. Scattering is slightly more complicated than absorption
because when a ray is absorbed by a particle, we can forget about it, but in scattering we
must consider new directions. When light is scattered by an object that is smaller than
the wavelength of light, it is called Rayleigh scattering. Rayleigh is the main parameter
for determining sky colour. High frequencies scatter more while low frequencies scatter
by fewer degrees. During the day, the sunlight is scattered by the atmosphere in the blue
range, while during twilight, it is scattered in the orange range because of long traveling.
In these cases, waves of long wavelength are received by the human eyes [31,32].

For outdoor scattering such as atmospheric scattering, the number of particles must be
infinite and the atmosphere is supposed to be a semi-transparent object.

3.3. Pre-Computed Radiance Transfer. In 2000, Sloan et al. proposed a wonder
technique to pre-compute (PRT) some parts of the huge real-time calculation to speed
up the rendering [8]. The method is convenient for various effects such as illumination in
different directions and shadows. Lehtinen et al. proposed a technique for glossy objects
efficiently [9]. Ng [10, 11] proposed a method of pre-calculation using wavelet transform to
represent low- and high-frequency shadows under environmental illumination. A drawback
of the method is that it is only able to deal with static scenes. Kautz [12] proposed a
method for deformable objects, but it can only be used for low-frequency shadows. In
2005, Tamura [13] proposed a PRT technique where an object could be translated or
rotated because they considered each object separately. In this technique, two kinds
of occlusion have been considered: self-occlusion and other-occlusion. Radiance can be
calculated due to self-occlusion and other-occlusion separately. The algorithm has three
steps:

Step 1: Render the whole scene with the radiance taking into account only
self-occlusion (Ls(p))
Step 1: Compute the radia nce obscure just for visible areas (Lo(p))
Step 1: Compute the subtraction of both two renders (L(p)=Ls(p)-Lo(p)).
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To reduce the calculation of the occlusion ratio that reveals the parts of the distant area
light sources that are invisible from p, they proposed an occlusion map for each object
separately with respect to each light source.

4. Daylight. “Daylight is a combination of all direct and indirect light from the sun and
diffusion from other objects, especially the earth. In other words, daylight includes direct
sunlight, diffuse sky radiation, and both reflected from the earth and terrestrial objects.
The intensity of skylight or sky luminance is not uniform and depends on the clarity
of the sky” [23,33,34]. “Multiplying the luminance from a light source by a factor w is
equivalent to multiplying the intensity of the light source by w. In general, the luminance
of sky light can be calculated by the following formula:

ISkylight =

∫
Ω

L(S)κ(s)ds (1)

where
Ω is the hemispherical integral domain above the surface.
S is a unit vector toward an arbitrary direction in the hemisphere above the surface.
L(s) is an intensity distribution of the sky.
k(s) is a factor determined by the reflectance function of the calculation point” [1].

5. Sky Light Luminance calculations. As we mentioned before, the sky dome is a
hemisphere with a large radius. Deem that in a local coordinate system with the z-axis
as normal and with the assumption of the sky dome generation section, the luminance of
the sky can be calculated as [2]:

Fλ(α, δ;n, v, L
(λ)
0 ) =

∫ α

0

∫ δ

0

Lλ(α
∗, δ∗;n, L(λ))ρλ(α, δ; v)sin2α∗sin2δ∗dα∗dδ∗ (2)

In 1996, Dobashi et al. [1] improved the formula and proposed the following formula
to reduce the number Fourier cosine series:
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(λ)
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w
(λ)
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(λ)
0 )cos(iα)cos(jδ) (3)

where
N is the degree of cosine functions

w
(λ)
ij stands for weight function for each cosine function and w

(λ)
ij can be calculated by:

w
(λ)
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(λ)
0 ) = 2/π

∫ π

0

∫ π

0
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(λ)
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Now the sky luminance can be calculated as:

I
(λ)
Skylight(p, n, v, L

(λ)
0 ) ≈

N∑
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(λ)
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where
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Nband∑
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vis∑
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(a) Left : local, (b) Right: Reflection

Figure 1. The light that hits the surface

Now by pre-calculation of Θij(p) once, I
(λ)
Skylight can be calculated very fast.

6. Modeling the Interaction of Light and Materials. Materials can be seen because
of lighting. If there is no light, we cannot see anything. The sun‘s position and the sky
colour are the most important lights in outdoor scenes. To investigate the interaction
between the sun, sky, and materials, some preparation on lighting is needed. The light
that hits the surface can come from several places:

Local: It is the light that emerges from main source.
Reflection: The light ray has first reflected off from other objects.
Local light has some components. The most important components are:
Ambient: Ambient is the light that comes from the whole environment without any

direct light sources. Many ray lights from around the scene contribute to appear materials
uniform. In this case, no external light source is assumed, and the result is monochrome.
The intensity is:

Ia = KaIC (7)

where
Ka : It is ambient reflection coefficient (0 <= Ka <= 1). It depends on properties of

material.
Ia : It is the intensity of the ambient light.
C: It is the color of object.

The formula shows two parameters of intensity depend on object (Ka and C). It means
proportion of material has more effect on ambient.

Diffuse: Diffuse is related to the matte surfaces. At the microscopy level, there are
many very small bumps in the surfaces to disperse in all possible directions. The intensity
of diffuse depends on the incoming ray angle respect to the surface.

