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Abstract

Particle systems approaches to modelling clouds currently decouple light par-

ticles from cloud particles. Consequently, multiple scattering radiance needs

to be calculated, irrespective of whether a particle receives any light. In

our approach, we generate random photon-cloud particles (a pseudo-duality)

located at the scattering positions of photons within a volume of interest.

Thus, the inscattered radiance is directly related to the density of photons

per particle, à la photon mapping. Consequently, unnecessary radiance cal-

culations are eliminated during Monte Carlo rendering, as we only include

areas where multiple scattering events occur. We rendered different types of

cloud formations and compared them to qualities found in photographs of

real clouds. We evaluated our model based on memory usage and compu-

tational cost. Applications could include photorealistic rendering of outdoor

scenes for computer generated movies using high-performance computing.
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1 Introduction

Clouds are an atmospheric body (that exist at one of several altitudes) con-

sisting of particles of aerosols and associated water droplets [1, 2, 3, 4]. When

light particles (photons) intersect with cloud particles, the salient effect is

multiple scattering due to the high albedo nature of clouds [5, 6, 7, 8, 2]. Com-

puter graphics (CG) researchers have made significant advances in modelling

pseudo-realistic clouds [9, 10, 11, 12] and their interactions with light [13,

14, 15, 16]. Their cloud models can be categorised as surface or spatial, with

many hybrids also amongst past works. The modelling of light and cloud

particles is generally achieved using radiosity [17, 18] which represents inter-

actions between light and diffuse surfaces, and is derived from physics models

of radiative heat transfer [19, 20, 5].

Cloud and light modelling in computer graphics presents an interesting fusion

of mathematics, physics and computer visualisation. The first basic cloud

visualisations in computer graphics [9] have evolved into a many forms of

models that are constantly improved. One facet of these models is the term

“photo-realism” which can be thought of as the resulting image evoking a

similar visual reponse to that evoked by a photograph of the same scene [21,

22]. Not all computer graphics models of clouds and the interactions they

make with light, truly represent the physical nature of the interaction. In

this thesis, we investigate what physical aspects of these two phenomena we

need to represent in order to visualise a physically-faithful photo-realistic

cloud model. As such, it is important for us to understand the basic physical

properties that govern these interactions, before reviewing previous research

in this field.

The organisation of this chapter provides an introduction into the physical

nature of clouds, and the interactions and effects that they exhibit due to light

passing through them. It introduces terms used in physics and CG research

that describe the physical interactions between cloud and light particles, with

respect to absorption and scattering coefficients, optical density, scattering

phenomena and cloud albedo. We then pose several research questions that
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relate directly to the fundamental nature of cloud and light interactions. An

overview of the organisation of this thesis concludes this chapter.

1.1 Clouds

Clouds form from the condensation of rising air parcels. As air parcels as-

cend into areas of lower pressure, they expand and cool, using their internal

potential heat to supply the energy for the expansion process. Descending

air parcels will encounter increasing air pressure and will experience com-

pressional warming. Both of these processes occur at an independent, self-

contained rate, termed adiabatic. This process leads to condensation, the

formation of water droplets. The collection of water droplets at differing

altitudes combined with the ascent of air parcels leads to cloud formation.

Formation of water droplets in clouds could not exist without atmospheric

aerosols [1, 2].

Figure 1: Principal cloud forms and main sub-types [23].

Due to differing altitudes, clouds are categorised into three broad categories:

1. Stratiform clouds, which develop from warm moist air that overrides

cold heavier air along a warm front.

2. Cumuliform clouds, which develop through heat transfer from the sur-

face and latent heat released to the air during condensation.
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3. Cirriform clouds, which develop from the two forms of lifting stated

above. They are generally found at high altitudes.

Each category contains many sub-types as shown in Figure 1, however the

formation of water droplets that form clouds could not exist without atmo-

spheric aerosols.

Figure 2: Hygroscopic aerosols act as cloud condensation nuclei which help water
droplets form around them.

Atmospheric aerosols consist of many small solid and liquid particles that are

either soluble in water, hygroscopic, wettable but insoluble, or water resistant,

hydrophobic [1]. The formation of water droplets on aerosols is based on

Kelvin’s formula and the Gibbs’ free energy function.1 Clouds consisting of

many particles (aerosol and associated water droplets) are analogous to CG

particle systems (see section 2), whereby each cloud particle exhibits similar

characteristics of radius, density, and life-cycle. The interaction of light with

cloud particles is described by Mie Theory, discussed in the next section.

1.2 Interactions of Light with Clouds

The path taken by a light particle (photon) in the atmosphere and the in-

teraction it makes with cloud particles is important in the calculation of its

energy, Φ. All photons that interact with a medium are either emitted, ab-

sorbed or scattered (Figure 3), whilst those that don’t interact are transmit-

ted [5, 20]. Media that scatters or absorbs light is called participating media.

In the case of photons interacting with clouds, the dominant interactions are

absorption and scattering.

1The equations are beyond the scope of this thesis. Further reading refer to [1, 2, 4, 3].
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Figure 3: Phenomena affecting light propagation [24]. a) Absorption. b) Out-
Scattering. c) In-Scattering.

Absorption occurs when the photon intensity is transformed into other forms

of energy upon interacting with a medium (Figure 3b). In contrast, scattering

is when a photon collides with a medium and the energy is distributed in such

a way that the direction of the photon changes. Absorption and scattering

attenuate the intensity of a photon as it passes through a medium. The total

attenuation of a photon is described by extinction. The extinction coefficient

of a medium describes the amount of attenuation a photon will have when

it interacts with a particle [25]. The extinction coefficient is:

σt = σa + σs (1)

where σa and σs are the absorption and scattering coefficients respectively.

The coefficients may be interpreted as the probability of absorption or scat-

tering per unit length, travelled by a photon in the medium [5]. Coefficients

are used to describe the optical properties of a given medium because, cal-

culating the absorption and scattering of each particle in the medium would

be impractical and computationally costly. If the medium is homogenous, its

scattering and absorption coefficients are constant [26].

Further, σa = σaρ(x) and σs = σsρ(x), where ρ(x) is the density of the

medium, while σa and σs are the average absorption and scattering coeffi-

cients respectively. Single scattering is the scattering of light by a single

particle in a medium, and occurs in media that are very thin or transparent.

Media such as clear air are termed optically thin. Unlike clear air, clouds have

an optically thick density consisting of many aerosol particles, which leads to
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dominant multiple scattering within the media. Multiple scattering is scat-

tering of light from many particles in succession. Physical approximations

for single scattering use Rayleigh scattering [5], while multiple scattering use

Mie Theory [8].

Scattering may be further subdivided into two cases. The first, is light energy

lost on the path of a ray in the media, which is called out-scattering (Fig-

ure 3c). The second, is the light energy that has been scattered by the media

in the direction of observation, this is called in-scattering (Figure 3d).

The scattering albedo Λ = σs

σt
, represents the fraction of light lost from scat-

tering, while (1−Λ) represents the remaining fraction which has transformed

into other forms of energy [5, 20]. Perfect absorption occurs when Λ = 0,

while perfect scattering is when Λ = 1.

The albedo of clouds is insensitive to cloud height and very close to unity

(Λ ≈ 1), as absorption by water droplets is negligible in the visible spec-

trum [1, 2]. Nearly all light that enters a cloud exits, but only after multiple

scattering events. The dark areas in clouds are caused by the out-scattering

of light rather than absorption, where the intensity of light leaving the cloud

is attenuated. Airlight is responsible for cloud shadows being visible in the

air. Airlight is the diffuse scattered sunlight from air molecules, to differenti-

ate it from light that is radiated from the Sun at ground level, sunlight [27].

The interaction of light with clouds is significant when creating images of

photo-realistic quality in CG. Characteristic physical descriptions of cloud/light

interactions are a basis for realistic image cloud synthesis in CG. Realism is

also captured by shadows in synthesised images, thus, we discuss the inter-

actions of shadows with clouds.

1.3 Interactions of Shadows with Clouds

A shadow is a region of space not directly illuminated when a cloud occludes

the Sun. Shadows are important as they provide useful cues for the shape and

depth of objects in the natural world; hence they are inherent in the percep-

tion of realism. The umbra is the portion of shadow which receives no source
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light, whereas the penumbra is the portion of shadow which only partially

blocks the source light. Umbrae are made visible by airlight illuminating the

volume in shadow.

Figure 4: Geometry of Shadows [27]. a) A point source, PS, casts only an umbra
U , which is totally hidden from the point source. b) An extended source, ES, like
the Sun, casts both an umbra U and a penumbra P . c) When the light source
like the Sun �, is physically larger than the opaque object, the umbra has a finite
length. When it is smaller, the umbra extends without limit behind the opaque
object as in b).

Figure 5: Optics of Sunbeams [27]. a) Looking down on the Observer, O, from
the zenith. Clouds, C, cast long straight parallel shadows. b) When viewed in
perspective, cloud shadows seem to diverge away from the Sun, �.

Two kinds of light sources can create shadows, point sources and extended

sources. A point source is always smaller than the object it illuminates, and

the emitted rays of light diverge from a single point. Shadows cast by a

point source only have an umbra (Figure 4a). Extended sources cast two

part shadows consisting of an umbra and penumbra (Figure 4b,c). Shadows

cast by an extended source, such as the Sun, emit rays of light that are

near-parallel to each other; they emanate from the entire solar disc.

Cloud shadows are illuminated by airlight, while sunlight permeates between

the gaps in clouds, creating a contrast between light and dark volumes in
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the sky, resulting in sunbeams. Sunbeams, when viewed by an observer on

the ground seem to converge at the solar point, which is due to the optical

process of perspective (see Appendix 5.1) [27].

Creating realistic and visually appealing images in CG requires shadows [28].

Shadows provide useful information about the depth of objects and the posi-

tion of lighting in the real world. By understanding how clouds cast shadows,

we are able to better represent them in a synthesised image.

1.4 Research Questions

Having gained a basic understanding of the physical properties of cloud/light

interactions, we are able to identify areas of research that will aid in the

photo-realistic synthesis of clouds.

1. Can we develop a physically accurate cloud model that couples the in-

teraction between cloud and light particles?

2. Can this model avoid evaluating multiple scattering events for cloud

particles that don’t receive any light?

3. Can this model be used to simulate sunbeams?

1.5 Organisation

This thesis is organised in the following manner:

In Chapter 2, we review CG research in the areas of cloud and light mod-

elling. We review previous cloud modelling research in terms of its capacity

to represent clouds with respect to physical cloud properties (Section 1.1).

We review lighting models used to represent the interaction between light

and cloud particles, with particular attention to models that adhere to the

physical description in section 1.2. We also review shadow techniques used in

CG that would add realism to our cloud model, and assist in creating effects
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such as sunbeams. We conclude with our motivations for pursuing our design

implementation.

In Chapter 3, we detail the fundamental mathematical framework that forms

the basis of our cloud/light particle model. We also discuss the light transport

method used as part of our model, detailing its methodology and sampling

strategies. We conclude the chapter by specifying our design assumptions,

defining our implementation and algorithms.

In Chapter 4, we evaluate our design and implementation. We focus on the

the computational cost associated with our model in terms of rendering times

and memory usage. We present our result of a photo-realistic rendering of a

cumulus cloud.

In Chapter 5, we discuss the findings from our results and highlight the

significance and contribution of our research. We conclude the chapter by

discussing possible applications for our model and highlighting future work.
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2 Clouds and Light: Computer Graphics

Models

Based on the foundations laid in Chapter 1, we can investigate how clouds,

light and shadow interactions with clouds have been modelled by computer

graphics (CG) researchers.

Cloud modelling in CG can be formalised into two main categories, surface

and spatial models. Surface models wallpaper a two dimensional (2D) cloud

skin onto geometric shapes to produce the appearance of clouds, rather than

representing the actual shape of the cloud. In contrast, spatial models at-

tempt to represent the three dimensional (3D) volume of clouds by partition-

ing space into many objects. These volumes may have rigid or deformable

boundaries [29]. To represent clouds with any real physical basis, we must

consider models that simulate light transport through participatory media.

Light transport through participatory media commonly uses a radiosity ap-

proach to rendering light and cloud particle interactions. Radiosity is derived

directly from physics models of radiative heat transfer and models the inter-

action of light between diffuse surfaces [19]. Sharing similarities with the

rendering equation [18], the light transport equation (LTE) is presented here

briefly, in order to grasp what the light modelling methods in CG aim to

solve. It is described in detail in Chapter 3.

The LTE states, that for any position ~x and direction ~ω in space, the change

in outgoing light intensity L(x, ~ω), is equal to the sum of all incoming light

from all directions, minus any light which is absorbed.

dL(~x,~ω)
ds

= −σt(~x)L(~x, ~ω) + σs(~x)
∫

4π
P (~x, ~ω, ~ω′)L(~x, ~ω′)d~ω′

The light transport methods (LTMs) used in CG to solve the LTE can be

categorised into irregular or regular techniques. Irregular LTMs have a non-

uniform selection process for sampling interacting particles in the cloud,

whereas regular LTMs have a uniform selection process. Further, these meth-

ods may be termed homogeneous or heterogeneous in reference to the sample
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space per particle. Heterogeneous methods vary the size of the sample space,

while homogeneous methods keep the sample space constant. These lighting

models are used in generating photo-realistic images, however, shadows also

play an important role in the perception realism.

Shadows in CG applications may be categorised as either hard or soft [30, 31].

These methods correspond to the visualisation of the umbra and penumbra

of the shadow. Hard shadows display only the umbra (see Figure 4a) of an

object. Hard shadows are determined by a binary approach, whereby a point

in a scene lies in shadow of an object or not. This binary approach can be

seen as either multiplying the light intensity by a 0 or 1 depending if the

object lies in shadow or not. Hard shadows are generally rendered using the

ray tracing method [32]. Soft shadows differ from hard shadows by including

the penumbra (see Figure 4b) in image synthesis, so the binary approach of

evaluation can not be applied. Soft shadow evaluation in its simplicity can

be evaluated as the multiplication of the light intensity by a fraction in the

range [0, 1], where 0 indicates the umbra, 1 indicates no shadow, and all other

values indicate the penumbra [33]. The resultant shadow region has a shape

that is dependant on both the occluding object and the light source [28]. By

their nature, the LTMs investigated describe the light intensity in the range

[0, 1], thus eliminating the need to specifically target shadow generation.

We organise this chapter by presenting cloud and light models used in CG.

We first discuss cloud models, by categorising them into spatial and surface

clouds. We then present LTMs categorised by irregular light and regular

light approaches. We conclude this chapter by summarising our findings in

CG cloud and light modelling and highlight possible models that would be

appropriate for our research questions.

2.1 Spatial Clouds

In CG research, three approaches are currently used to represent clouds in a

3D volume. These methods are voxel grids, particle systems and metaballs.
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Voxel grids are a method that is intuitive for modelling cloud densities. A

voxel is the 3D analogy of a 2D pixel, and is a portmanteau of the words

volumetric and pixel. It defines a six-sided cube in a grid subsection within

a volume, and acts as a discrete sample distributed in 3D space (see Fig-

ure 6). Voxel grids are commonly used when physically-based simulations

are involved [12, 34, 35], with volume rendering receiving much focus as a

result [36, 37, 38]. Voxel grids have been used to store results from cloud

simulation algorithms based on partial differential equations (PDEs).

Figure 6: A Voxel Grid [39]. a) A discretised volume domain: a voxel grid. b) A
volume element from the grid.

Clouds were first modelled with voxel grids to store solutions from nine PDEs,

which described a discretised local volume of cloud [12]. These PDEs were

based on the Navier-Stokes equations for simulating fluids, and also included

an equation to model the phase transition of water to vapour. A stable

model of the Navier-Stokes equations [34] were used for cloud simulations

with the resultant data stored on voxel grids [40]. Realistic cumulus and

stratus clouds were produced with this method, however little detail about

the implementation was discussed. The Navier-Stokes equations were also

used to model clouds on a staggered voxel grid [41], discretised for the velocity

and pressure components of the PDEs. The pressure, temperature and water

content were sampled from the center of the voxels, while the velocity was

defined on the faces (see Figure 6b) [39, 42].

Voxel grids may be rendered using either forward or backward ray marching

methods, or traditional ray tracing [12]. Advantages to using voxel grids for
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density distributions is that physically accurate data can be stored, producing

realistic clouds when rendered. Disadvantages are in the computational cost

during the rendering phase, as each cell has a complexity of O(n3); for a grid

of N1×N2×N3 the complexity is O(n6).

Particle systems intuitively model clouds, as particles best fit the model of

aerosols within clouds. Particle systems model objects as clouds of primitive

particles that define a volume. A particle represents a point in 3D space,

with individual attributes that govern its size and color. Particles can exist

in a lifecycle, viz. particles are born and die. The model was introduced to

model fuzzy objects like clouds [43] and expanded to approximate shading,

cater for self-shadowing, external shadows and external light sources [44].

Figure 7: A particle system [45].

Particle systems have been used to model clouds by filling space with particles

of varying size and density [46]. Each particle in this method has a center,

radius, density, and color. By varying the particle properties in the volume,

good approximations of realistic clouds have been attained. Each particle

is rendered by blending it into a frame buffer, with the transparency of a

particle governing the final pixel color.

Particles have been described as the simplest surface representation in CG,

enabling more primitives and complex images to be processed than poly-

gons, in the same computation time [43]. Depending on particle properties,

the particles can be rendered using ray tracing methods. Advantages of pro-

ducing clouds with particles is in their inherent representation of volumes;
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less storage is required than an equivalently detailed cloud with other mod-

els. Disadvantages occur when high cloud detail is required, as the number

of particles increases, so too does the computational cost.

Metaballs have been used to control the shape of cloud models in CG. Meta-

balls are also known as ‘blobs’ and ‘soft objects’. Metaballs represent volumes

of scalar field functions that are additive. Each metaball has a radius of in-

fluence, so when the surfaces of neighbouring metaballs intersect, the effect

of each point on each surface is calculated, and the metaballs deform accord-

ingly [47], turning into ‘blobs’ (see Figure 8). Clouds can be described as big

‘blobs’. When clouds collide, they grow bigger due to coalescence of water

droplets [2], intuitively, they draw similarities to metaballs. Metaball imple-

mentations for cloud models usually define each ball with a center, radius

and density at the center of the ball [48, 11, 49].

Figure 8: Deforming Metaballs [50]. a) Two metaballs. b) Deformation of points
on each surface. c) The metaballs have superimposed to create one metaball.

A näıve implementation for clouds used metaballs to form the basic shape

of a cloud [48]. Smaller metaballs were then generated recursively by using

a fractal method [51] to form the fringe of the cloud. An image driven

approach to model clouds from satellite images using density volumes at

each ball center is another technique [11]. Wyvill’s field function [52] defined

the density function, and optimisations made to the radius and density of

each ball, reduced error between the satellite and synthesized images.

Metaballs can be rendered a number of ways including ray-tracing, splat-

ting [53] or using the marching cubes algorithm [54]. Advantages to using

metaballs is their inherent ability to model the macrostructure of clouds,
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as their surfaces are smooth and malleable. Disadvantages lie in rendering,

where techniques to discretise the volume are computationally high for the

entire volume. Complexity for the metaball arises from the calculation of the

density function when interactions occur between points on a surface, as well

as the constant tracking of the field of influence.

2.2 Surface Clouds

Texture mapping on the surface of ellipsoids and polygons has been used to

model the visual aesthetic of clouds. Texture mapping is a technique used to

paste an image onto a geometrical object like a sphere, ellipsoid or polygon

(see Figure 9). Using textures reduces the computational cost needed for

rendering clouds compared to methods already presented.

Figure 9: Texture Mapping [55]. a) Sphere with no texture. b) Texture image.
c) Sphere with texture.

The visual appearance of clouds was modelled with a näıve implementation

focusing on aesthetic results, using a texturing function on the surface of

ellipsoids [9]. The texture function represented the spectral content of the

texture pattern, similar to fractal surfaces. 2D clouds were placed as textures

on a planar surface, while 3D clouds were generated with textures mapped

onto the surface of ellipsoids. For added realism, the 3D ellipsoids were able

to link, creating more complex cloud shapes, reminiscent of metaballs.

Texture maps are rendered using the ray tracing method. Advantages of us-

ing texture maps for cloud modelling, is the ability to economically visualise

the simulation. Disadvantages lie in the inability to produce physically based

cloud models. The complexity of texture maps lie in the mathematical tex-
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turing function, if it is overly complex, the advantage of using texture maps

to economically visualise simulations is lost.

Procedural noise functions are able to model the wavy, soft appearance of

clouds. Procedural noise techniques create realistic textures with algorithms

that produce graphical representations of noise (see Figure 10) and turbu-

lence. Noise acts as a narrow bandpass filter that has statistical invariance

under rotation and translation (see Figure 10). Turbulence approximates

visual appearance of turbulent flow by, approximating the magnitude of de-

formation from swirling around isosurfaces of the noise domain [56].

Figure 10: Perlin Noise [57].

Clouds have been successfully rendered using procedural noise techniques to

fill volume densities [22, 58]. Turbulence was used in conjunction with a color

spline to produce soft looking clouds. Clouds were modelled using turbulence

to generate random, but continuous density data to fill the cloud volume [56].