Id = KdIC(L ∗N) (8)

where
Kd : coefficient of diffuse reflection in the intersection point
I: intensity of light source
C: color of surface
L: direction vector of light in the intersection point
N : normal vector of surface in the intersection point

Secular: this item is related to very reflective or shiny surfaces. In this case, intensity
depends on observer direction and reflection direction.
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(a) (b)

Figure 2. Lighting theory; V is direction of observer

Is = ksI(V ∗R)n (9)

where
Ks : coefficient of specular reflection
I : intensity of the light source
V : vector direction of the viewer
R : vector direction of the reflected ray
n : specularity

Specularity is amount of sharpness and can be measured between 0 and 100 or more.
Finally the total local intensity is:

I = Ia + Id + Is (10)

I = KaIaC +KdIdC(L ∗N) + ksIs(V ∗R)n (11)

7. Sky Color. “In contrast to indoor rendering, outdoor rendering consists of more
components such as the sun‘s position, sky colour, shadows, rainbows, haze, trees and
grass. This chapter begins by attempting a working definition of some more important
parameters for outdoor rendering. The sun‘s position, sky colour, shadow, and interaction
between sky colour and objects are the highlighted components in outdoor environments.
The purpose of this chapter is to provide an overview of the position of sun, sky colour,
shadows, and interaction between the sky colour and virtual objects in augmented reality
environments” [23,35].

8. Radiosity. “Radiosity is a finite-element approach to the problem of global illumina-
tion [15,36]. In order to deal with large-area elements such as outdoor augmented reality
environments, it is necessary to integrate over the area of the element explicitly” [16, 17].
Radiosity is another technique for soft shadow generation that was proposed by Goral
et al. [14]. This algorithm calculates diffuse inter-reflections between surfaces by deter-
mining the energy balance in a closed environment. Radiosity is expensive and can only
be used for polygonal surfaces. Each surface is divided into elemental surface patches.
The intensity of the surface distribution then depends on the quality of surfaces and is
approximated as a constant value. The hemicube approach and the Nishita and Nakamae
approach [17] are two different methods that employ radiosity for soft shadow generation.
The difference between them is related to the position of the radiosity value of each patch.
In the hemicube approach, radiosity values are calculated at the centre of each patch, but
in the Nishita and Nakamae approach, calculation at the vertices of the patches is used.
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Figure 3. Left: simple scene. Center: direct illumination. Right: Radiosity

Radiosity is a special approach for global illumination [15]. It splits scenes into several
fragments and calculates the energy of each part that can be transferred between the
other parts or other objects. The fraction that determines how much energy could be
transferred between elements is called the form factor.

This formula, as well as radiosity in general, is accurate enough if the fragment parts
are small enough. On the contrary, small elements will have a low rendering speed. The
form factor will be as [16].

“Radiosity is another technique to create soft shadows. This kind of algorithm can
calculate diffuse inter-reflection between surfaces by determining the energy balance in
a closed environment. These kinds of algorithms are rather expensive and can be used
just for polygonal surfaces. Each surface is divided into some elemental surface patches.
It must be ensured that the patches are small enough. Then, the intensity distribution
of the surface depends on the quality of the surface, and it is approximated a constant
value” [22].

The algorithm that we propose is the following, which we call Radiosity Caster Culling
(RCC).
Step 1. Capture the environment from the camera point of view put in the z-buffer.
Step 2. Convert the close partition of objects into the small partition.
Step 3. For each path of the sky dome and for each path of the object.
Step 4. If the object patch is visible from the point of view (camera point of view),
carry out the following step; else irritate the process for other patches.
Step 5. Calculate the form factor for the patch.
Step 6. Apply the effect of the sky patch to the object patch.

Fi→j =
cosθicosθj

πr2
V (i, j) (12)

To generate photorealistic images, many aspects must be taken into account. The fact
that, which object can be influenced by the current lighting is one such aspect that can
be solved using global illumination. The results are illustrated in Figure 4. In general,
creating a mask of visible radiosity caster patches performs recognition of visible patches.
Radiosity casters are the parts of the scene which receive the energy emitted by the sky
colour. This mask is required to limit the radiosity casters which are more extensively
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Figure 4. Top left and top right: An outdoor environment in the morning.
Bottom left and bottom right: The outdoor environment at noon.

consumed on CPU and GPU time. It becomes more efficient as the complexity of the
scene or the number of patches increases [17].

9. Conclusions and future works. This paper aims to reveal the outdoor illumination
onto the virtual objects. To do this, some old but widely used techniques are employed.
A new idea called Radiosity Caster Culling is applied to exert the energy of outdoor
environments, of which the main part is the sky colour, onto the virtual objects.

Pre-Computed Radiance Transfer (PRT) is applied to calculate the division of patches
in advance. PRT allows the radiosity technique to enhance the speed of rendering in
real time. The luminance is calculated based on the Dobashi method. The sky colour is
generated based on Perez‘s model [21], which can be used for clear sky. Finally, Radiosity
Caster Culling is employed to share the global illumination by considering the sky colour
onto the virtual objects.

This work can be used for global illumination in outdoor environments in which the
sky colour is highlighted. There are many extensions that can be applied to this method,
such as the employment of Augmented Reality, which is a task with which we will deal in
the future.
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