Procedural noise can be rendered using standard ray tracing techniques, or

by using Z-buffer or A-buffer scanline techniques [59, 60]. Advantages of

a procedural noise cloud model is the ability to use nonlinear functional

composition to model the stochastic aspects of clouds, as well as the flexibility

of modifying the cloud appearance. Disadvantages are in the computational

cost of applying noise and turbulence to large datasets, the computation for

each point being O(N2).

2.3 Irregular Light

Irregular LTMs can be divided into two approaches, stochastic or determin-

istic. Stochastic approaches use a random sampling to determine solutions

to the LTM. Deterministic approaches use mathematical functions that have
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specific solutions for defined inputs. Monte Carlo integration is an irregu-

lar homogeneous stochastic approach to solving the LTM, whereas spherical

harmonics are an irregular homogeneous deterministic approach.

Monte Carlo integration is a stochastic method used to solve integral equa-

tions. Monte Carlo methods randomly sample the integral domain, alleviat-

ing the computational burden of solving the light transport equation in its

entirety. Solutions can be found by intelligent sample choices, termed impor-

tance sampling, with the specific method depending on the problem being

solved [61]. In CG, this method is known as Monte Carlo ray tracing and

applying it to multiple scattering within clouds reduces the need for complex

computation. Images generated from Monte Carlo ray tracing techniques can

appear noisy if not enough samples are chosen to converge on the solution.

One approach which made no restrictive assumptions about the characteris-

tics of objects or physical phenomena in the rendering process, incorporated

a unique phase function for its importance sampling [62]. The Schlick phase

function was used to generate the new direction of a ray after scattering,

ensuring that only the most significant scattering events determined light

intensity.

Similar to pure Monte Carlo ray tracing, photon mapping [63] has been shown

to significantly improve the efficiency of solving the LTE by using kernel

density estimation [26]. This technique also introduces very little noise and

aliasing, while maintaining the flexibility of Monte Carlo ray tracing.

Spherical harmonics intuitively model cloud particles, as water droplets can

be approximated to being spheres [2, 3, 1]. Spherical harmonics Y m
l (θ, φ) are

the angular portion of the solution to Laplace’s equation in spherical coordi-

nates [64]. Spherical harmonics form an orthonormal basis of the functions

on the unit sphere [65], meaning that a function f(θ, φ) may be represented

by an infinite series expansion:

f(θ, φ) =
∞∑
l=0

l∑
m=−l

Pm
l Y m

l (θ, φ) (2)
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Multiple scattering in volume densities has been solved using spherical har-

monics [12]. The rendering phase introduced a two-pass method for cal-

culating light scattering in volumetric media. The first pass required the

scattering and absorption to be calculated along each ray and through each

cloud, storing the result on voxels. The second pass traced rays from the eye

and through the voxels, where the scattering of light to the eye was calcu-

lated. The two-pass method has become quite common as a result of this

work [62, 26, 66, 67]. The spherical harmonic approximation yielded homo-

geneous matrices of PDEs which were solved by relaxation, however, only

the first few spherical harmonics were used. The method was criticised by

some [68, 65], as results did not accurately prove that the PDEs were solved

for isotropic scattering, “since all the pictures were produced by the simpler

method” [68].

Spherical harmonics have become known as the PN -method in transport the-

ory literature [65, 69], where N is the degree of the highest harmonic in

the expansion. Further research into this method observed that the gen-

eral N -term expression led to a diffusion type equation, because results were

truncated to the P1 expansion [65].

The diffusion approximation is valid when scattering events are frequent, as

in clouds [65]. If photons are travelling in random directions at any point in

the medium, the multiple scattering events become apparent and the light is

said to be diffuse. The diffusion approximation represented scattering media

on a voxel grid and described two methods to solve for intensity. In the first

method, the diffusion approximation was discretised to generate a system

of equations which were then solved using the multi-grid method [70]. The

second method was a finite element method, where a Gaussian basis function

was used as a distance kernel.

2.4 Regular Light

Regular LTMs are generally discretised into volume elements, with each voxel

representing the sample space for a light intensity at that point in space.
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The discrete ordinates method uses a collection of M discrete direction bins,

chosen to give optimal Gaussian quadrature in the integrals over a solid an-

gle [69]. The process however produces ray-effects, as a result of shooting

energy from an element in narrow beams along the discrete directions, missing

the regions between them [71]. Modifications to the equations were made [71],

however, the methods share mathematical similarities to the spherical har-

monics method [12]. The modified equations imply that M properly placed

directions specify the directional intensity distribution to the same detail as

M spherical harmonic coefficients.

For rendering of participating media with multiple anisotropic light scat-

tering, a propagation approximation method for light scattering into M di-

rections was proposed [68]. Two significant enhancements were presented:

reduction of the ray-effect by spreading the shot radiosity into the entire di-

rection bin; and treating multiple scattering within a single receiving element

before shooting the ray again. These enhancements reduced the computa-

tional cost, but these reductions only apply to regular cubic grids and as

such, the method will not work on more general finite elements.

The LTE can be solved using the finite element method. The method de-

scribes when an unknown function is approximated by slicing the domain of

the function into a number of small elements, over which the function can be

approximated using simple basis functions. The function can then be repre-

sented with a finite number of unknowns and solved numerically. Radiosity

is a global illumination model in CG that simulates diffuse reflections among

many surfaces, and often uses the finite element method to gather solutions.

Ray tracing differs from radiosity in that it simulates light reflecting only

once off each surface, but in radiosity, the surfaces of a scene represent the

domain of the radiosity function.

The Zonal Method is a generalised LTM for encapsulating the radiative trans-

fer in volumes of participating media [72]. The volume of a participating

medium was divided into finite elements which were assumed to have con-

stant radiosity. Form factors were then computed for all surface/surface, vol-

ume/volume and surface/volume pairs. Each form factor, Fkj, represented
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the ratio of the energy leaving an element, Ej, and entering an element, Ek.

The algorithm calculated the factors using a depth buffer to project surfaces

onto a half cube, a variation of the hemi-cube algorithm [73]. When the form

factors had been found, a system of equations for the radiosities of surfaces

and volumes were constructed. Complication in the method arose from sur-

face, volume and path radiosities requiring a double integral solution. The

Zonal method assumed no interference between light rays, making it limited

to isotropic scattering media, thus not suitable for clouds.

2.5 Summary and Motivation

Computer Graphics reasearchers have also developed hybrid cloud and light-

ing models from these techniques, most notably in cloud modelling. Although

surface and spatial cloud techniques can be used in isolation to model clouds,

hybrid methods have produced highly detailed clouds (see Table 1). A no-

ticeable omission from Table 1 are particle systems. This can be attributed to

the high number of particles required to fill cloud volumes for highly detailed

models, which significantly impacts on the computational cost of rendering.

Voxel Procedural Texture Authors
Grids Noise Metaballs Mapping [Citation]
⊗ ⊗ Dobashi [74]
⊗ ⊗ Miyazaki [75]

⊗ ⊗ Ebert [10]
⊗ ⊗ Schpok [76]

⊗ ⊗ Trembilski [77]
⊗ ⊗ Liao [78]

Table 1: Hybrid Cloud Simulation Models

As with cloud models, hybrid LTMs are also possible. One model incorpo-

rated finite element techniques and Monte Carlo integration [48]. The light

transport between voxels was computed using the phase function as a form

factor. Two simplifying observations reduced the cost of computation in this

method: not all directions contributed to the illumination of a given voxel;

only the first few orders of scattering contributed strongly to the illumination
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of a voxel. The final intensity of the pixel was evaluated by solving integral

equations, but the method relied heavily on the construction of form factors.

In concluding our review of cloud and light models in CG, we are now able

to consider our research questions (from Section 1.4) in light of these mod-

els. We review these models in order to find those that fit the criteria for

representing physically accurate cloud/light simulations and have a direct

correlation with our research questions.

Can we develop a physically accurate cloud model that couples the interaction

between cloud and light particles?

To construct a cloud model of high physical accuracy, a particle representa-

tion is ideal, as it is analogous to the individual aerosols and associated water

droplets that form clouds. Particles can be assigned attributes that govern

its size and light interaction properties, and can be grouped into shapes that

resemble clouds.

We require a LTM that is able to handle decoupling the solution to the

LTE from the actual geometry used, as large quantities of particles will sig-

nificantly impact upon computation. Although an offline approach will be

undertaken, it is still reasonable to find the optimal solution to our current

cloud/light problem.

We would like to use a LTM that encapsulates the lighting calculation as in-

dividual photons, thus conforming to the ideals of a complete particle system

description of cloud/light interactions. This would enable us to extend the

notion that each cloud particle exists only if it has had a light particle pass

through it, otherwise the cloud particle would not be visible, and thus not

exist (from a Computer Graphics point of view).

Can this model avoid evaluating multiple scattering events for cloud particles

that don’t receive any light?

The major issue when implementing a physically accurate multiple scattering

solution for high albedo media, is in the high computational cost attributed
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to solving the double integral equation for in-scattered effects [41]. In CG

literature, models used to represent this problem have generally been solved

with simplifying assumptions that allow for certain levels of physically accu-

rate simulations. These simplifications attempt to find a balance between a

physics inspired illumination model, with high computational cost, and an

aesthetically pleasing, computationally inexpensive, illumination model.

We argue that when making simplifying assumptions in evaluating the LTE,

we compromise the integrity of the final result by not adhering to the fun-

damentals of cloud and light particle interactions. We would like to be able

to use importance sampling to selectively choose the cloud particles that

don’t receive any light, thus eliminating the need to perform calculations at

that point. The calculation of the in-scattered effects (even for an offline

approach), should be able to converge onto the result at a fast rate, without

compromising the integrity of the simulation, thus an efficient Monte Carlo

method is sought. Our scenes would consist of many cloud particles, which

would need to be correctly handled by the chosen LTM.

We would like to use a LTM that does not introduce any noticeable artifacts

into the scene geometry, or produce any ray effects. Using finite element

methods, slicing the domain into a number of small elements would produce

mesh artifacts within the cloud particle structure, resulting in a non-realistic

representation of the lighting at a point in the cloud. While using discrete

ordinates or spherical harmonics could lead to ray effects due to bin or voxel

distributions. Using Monte Carlo approaches, it is possible to use arbitrary

geometry without mesh artifacts, allowing for complex scenes using relatively

low memory consumption. The variance (noise) that appears in a Monte

Carlo rendered scene can be alleviated by taking more samples, or by making

‘smarter’ intelligent samples.

We would like a LTM that decouples scene geometry from the lighting model,

efficiently samples the integral domain, and has a reasonable computational

cost associated with it.
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Can this model be used to simulate sunbeams?

Using our cloud/light particle model, we would like to achieve correct cloud

self-shadowing. This would enable us to produce sunbeams; with light egress-

ing our cloud model in areas that are optically thin providing the contrast

to areas of the model that are optically thick, thus creating sunbeams.

By reviewing previous research of cloud and lighting models in CG, we have

been able to answer our research questions from Chapter 1. By using a

particle system approach to cloud and light particles, we can alleviate the

computational burden of evaluating the costly multiple scattering term in

the LTE. Using a modified Monte Carlo method for evaluating the LTE,

allows us to create complex scene geometry that is free from mesh artifacts

found in finite element methods. By using intelligently designed importance

sampling, we will be able to reduce the variance in the final rendered image,

and converge on our result a lot sooner. The next chapter describes in detail,

the design decisions made in order to implement our approach.
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3 Design

The previous chapter thoroughly discussed previous CG research in cloud and

light modelling and answered research questions posed in Chapter 1. Our

motivations have led to the design of a particle system approach to mod-

elling cloud and light particle interactions. This chapter describes how we

methodically constructed a design implementation based on our motivations.

The design consists of three parts: requirements, representation and imple-

mentation. The requirements form the basis of knowledge required to model

the interactions of light with cloud particles using a modified Monte Carlo

method. It consists of a break-down of the mathematical descriptions of

the light transport equation (LTE) and Monte Carlo integration. The repre-

sentation provides an overview of the implementation design, detailing the

modified Monte Carlo method used and how it suits our cloud/light particle

duality. Finally, the implementation provides details of how our motivations

from the previous chapter combined with design requirements and represen-

tations enable use to achieve a cloud/light particle duality model.

3.1 Requirements

A solid mathematical framework is required for the light transport equation

(LTE) and Monte Carlo integration in order to clearly define our physical

and mathematical representations for cloud/light interactions. These math-

ematical constructs will need to be implemented, thus they require a clear

understanding of their intricate details, preventing possible misrepresenta-

tions of their fundamental applications to rendering in our model.

3.1.1 The Light Transport Equation

In Chapter 1, we presented the basic physical interactions between light and

clouds. The interaction of light through a cloud was discussed in terms of

absorption and scattering, and it was found that as light travels through a

cloud, it encounters multiple scattering events due to its optical thickness.
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The radiative light transport equation (LTE) for participatory media de-

scribes the intensity of light distribution exiting a medium. A mathematical

framework of the LTE must be established in order to understand the ap-

proaches made by the light transport methods described in Chapter 2, so

that any implementation of these methods has a grounding in the physical

concepts that drive it. This section examines the individual components of

this equation, by creating a mathematical framework that will elaborate on

optical depth, the phase function and effects of attenuation on light intensity.

Optical Depth

Optical depth is a dimensionless quantity describing the opacity of a medium

as light passes through it [47]. The total optical depth τ(s, s′), of a line

segment between s and s′ in an inhomogeneous medium is related to the

extinction coefficient σt by

τ(s, s′) =

∫ s′

s

σt(~x + t~ω)dt (3)

where ~ω is the direction of propagating light [79, 62]. An infinite optical

depth for a medium means it is opaque.

The transparency of a medium is derived from optical depth, and is the

percentage of light that leaves a point at s and reaches a point on s′ along

the line segment.

T (s, s′) = e−τ(s,s′) (4)

Transparency is a more useful concept for clouds, therefore the optical depth

of a segment can be described as the inverse of transparency [69]

α(s, s′) = 1− T (s, s′)

Phase Function

Upon entering the cloud, incoming light undergoes a series of scattering and
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absorption events that modify both the directional structure of the incoming

light field and its intensity. As a result of multiple scattering events, the orig-

inal intensity distribution undergoes angular, spatial and temporal spreading

which results in a different intensity distribution (see Figure 11).

Figure 11: Forms of scattering in a cloud [25]. The original intensity undergoes a
series of scattering events that result in angular, spatial and temporal spreading
of the original intensity distribution.

The phase function describes the probability density of light coming from

direction ~ω and scattering into direction ~ω′. The phase function is normalised

so that ∫
4π

P (x, ~ω′, ~ω)dω′ = 1

and it depends only on the phase angle [80],

cos(θ) = ~ω · ~ω′

The following phase functions are representative of spherical particles, which

suit their application to clouds, as water droplets are spherical.

Isotropic Phase Function

An isotropic phase function scatters light equally in all directions [62],

PI(φ) = 1 (5)
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Rayleigh-Gans Phase Function

When particles are small compared to the wavelength of incident light, the

phase function is given by [62],

PRG(φ) =
3

4

(1 + cos2φ)

λ4
(6)

Mie Phase Function

When particles are large compared to the wavelength of incident light, the

phase function is defined by Mie theory. A common formula for approximat-

ing the Mie scattering for spherical particles is the Henyey-Greenstein phase

function [62, 81, 82, 83],

PHG(φ) =
1

4π

1− g2

(1 + g2 − 2gcosφ)3/2
(7)

Although these phase functions can be used for clouds, not all can be ap-

plied for a physically accurate model. The anisotropic nature of clouds re-

quires either the Rayleigh-Gans or the Henyey-Greenstein phase functions.

Taking into account that the nature of particles inside clouds are aerosols,

where particles are larger than the wavelength of incident light, the scattering

anisotropy will be modelled using the Henyey-Greenstein phase function [82].

Effects of Attenuation on Light Intensity

Remember that the extinction coefficient is the sum of all absorption and

scattering, σt = σa + σs, it describes the total amount of attenuation to a

photon’s intensity per unit length travelled through a medium. We are then

able to calculate the effects of the attenuation of light intensity in a cloud.

Absorption

The absorption coefficient, σa is the probability of absorption per unit length,

therefore the change in intensity dL due to absorption over a distance ds in

direction ~ω is [26],
dL(x, ~ω)

ds
= −σa(~x)L(x, ~ω) (8)
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Out-Scattering

The scattering coefficient, σs is used to calculate the out-scattering, and is

similar to absorption [26]. The change in intensity dL due to scattering σs,

over a distance ds in direction ~ω is,

dL(x, ~ω)

ds
= −σs(~x)L(x, ~ω) (9)

Extinction

Because σt = σa + σs, equations (8) and (9) are effectively combined into a

single equation [26],
dL(x, ~ω)

ds
= −σt(~x)L(x, ~ω) (10)

In-Scattering

The in-scattered intensity of a particle depends on the amount of scattering

and the direction of scattering. The phase function is used to determine how

much of the scattered light at x, is scattered in the direction ~ω′. As light from

any direction may be scattered into direction ~ω, it is important to calculate

the intensity of incoming directions over the entire particle. Therefore, the

change in intensity dL, due to in-scattering over a distance ds, in direction

~ω is,
dL(x, ~ω)

ds
= σs(~x)

∫
4π

P (x, ~ω′, ~ω)L(x, ~ω)d~ω′ (11)

where ~ω is the incoming direction of in-scattered light [26].

The Light Transport Equation

The direction ~ω, and intensity of light L(x, ~ω), change as a result of a ray

of light passing through a cloud. Intensity of light is attenuated due to

absorption and out-scattering (Figure 3a,b), while in-scattering intensifies

light (Figure 3c) [5, 84].

dL(x, ~ω)

ds
= −σt(~x)L(x, ~ω) + σs(~x)

∫
4π

P (x, ~ω′, ~ω)L(x, ~ω)dω (12)
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This equation can be solved by bringing the extinction term to the left hand

side and multiplying by the integrating factor [69]

exp

(∫ s

0

σt(t)dt

)
If a ray is parameterised in terms of t ∈ [0, D], where t = 0 is the point

on the medium where the light is incident, and t = D where the light exits

the medium, equation 12 can be integrated to find the exitant intensity at

t = D [69].

L(D, ~ω) = T (0, D)L(0, ~ω) +

∫ D

0

T (s, D)g(s)ds (13)

where L(0, ~ω) is the incident light intensity, T (s, D) is the transparency de-

fined in equation 4 and g(s) is

g(s) = σs(~x(s))

∫
4π

P (x, ~ω′, ~ω)L(~x(s), ~ω′)dω (14)

Equation 13 is similar to the classic rendering equation [85], where the g(s)

term is

g(s) = R(x(s))fs(x(s))Ld (15)

where R(x(s)) is the surface reflectivity color, fs(x(s)) is the Blinn-Phong

surface shading model, and Ld is the intensity of a point light source.

Equation 13 is the volume rendering equation, it is the equation that must

be solved in order to render participating media. The first term represents

the extinction term and the second term represents the in-scattering term.

The extinction term is the light intensity coming from the background and

reaching the viewer. The in-scattering term represents light scattered into

the view direction from all particles within the cloud. Using this model, an

accurate multiple scattering solution is computationally expensive.

Equation 13 describes the light intensity in a five-dimensional space (three for

position and two for direction) compared to the four-dimensional space (two
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for surface and two for direction) of the classic rendering equation [86], as

each point in space is influenced by the light it receives from every other point,

not just points on the surface. Utilising Monte Carlo integration techniques,

it is possible to approximate Equation 13 in a more efficient manner than if

using standard deterministic quadrature techniques. In order to understand

how this is achieved, the next section describes our next requirement, Monte

Carlo integration.

3.1.2 Monte Carlo Integration

Monte Carlo integration uses random numbers to approximate integrals. It is

a useful technique to use when regular deterministic methods are unsuitable,

or impractical. We first review key concepts of probability theory, such as

continuous random variables, probability density functions, expected value

and variance. Once we establish the definitions of these terms, we describe

the technique known as Monte Carlo integration and provide clarification of

the term importance sampling. We then show how standard Monte Carlo

integration can be applied to approximate higher order integrals.

Probability Background

A continuous random variable is a scalar or vector quantity that randomly

takes on some value on the real domain

{x : x R ∈ −∞ < x < ∞}

The behaviour of x is entirely described by the distribution of values it takes.

Quantitatively, this distribution is described by the probability density func-

tion (pdf) p, associated with x, denoted by x ∼ p [30].

The probability that x will take on a value in the interval [a, b] is given by

the integral

Probability(x ∈ [a, b]) =

∫ b

a

p(x)dx

29



The density p(x), has two characteristics:

p(x) ≥ 0 Probability is non-negative∫ ∞

−∞
p(x)dx = 1 Probability (x ∈ R) = 1

The canononical random variable ξ takes on values

{ξ : ξ R ∈ 0 ≤ ξ < 1}

with uniform probability. This implies that the pdf for ξ ∼ q is

q(ξ) =

{1 if 0≤ ξ ≤1

0 otherwise

The probability that ξ takes on a value in an interval [a, b] ∈ [0, 1) is:

Probability(a ≤ ξ ≤ b) =

∫ b

a

1 dx = b− a

The average value that a real function of a one-dimensional random variable

(with underlying pdf, p), will take on is called its expected value, E(f(x)).

E(f(x)) =

∫
f(x)p(x)dx

The expected value of a one-dimensional random variable can be calculated

by setting f(x) = x. The expected value is linear [30]:

E(x + y) = E(x) + E(y)

E(f(x) + g(y)) = E(f(x)) + E(g(y))

The variance V (x) of a one-dimensional random variable is by definition the

expected value of the square of the difference between x and E(x):

V (x) ≡ E([x− E(x)]2)
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Algebraic manipulation yields,

V (x) = E(x2)− [E(x)]2)

which is convenient for calculations. The variance of a sum of random vari-

able is the sum of the variances, only if the variables are independent [61].

Many problems involve the sums of independent random variables xi, where

the variables share a common density, p. When the sum is divided by the

number of variables, we get an estimate of E(x) [87].

E(x) ≈ 1

N

N∑
i=1

xi

As N increases, the variance of this estimate decreases. By the Law of Large

Numbers, we gain a statistical confidence as N approaches ∞:

Probability

[
E(x) = lim

N→∞

1

N

N∑
i=1

xi

]
= 1

Monte Carlo Integration

Given a one-dimensional integral
∫ b

a
f(x)dx and a random variable x ∼ p, we

can approximate the expected value of f(x) as [88]:

E

[∫ b

a

f(x)dx

]
= E

[
1

N

N∑
i=1

f(xi)

p(xi)

]

=
1

N

N∑
i=1

∫ b

a

f(x)

p(x)
p(x)dx

=
1

N

N∑
i=1

∫ b

a

f(x)dx

=

∫ b

a

f(x)dx

(16)

For Equation 16 to be valid, p must be positive where f is non-zero.

We want to reduce the variance of f/p, such that f and p have a similar
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shape, in order to get a good estimate. Choosing p intelligently is called

importance sampling, because when p is large where f is large, more samples

will exist in important regions.

Given a multi-dimensional integral,∫ x1

x0

∫ y1

y0

∫ z1

z0

f(x, y, z)dxdydz

if N samples are chosen uniformly from multi-dimensional pdf such that

κ ∼ p, and κi = (xi, yi, zi) then the estimator is,

(x1 − x0)(y1 − y0)(z1 − z0)

N

∑
i

f(κi)

The pdf p is a constant value

p(κ) =
1

(x1 − x0)

1

(y1 − y0)

1

(z1 − z0)

The volume rendering equation (see Equation 13) can be approximated by

applying multi-dimensional Monte Carlo integration, using uniformly cho-

sen samples from the volume rendering equation’s pdf. As we increase the

number of samples used in the estimate, we approach the solution to the

equation.

The mathematical framework developed in this chapter, assists in our ability

to make an informed choice on the particular Monte Carlo ray tracing tech-

nique we will use in our model. In the next chapter, we discuss and detail

the Monte Carlo ray tracing techniques that best suit our motivation for a

cloud/light particle duality.
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3.2 Representation

The previous chapter showed how the volume rendering equation can be

solved using multi-dimensional Monte Carlo integration. As we increase the

number of samples, the estimator converges to the correct result. Classic

Monte Carlo ray tracing [89, 90, 21] or path tracing [91, 88, 92] methods use

a distributed ray tracing approach [33] for evaluating the volume rendering

equation [93]. Such approaches require large numbers of samples for correct

convergence, reducing the efficiency of solving the integral. They also treat

light as straight paths, whereas we require a technique that uses a particle

model.

Photon Mapping is a Monte Carlo ray tracing technique [94] that reduces the

complexity of solving the volume rendering equation and, treats light as par-

ticles [95, 63]. Photon mapping uses biasing to reduce variance and a kernel

density estimate for solving the in-scattering term of the volume rendering

equation [26, 88]. It also has the advantage of using a point sampling data

structure that is independant of scene geometry, thus making it suitable for

complex scenes.

In this chapter, we describe the photon mapping method; how solutions to

the volume rendering equation can be approximated using kernel density esti-

mation and, how the decoupled representation of illumination from geometry

fulfills our motivations for a cloud/light particle duality.

3.2.1 Photon mapping

Photon mapping is the name given for an algorithm that generates, stores,

and uses illumination as points, and the photon map is the data structure

used to process these points [86]. Photon mapping is a two-pass method

in which the first pass is building the photon map and the second pass is

rendering. The photon map is built using photon tracing, where photons

are emitted from the lights and traced through the scene. The second pass

uses the information stored in the photon map to make the rendering more

efficient [63].
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In this section we describe: how each pass of the photon mapping method

is applied to participating media; how it reduces the complexity of solving

the in-scattering term of the volume rendering equation; and how photon

mapping suits our motivation for a cloud/light particle duality.

Photon tracing for participating media

Figure 12: Photon tracing a participating medium [86]. Photons entering a medium
pass through it until an interaction event takes place; scattering or absorption.
These photons are stored at the location of interaction in the volume photon map.

Photons are created at the light sources in a model. A large number of

photons are emitted from each light source (similar to backwards ray trac-

ing [96]), and the power, Φ, of the light source is divided amongst all the

emitted photons, thus each photon transports a fraction of the light source

power, Φi. When a photon is emitted from a light source, it is traced through

the scene using photon tracing; which is similar to ray tracing except that

photons propagate flux, and rays gather radiance.

When a photon enters a participating medium, it moves through the medium

until it is either scattered or absorbed. The probability of an interaction tran-

spiring is determined from the exctinction coefficent. The average distance d,
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that a photon moves through a medium before an interaction is given by [86],

d =
1

σt

When a ray of light passes through the medium, its power is attenuated by

e−σts, where s is the distance through the medium. When tracing photons, we

may importance sample according to this formula, resulting in the following

expression for d:

d = − log ξ

σt

(17)

Using this formula to determine the distance to the next interaction, elim-

inates the need to reduce the power of the photon as it moves through the

medium [86].

At the point of interaction, the photon is either scattered or absorbed. The

probability of scattering is given by the albedo of the medium,

Λ =
σs

σt

To decide whether a photon is scattered or absorbed, Russian roulette is

used [26]. Russian roulette is a Monte Carlo technique used to remove

unimportant photons, so that effort can be concentrated on the more im-

portant photons (those that actually scatter, rather than absorb) [97]. This

is achieved by comparing ξ to Λ,

{ξ : ξ ∈ [0, 1]} →
{ξ≤Λ Photon is scattered

ξ>Λ Photon is absorbed
(18)

If the photon is scattered, the new direction of propagation is found by

importance sampling the phase function. We recall the Henyey-Greenstein

phase function from Section 3.1.1:

PHG(φ) =
1

4π

1− g2

(1 + g2 − 2gcosφ)3/2
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Given the incoming direction of a photon ~ω, the angle of the new scattering

direction φ, is given by [87],

cos(φ) =
1

2g

(
1 + g2 −

(
1− g2

1− g + 2gξ

)2
)

(19)

When a photon interacts with the medium, it is stored in the volume pho-

ton map. By storing only the photons that have scattered at least once

before, we discard the contribution of direct illumination for each photon

path; concentrating the volume photon map with multiply scattered photons

only (indirect illumination) [86]. The storage of these points of interacaction

makes it possible to use a kernel density estimation for approximating the

out-scattered radiance at a given point in space.

Kernel density estimate for participating media

Figure 13: Kernel density estimate for participating media [86].

The stored photons in the photon map represent a fraction of the light source

power, Φi, received indirectly by a point within the volume. The density of

photons in a given region dΦ/dA, estimates light intensity in that region.

Kernel density estimatation does not require that surfaces be broken into

patches, as the technique operates directly on individual hit points (the pho-

tons in the photon map) [92]. This decoupling of the illumination from actual

scene geometry makes it possible for a reasonable estimate of illumination to

be calculated at any point in a scene, regardless of its complexity.
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To estimate the change in out-scattered radiance Lo(x, ~ω), at a point, we

evaluate the in-scattered radiance at x, (see Equation 11) [26]

dLo(x, ~ω)

dx
= σs(~x)

∫
4π

P (x, ~ω′, ~ω)L(x, ~ω)d~ω′ (20)

As the stored photons represent incoming flux, Equation 20 must be con-

verted to an integral over incoming flux [26]:

L(x, ~ω) =
d2Φ(x, ~ω)

σs(x)d~ωdV
(21)

Where dV relates to the density of the photons in a volume.

By combining Equations 20 and 21 we get [26]:

dLo(x, ~ω)

dx
= σs(~x)

∫
4π

P (x, ~ω′, ~ω)
d2Φ(x, ~ω)

σs(x)d~ωdV
d~ω

=

∫
4π

P (x, ~ω′, ~ω)
d2Φ(x, ~ω)

dV

(22)

By locating the n nearest photons to position x, the incoming flux Φi can be

approximated. Equation 22 can be seen as expanding a sphere around the

point x, until it contains enough photons for the estimate (see Figure 13).

The volume of the sphere determines the density of the photons, therefore,

the resulting out-scattered light intensity can be estimated as:

dLo(x, ~ω)

dx
=

∫
4π

P (x, ~ω′, ~ω)
d2Φ(x, ~ω)

dV

=
N∑

i=1

P (x, ~ω′i, ~ω)
∆Φi(x, ~ωi

′)

∆V

=
N∑

i=1

P (x, ~ω′i, ~ω)
∆Φi(x, ~ωi

′)
4
3
πr3

(23)
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Equation 23 is the volume radiance estimate, it is biased, but consistent [88].

Bias occurs because of the assumption that the nearest photons represent

the illumination received at x, while the nearest neighbour density estimate

also contributes error. These approximations can introduce artificats into

the rendered image, however, the estimate is also consistent and locally de-

fined. Consequently, as more photons are used in the photon map and in the

radiance estimate, it will converge to the correct result [88]. The ability to

compute a volume radiance estimate using the photon map makes it possible

to render participating media more efficiently.

Rendering participating media

Figure 14: Rendering participating media [86].

The second pass of photon mapping uses a modified Monte Carlo technique

for rendering [26]. Participating media is rendered by integrating along the

ray that intersects with the medium, a technique known as ray marching [87,

22]. In ray marching, the ray from the eye is subdivided into little segments

∆x, where local assumptions about the incoming light and the properties of

the medium are constant.
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At each segment, ∆x, a sample point is chosen where the direct illumina-

tion component is recursively calculated by moving backwards through the

medium until the exit point. The direct illumination for each segment, must

be attenuated by the distance the shadow ray moves through the medium

(see Figure 14). To calculate the multiple scattering component for each seg-

ment, ∆x, the sphere of directions around ∆x needs to be sampled [98, 87].

We can avoid this by using the volume radiance estimate.

In order to use the volume radiance estimate, we split the volume rendering

equation into components for single Ls, and multiple Lm, scattering [26]:

L(x, ~ω) = Ls(x, ~ω) + Lm(x, ~ω) (24)

For each ray, the single scattering term is evaluated using ray tracing, while

the multiple scattering term is evaluated using the volume radiance estimate

(see Figure 14). By using the volume radiance estimate, we eliminate the

need to sample the sphere of directions around the segment of interest, ∆x,

thus increasing the efficiency of approximating the multiple scattering com-

ponent of the volume rendering equation.

Having detailed the steps involved in using the photon mapping method

for rendering participating media, we discuss its applicability in motivating

our cloud/light particle duality model. We discuss how photon mapping

techniques in the first pass can be used to model cloud particles, and how

multiple scattering calculations can be minimised during the rendering phase.

The important distinction that photon mapping [26] has over other Monte

Carlo techniques [89, 90, 21, 88, 92, 93, 91] is its inherent nature as a light

particle model [95]. Light particles can be coupled with cloud particles as

a result. We can achieve this by visualising the correlation between the

point of next interaction and, the existence of a cloud particle at that point.

By importance sampling the distance (see Equation 17) and probability of

scattering (see Equation 18), only the most statistically relevant areas of the

cloud will contain cloud/light particles that contribute to multiple scattering

calculations. From Chapter 1, the unique lighting of clouds is determined
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by multiple scattering events that take place when light particles interact

with cloud particles. We propose, that creating a cloud/light particle duality

using photon mapping will provide: good approximations of realistic cloud

models; and, good approximations of the light interactions that take place

within them.

During the rendering phase, evaluating the multiple scattering term can be

inherently optimised with our model. We can achieve this using a concept

of visual importance from the perspective of cloud/light interactions, as op-

posed to the observer [99]. Our first pass determines where photons interact

with cloud particles (where cloud particles exist) in a cloud region. We

then re-shape the initial cloud region to correlate with areas consisting of

cloud/light particles. The new cloud regions are then rendered using stan-

dard ray marching techniques for participating media [98]. Optimisation

occurs in restructuring the scene; areas not contributing will be omitted

(consequently, they won’t be rendered), thus eliminating wasteful photon

map queries to approximate multiple scattering during rendering.

These observations of the photon mapping method form the basis of our mo-

tivation for a cloud/light particle model. Previous particle system approaches

to cloud modelling in computer graphics decouple the light calculations from

the cloud representation. In our approach, we have found a correlation be-

tween photons interacting within a participating medium and the position

of cloud particles. This new approach in describing cloud and light particle

interactions, combines their existence thus creating a particle duality. Our

method is biased due to the fundamental description of the photon mapping

method, however, it is consistent, as irregularities are defined locally [88]. By

increasing the number of photons used in the photon map and in the nearest

neighbour search, we are able to get a better approximation of cloud/light

particle positions, thus increasing our convergence on the correct result. In

the next section, we discuss how we implement our representation of the

cloud/light particle model to test our theory.
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3.3 Implementation

In the previous section, we detailed the photon mapping method for approx-

imating the integral of the volume rendering equation (see Equation 13). We

associated the photon representation in photon mapping with our motivation

for creating a cloud/light duality model to represent clouds. We discussed

in terms of placing visual importance on light/cloud interactions, how we

can minimise the cost of evaluating the multiple scattering component of

the volume radiance estimate (see Equation 23) using our new model. In

this section, we describe how we implement our new cloud/light model, and

describe the assumptions made in developing this new technique.

Our implementation relies on many forms of sampling, photon emission,

phase functions, Lambertian reflectance distributions, as such, we would like

to use pseudo-random number generator that does not repeat often and has

a good distribution between the uniform numbers generated. The Mersenne

Twister is a specifically designed pseudo-random number generator for Monte

Carlo simulations, it has a period of 219937−1 and a 623-dimensional equidis-

tribution with up to 32-bit accuracy [100]. The Mersenne Twister is used

in our implementation, as it generates very unique uniform random num-

bers with negligible serial correlation between successive values; making our

implementation as random as possible.

We make several design assumptions when implementing the concept model

for our cloud/light particle representation. These assumptions are:

• There is only one light source in the scene representing the Sun;

• Cloud regions are defined as simple homogeneous spherical volume re-

gions;

• Diffuse Lambertian surfaces are used for visualising ground shadows

only; and

• There is no atmosphere surrounding the homogeneous cloud represen-

tation, ensuring homogeneity throughout the scene.
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Having outlined our design assumptions, we detail our implementation method.

Our new method consists of two passes. The first pass is similar to photon

mapping, where we emit photons from the light source towards the scene.

We then locate the photon interactions within the volume regions, and create

new volume regions that have multiple scattering importance. The second

pass is a modified Monte Carlo ray tracer, that uses ray marching to render

the volume regions of the scene. We organise this section by specifying the

photon/cloud particle emission pass and the rendering pass of our model.

3.3.1 Photon/Cloud Particle Emission

Figure 15: Photon/Cloud Particle Emission.

The first pass of our model is similar to the photon mapping method: we

begin by tracing photons into the scene. When a photon enters a volume re-

gion (VR), it passes through it until the first interaction even occurs (see Fig-

ure 15). If after Russian roulette the photon survives, we importance sample

a new photon direction (using Equation 19), and a new distance to the next

interaction event (using Equation 17). If the new point, d, along direction,

~wo, is within the VR, we store the photon’s flux, position and direction of

travel. We repeat this process until one of two conditions are met:

• the photon is absorbed; or

• the next interaction point is outside the VR.
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If the photon is absorbed, we first store the photon’s flux, position and di-

rection of travel. Next, we terminate the photon’s path and emit the next

photon from the light source. If the next interaction point is outside the

volume region (VR), the photon continues to propagate until the next inter-

section or interaction event occurs.

As each interaction event occurs within the medium, the photon’s intensity

is attenuated by the distance it has travelled through the medium:

Inew = eσtd (25)

Figure 16: Photon interactions with a diffuse surface.

If the photon intersects a Lambertian diffuse surface (DS), it is reflected in a

perfectly random direction ~wd [87]. Given two uniformly distributed random

numbers, ξ1 ∈ [0, 1] and ξ2 ∈ [0, 1], the direction in spherical coordinates

(θ, φ) is:

~wd = (arccos(
√

ξ1), 2πξ2) (26)

If the reflected photon enters a VR, then all interaction events that take

place within the VR are stored in the photon map (see Figure 16). This

is because all indirect illumination must be considered as contributing to

multiple scattering in clouds. The propagation of a photon in a VR after

reflecting from a DS, is the same process as above. When the volume photon

map is full, we use the stored points of multiply scattered photons to generate

our cloud/light particle model.
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Cloud/light particle correlation

We analyse the density distribution of the multiply scattered photons for

each volume region (VR) individually. We do not add any further bias into

the analysis, as we uniformly sample points in the sphere defined by the VR.

At each sample point, we find the n nearest photons within a search distance

d, of the sample point. The distance d is calculated using Equation 17. If

we don’t find n, we select another sample point and we repeat the process.

If we do find n, a new VR is created; centerred at the sample point, with

radius equal to the search distance. We would like the aggregate of volumes

for the new VRs to be similar to the original VR. We achieve this using a

process similar to Russian roulette:

Vcurrent = Vaggregate + VnewV R →
{Vcurrent≤Voriginal Keep new VR

Vcurrent>Voriginal Discard new VR
(27)

We continue this process until all VRs are analysed in the scene. The next

step creates a new scene description based on the newly created VRs and

initiates the Monte Carlo ray tracer.

3.3.2 Monte Carlo Ray Tracing

Our implementation of a modified Monte Carlo ray tracer uses a distributed

ray tracing approach to gathering radiance received by the observer’s eye [33].

The algorithm supports two possible cases of interactions with volume regions

(VRs) in the scene:

1. A viewing ray passes through a single VR without obstruction;

2. A shadow ray originating at a point on a Lambertian diffuse surface

intersects a VR.

Case 1

When a ray cast from the eye (with origin roe and direction rde) intersects a

VR at position xM , we cast a secondary ray (with origin xM and direction

rde) to find the exit point of the medium, x0 (see Figure 17). To prepare

44



Figure 17: Ray Tracing: Case 1.

for ray marching the VR, we construct a ray from x0 → roe in direction

(roe− x0) [98]. We then step through the medium using ray marching. Once

the radiance has been accrued from the ray marching process, we recurse the

ray tracing step from position x0, in direction rde. This recursion allows us to

step back through the scene, gathering the radiance from any VRs that might

be either behind or inside the current VR being evaluated (see Figure 18).

Figure 18: Example of recursion.

Case 2

When a ray cast from the eye (with origin roe and direction rde) intersects a

Lambertian diffuse surface at position xds, we cast a shadow ray (originating

at xds in the direction towards the light source ωls), to check for any occluding

objects [30, 31, 87].

If the shadow ray intersects a VR at a point xsi, the radiance at xds is a

function of the radiance at xsi and the local shading model of the diffuse

surface at xds. The recursive ray tracer is used to evaluate the radiance at
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Figure 19: Ray Tracing: Case 3.

xsi, so that the radiance at xds is evaluated correctly (see Figure 19). The

radiance at xsi is evaluated by using ray marching in the volume region.

Ray marching volume regions

Ray marching numerically integrates the radiance at the point of intersection

of the medium, Enter, by recursively stepping back through the medium in

small steps, and evaluating each step independently. We use Equation 24

to split the calculation into components for single scattering and multiple

scattering.

Figure 20: Ray Marching: Single Scattering. The single scattering component is
computed using ray marching. The contribution from the light source on each
segment is attenuated by the distance travelled by the shadow ray in the medium.
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The single scattering component, Ls, is computed using [86]:

Lsn+1(x, ~ω) =
N∑
l

Ll(x, ~ω′)P (x, ~ω′, ~ω)σs(x)∆x

+ e−σt(x)∆xLn(x + ∆x, ~ω)

(28)

As we only consider one light source in the scene, Equation 28 simplifies to:

Lsn+1(x, ~ω) =L(x, ~ω′)P (x, ~ω′, ~ω)σs(x)∆x

+ e−σt(x)∆xLn(x + ∆x, ~ω)

Computing the transparency of the medium is also simplified due to our as-

sumptions of homogeneous volume regions. In homogeneous volumes, σt is

constant, thus not requiring us to integrate Equation 3, to find the trans-

mittance of the medium. Consequently, our final ray marching algorithm for

the single scattering component has the form:

Lsn+1(x, ~ω) =L(x, ~ω′)P (x, ~ω′, ~ω)σs(x)∆x

+ e−σt∆xLn(x + ∆x, ~ω)
(29)

The contribution from the light source on each segment, ∆x, must be atten-

uated by the distance the shadow ray moves through the medium (see Fig-

ure 20). The homogeneity assumption permits the computation of the at-

tenuation to be expressed as:

e−σt∆xL(x, ~ω)

At each segment point, ∆x, we must also account for the multiple scatter-

ing component of the illumination (see Figure 21). The multiple scattering

component, Lm, for volume regions is computed using the volume radiance

estimate from the photon map [86]:

Lmn+1(x, ~ω) =

{
N∑

i=1

P (x, ~ω′i, ~ω)
∆Φi(x, ~ωi

′)
4
3
πr3

}
∆x (30)

47



Figure 21: Ray Marching: Multiple Scattering. The multiple scattering component
of the volume rendering equation can be seen as sampling the sphere of directions
around the sample point. We calculate this component using the radiance estimate
from the photon map.

Our final ray marching algorithm for computing the radiance at the point

where the primary ray enters the medium is given by:

Ln+1(x, ~ω) = L(x, ~ω′)P (x, ~ω′, ~ω)σs(x)∆x

+ e−σt∆xLn(x + ∆x, ~ω)

+

{
N∑

i=1

P (x, ~ω′i, ~ω)
∆Φi(x, ~ωi

′)
4
3
πr3

}
∆x

(31)

The implementation of our cloud/light particle model has a significant im-

pact on Equation 31. Our new technique analyses the density distributions

of multiply scattering events in cloud regions and removes areas of low im-

portance. Subsequently, it strengthens the multiple scattering evaluation in

rendering pass, by concentrating effort in important areas.

In the next chapter, we analyse the results of our cloud/light particle duality

implementation. We evaluate our design based algorithm complexity and

compare our rendered images with photographs of real clouds.
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4 Evaluation

The previous chapter detailed the design of our cloud/light particle model.

We made assumptions about our implementation and described our two pass

method. In this chapter, we evaluate the performance of those algorithms

based on computational cost, and compare our rendered images to photo-

realistic clouds. The performance tests and rendered images were made on a

single 2.64GHz AMD Athlon 64 4000+ processor with 2 gigabytes of memory.

4.1 Complexity

Scene complexity was evaluated based on memory usage and render times.

Three scene files were generated (see Table 2) to test the complexity the

design. Each test scene comprised of either one, two or three cloud regions.

Each cloud region had a σs = 0.80, σa = 0.20 and the Henyey-Greenstein

phase function g = 0.90. The images are 100x100 in size, with four image

samples per pixel and four shadow rays.

1 2 3

Scene files

Images

Table 2: Cloud Region Complexity Image Results
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It can be seen in the images of Table 2, that cloud shadows on the diffuse

plane at the bottom of each image are of poor quality, however, they are not

hard - having smooth transitions to areas receiving full light. Increasing the

number of shadow rays would result in better quality shadows. Initial tests

took longer than two hours for sixty-four shadow rays used in these simple

test scenes. The rendered images, although not realistic clouds, share many

similarities. The brighter areas within each spherical cloud region correspond

to areas where there is a higher density of cloud particles, resulting in more

multiple scattering effects. These areas resemble the brightness attributed

to cumulus clouds (see Figure 1). The areas that appear transparent can be

thought of as having less density, resulting in the observer seeing through

them, just like high altitude cirrus or altrostratus clouds (see Figure 1).

Table 3 shows the statistics gathered for each of the nine scene tests. The

memory usage is attributed to the size of the photon map and the amount

of objects that replaced the initial cloud regions. Rendering time is also

affected by the traversal of the photon map data structure in approximating

the multiple scattering component of the volume rendering equation.

Test Cloud Photon Map Photons in Render Memory
No. Regions Size Estimate Time Usage
1 1 10,000 100 48sec 15Mb
2 2 10,000 100 1min 32sec 22Mb
3 3 10,000 100 10min 17sec 25Mb
4 1 100,000 500 2min 9sec 17Mb
5 2 100,000 500 5min 7sec 20Mb
6 3 100,000 500 13min 8sec 29Mb
7 1 1,000,000 1000 1h 32min 3sec 40Mb
8 2 1,000,000 1000 3h 14min 42sec 60Mb
9 3 1,000,000 1000 5h 37min 33sec 65Mb

Table 3: Computational Complexity

As the number of volume regions increased, so did the computational cost

associated with storing the photon interactions, the number of newly created

objects and the final rendering of the image. Table 4 displays on average, how

many volume regions were created for each test. The new volume regions are
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algorithmicly only placed, in areas that have a concentration of photons equal

to the specified photon estimate used in the volume radiance estimate.

Test Cloud Average Number
No. Regions Volume Regions
1 1 20
2 2 36
3 3 55
4 1 35
5 2 45
6 3 87
7 1 35
8 2 63
9 3 93

Table 4: Volume regions created in test scenes

4.2 Results

Having reviewed the computational cost of our algorithms, we verified our

model was able to produce clouds of photo-realistic quality. Having viewed

the results from our complexity computations, we required the model to be

designed with more cloud regions and higher density areas.

We developed a cloud model using twenty-one volume regions of varying

sizes to match our reference photograph of a cumulus cloud. Table 5 shows

our reference photograph and our initial model. After the duality process,

256 volume regions were constructed. Ten million photons were used in the

construction of this scene, with 5000 in the volume radiance estimate. The

memory consumption of our model was approximately 320Mb, fluctuations

occured during the searching of the photon map. The resulting image of this

test is in Appendix C.

The analysis of our results show that our images require greater depth in the

number of shadow rays to evaluate the volume rendering equation. The cost

of each ray sent into the scene has the associated cost of the ray marching
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Description Cumulus Clouds

Reference Image

Initial Model

After Duality

Table 5: Photo-realistic Cloud Comparison: Pre-Rendered Models
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traversal through the volume regions. The cost increases as each primary ray

interacts with more than one volume region.

Our implementation assumption to maintain homogeneity throughout the

scene has impacted on our results, not being able to generate sunbeams.

Shadows attributed to clouds can be seen on the diffuse surfaces in Table 2.

However, volumetric shadows that provide the contrast between light and

cloud shadows can not be visualised as no atmosphere exists, thus no particles

for light to reflect off. This assumption has made it possible for us to evaluate

our lighting calculations separately.

Our lighting calculations are valid as a result of cloud regions of higher density

receiving more in-scattered illumination than areas of lower density. Our

results show that as the number of volume regions that are spawned within

other volume regions after the duality process increases, we begin to see the

affect of multiple scattering and some self-shadowing (image 2 of Table 2).
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5 Conclusion

“Luminous beings are we, not this crude matter!”

– Master Yoda

When photons interact with cloud particles in nature, the salient effect is

multiple scattering; where all cloud particles receive and scatter light ac-

cording to the physics of the light transport equation. Computer graphics

researchers have used many models to simulate the interactions that take

place, by separating the two components that create the visual appearance

of clouds. Many computer graphics models for clouds use spatial, surface or

hybrid techniques. Computer graphics models pertaining to the interaction

of light with clouds, have used regular and irregular methods for solving the

complex five-dimensional integral of the light transport equation. Methods

to minimise the computational cost of the volume rendering equation often

use simplifying assumptions that do not adhere to the laws that govern the

visual appearance of clouds; they often only calculate the single scattering

term or limit the multiple scattering term to the first few orders of scattering.

In this thesis, we explored the notion of a duality existing between the light

scattering events that take place within a cloud volume and the cloud par-

ticles themselves. It is a natural relationship, but one that has not yet been

explored by computer graphics researchers. The cost of modelling highly

detailed physically accurate clouds with particles systems is considered too

costly; when the eye can forgive textures placed on surfaces to visualise

clouds. However, we believe that there are many applications in scientific

visualisation that require the level of detail that our model can provide and

aspire to.

In our new cloud generation method, we generated random photon-cloud

particles located at the scattering events in a cloud region using kernel density

estimation à la photon mapping. Using the density at a given point within

the cloud region, and the probability of scattering events taking place, we

generated new cloud regions that had a higher probability of contributing

to multiple scattering. When a cloud particle doesn’t receive any indirect
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illumination from other cloud particles, it is not rendered, thus unnecessary

radiance calculations are eliminated.

Our concept implementation uses spheres of different sizes to represent cloud

regions. The visualised spheres can also be thought of as looking at cloud

particles through a microscope; the models represent the aerosols and asso-

ciated water droplets within clouds. Our model has been implemented in a

way that further extensions to the model are possible. These extensions are

described next.

5.1 Future work

We have currently developed a new and natural way of modelling clouds and

light - by creating a duality between their respective interactions. There are

areas of this model that can be improved, as such, future work in this area

has a number of opportunities to expand and grow.

Our current method for evaluating new cloud regions uses a uniform random

sampling strategy to pick locations of high multiple scattering densities. The

rendered complexity test images from our results show, that volume areas

of equal density are treated in the same way regardless of the radius used

to calculate the desnity estimate. Future work in optimising this algorithm

could be with a density importance estimation rather than next scattering

interaction in defining the new volume regions.

Our results showed that the computational cost is quite high for rendering

any detailed images of a reasonable quality and size. Our concept is unique,

and could be developed further on cluster-based-multi-node simulation ma-

chines. Our implementation did not utilise any optimisation processes in the

rendering phase. Optimisations such as irradiance caching, using the pho-

ton map for importance sampling and the efficient stratification of photons

should be investigated to validate using such high-performance computing

power.

Further work can be done to remove our assumptions of a homogeneous

environment. By applying the ability to use heterogeneous cloud volumes,
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we are able to explore more permutations within a generated scene. We

would be able to apply an atmosphere to our model, thus being able to

visualise volumetric shadows, thus sunbeams would be visible. It would also

be beneficial in modelling the deformation of interacting clouds from different

regions in the atmosphere, such as when cumulonimbus clouds interact with

altostratus.

The current way in which clouds are modelled is non-interactive, and requires

careful placement of objects within a scene using a text editor. Future work

in providing a GUI for placing the initial cloud model would significantly

increase the throughput of the end user. By providing a GUI, it would also

be possible to move away from spheres to model the cloud macrostructure.

Metaballs are an intuitive in the way clouds are shaped, as such, interacting

metaballs for model placement in a GUI would allow for greater control and

freedom, and be very useful in commercial avenues of computer generated

movies and scientific visualisations.

On reflecting on Master Yoda’s phrase, the significance of the duality model

can be conceptualised. Where there is light intersect matter, the duality

principle is enforced. In computer graphics, surfaces or volumes not receiving

any light do not need to be rendered, thus light becomes the master of the

environment. Possible extensions that have not been discussed in this thesis

are that light/particle dualities exist for many other mediums. Fire can be

modelled as both a particle system and a light source, and would present an

interesting challenge in capturing the duality concept. Sub-surface scattering

that occurs in skin or in milk could be visualised using the duality principle.
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Abstract: Computer graphics researchers have made significant progress

in modelling clouds and light. However, for a model of atmospheric sun-

beams to have any pseudo-physical basis, it is necessary for these two classes

of models to interact. In this paper we review each of these classes and design

a model for offline rendering of sunbeams. Applications could include pho-

torealistic rendering of outdoor scenes for computer generated movies using

high-performance computing.

Key-Words: sunbeams; lighting; clouds; atmospheric scattering;

Figure 22: Crepuscular rays (above cloud).

Introduction

In atmospheric science, sunbeams

(aka crepuscular rays) are defined to

be light rays produced by sunlight

penetrating cloud gaps interleaving

with shadows cast by clouds or moun-

tains [101, 27](see Figure 22). In the

context of this paper, we adopt this

definition but exclude the mountain-

generated shadow source as our fo-

cus is on clouds and light. Within

atmospheric science, the physics of

sunbeams are described by radiative

transport theory [5], which represent

light and cloud interactions as a com-

plex mathematical system. However,

it is possible to give a pseudo-physical

explanation of sunbeams in terms of

the interaction of clouds and light.

Clouds are an atmospheric body

(that exist at one of several altitudes)
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consisting of particles of aerosols

and associated water droplets [1].

When light particles intersect with

cloud particles, the salient effect is

multiple scattering (photons diverge

from their straight path ala Mie the-

ory [8]). Different colours and bright-

ness of cloud particles is produced by

light redistribution and wavelength

filtering via scattering by different

types of particle [2]. Clouds cast

shadows; these regions are illumi-

nated by airlight (diffuse sunlight

scattered by air molecules [27]). Di-

rect and scattered sunlight exiting

clouds thus create a contrast between

sunlight and airlight volumes, pro-

ducing sunbeams [101] which con-

verge at the solar point due to per-

spective [27].

The organisation of this paper is

as follows. In Section 5.1 we dis-

cuss computer graphics models for

clouds, and comment on their poten-

tial applicability for rendering sun-

beams. Having discussed how clouds

are modelled, we are able to discuss

how lighting is modelled for clouds,

to which we devote Section 5.1. Sec-

tion 5.1 presents our final design and

discusses future work.

Cloud models

Cloud models in computer graph-

ics can be categorised as surface

and spatial models. Surface mod-

els wallpaper a cloud skin onto

computationally-cheap shapes to pro-

duce the appearance of clouds, rather

than attempting to represent the ac-

tual shape of a cloud body. For exam-

ple, these models apply some ad-hoc

but aesthetically acceptable textur-

ing function (eg. poor-man’s Fourier

series [9] or procedural noise [57])

to the surface of simple objects like

meshes, spheres or ellipsoids. Such

models can be rendered in a variety

of ways, including the forward ren-

dering pipeline, raytracing, and Z or

A buffer scanline techniques, in soft-

ware and hardware [10]. Entire cloud

volumes can be represented by single

objects compared to spatial models.

In contrast to surface models, spa-

tial models attempt to represent the

3D volume of clouds by partitioning

space into many objects. The ap-

pearance of clouds is produced only

by the interactions of light between

these object volumes. These volumes

can have rigid boundaries eg. voxels

and particle systems or deformable

boundaries eg. metaballs.
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Voxels (volumetric pixels) are a dis-

cretisation of 3D objects into a large

group of small adjacent cubes, com-

monly used for physically based sim-

ulation. Each cube contains data

such as pressure, temperature, and

velocity, derived from partial differ-

ent equations based on the Navier-

Stokes equations for simulating flu-

ids [12]. Due to their structure, vox-

els are particularly suitable for ray

marching methods for rendering (for-

ward or backward) and traditional

ray tracing clouds. Despite their pop-

ularity, voxels provide a less intuitive

model of clouds than particle systems

because cloud particles are generally

different sizes.

Particle systems simply consist of a

set of particles, each which repre-

sents a point in 3D space with at-

tributes such as size, density and

colour; a cloud is by nature a par-

ticle system. The model was origi-

nally introduced to model composite

objects exactly like clouds [43] and

has been expanded to approximate

shading, cater for self-shadowing, ex-

ternal shadows and external light

sources [44]. Each particle is rendered

by blending it into a frame buffer,

with the transparency of a particle

governing the final pixel color [46].

Metaballs (aka blobs and soft ob-

jects) are a spatial model of clouds

with deformable boundaries, repre-

sented by volumes of additive scalar

field functions. Metaball implemen-

tations for cloud models usually de-

fine each ball with a centre, ra-

dius and density at the centre of

the ball [48, 11]. When the sur-

faces of neighbouring metaballs in-

tersect, the effect on each point on

each surface is calculated with respect

to the radius of influence of each in-

tersecting metaball, and these sur-

faces deform accordingly [47]. Meta-

balls provide a natural analogue for

clouds, since when clouds collide they

grow bigger due to coalescence of wa-

ter droplets [2]. There are several

approaches to choosing how many

metaballs and what arrangement will

produce an aesthetically acceptable

cloud: user-defined [48], fractal [51],

and cloud image-fitting [11]. Meta-

balls have been rendered via ray-

tracing and splatting [53] and also via

the marching cubes algorithm [54].

Several researchers have created hy-

brid models (see Table ??) out of

these surface and spatial models of

clouds. A noticeable omission from

the table is particle systems, which

have probably been avoided largely
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due to the high-performance comput-

ing costs associated with large num-

bers of particles in clouds.

Having discussed cloud models, we

now consider these models with re-

spect to our physical explanation of

sunbeams. Generally speaking, in

computer graphics it is the shape of

objects which determine lighting and

shadows further into a scene as op-

posed to the appearance of objects

(surface model). Nonetheless, a com-

putationally cheap approach to sun-

beams could use these surface mod-

els as a filter for sunlight. Light

egressing the cloud surface from any

point would be a function of the tex-

ture at that point on the incident

sunlight (ala [102]) as opposed to

light scattered by the shape of the

cloud, thus surface models may pro-

duce sunbeams of questionable phys-

ical accuracy.

To construct a model of clouds with

high physical accuracy, we argue that

the closest intuitive candidate is a hy-

brid of particle systems and meta-

balls. Particles with varying sizes and

distributions (in contrast to voxels)

can be used to model the microstruc-

ture of clouds in terms of aerosols

and associated water droplets. Light

egressing clouds will thus consist both

of direct sunlight penetrating gaps

in the clouds and light bouncing off

these particles (which effectively be-

come a weak secondary light source)

as required by our physical model.

Metaballs will be used to provide

an invisible bounding shape macro-

structure for these particles, on the

grounds that clouds do coalesce into

larger physical bodies and smaller

clouds can sometimes break away

from these large bodies. Such an

approach to modelling clouds, while

computationally expensive, is accept-

able for offline rendering.

Lighting Models for Clouds

There are several models of lighting

in computer graphics; arguably the

most appropriate for rendering light

and cloud particle interactions is ra-

diosity as it models the interaction of

light between diffuse surfaces and is

directly derived from physics models

of radiative heat transfer [19]. Sim-

ilar to the rendering equation [18],

at any position x and direction ω in

space, the change in outgoing light in-

tensity L(x, ω) is equal to the sum

of all incoming light from all direc-
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tions (32) minus any light which is ab-

sorbed (33). This equation is referred

to henceforth as the light transport

equation (LTE).

dL(x, ω)

ds
= Ks(x)

∫
4π

P (x, ω, ω′)

L(x, ω′)dω′ (32)

−K(x)L(x, ω) (33)

We now elaborate on the compo-

nents of these equations. Equa-

tion 32 introduced two new terms.

Firstly, the out-scattering coefficient

Ks is the scattering cross section per

unit volume. Secondly, the phase

function P (x, ω, ω′) is the probabil-

ity density of light coming from di-

rection ω and scattering into direc-

tion ω′. Several phase functions

have been used in computer graphics:

constant, anisotropic, Lambertian,

Rayleigh scattering, and Henyey-

Greenstein (see Equation 34); the lat-

ter being most popular [6]. Note that

g is the eccentricity of an ellipse.

PHG(φ) =
1

4π

1− g2

(1 + g2 − 2gcosφ)3/2

(34)

Equation 33 introduced one new

term: the extinction coefficient

(K(x)) is the sum of both absorp-

tion Ka and scattering coefficients

Ks, describing the total amount of at-

tenuation of a photon per unit vol-

ume. K(x) is related to various opti-

cal properties of a medium including

optical depth and transparency [69].

We intend to normalise LTE values in

the range [0..1] and relate this range

to physical light intensity in the fol-

lowing way. At one extreme, a 0

indicates no light intensity which is

equivalent to airlight volumes in the

cloud’s umbra. At the other extreme,

a 1 indicates areas which receive max-

imum sunlight. In the middle are

values representing varying degrees of

penumbra receiving scattered light.

These regions should frequently bor-

der direct sunlit volumes, since light

scatters off cloud particles bordering

the gaps through which sunlight per-

meates.

There are four main methods for

solving the LTE in cloud mod-

elling: monte carlo; discrete ordi-
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nates; spherical harmonics; and the

finite element [20]; all which have

been successfully applied to voxels.

With the monte carlo method, large

numbers of photons (with the same

energy) are sent into the scene from

the light source in random direc-

tions, essentially performing a ran-

dom sample of the integral domain

of the LTE [103]. Without enough

samples, images produced by monte

carlo methods may contain significant

aliasing. There are several improve-

ments to the basic method that en-

sure that only the most significant

scattering events determine light in-

tensity (eg. the Schlick phase func-

tion [62] and photon mapping [63]).

The discrete ordinates method uses

a collection of M discrete direction

bins, chosen to give optimal Gaus-

sian quadrature in the integrals over

a solid angle [69]. The process how-

ever produces ray-effects, as a re-

sult of shooting energy from an el-

ement in narrow beams along the

discrete directions, missing the re-

gions between them [71] that requires

compensation [68]. In addition, dis-

crete ordinates is somewhat crude,

because with outscattering we need

to finely sample a particular solid an-

gle of a sphere rather than have a

uniform sampling across the whole

sphere [12]. Consequently these equa-

tions have been modified, but these

new equations share mathematical

similarities to the spherical harmon-

ics method [12].

The spherical harmonic method is

based on representing the directional

variation of the radiance at each posi-

tion as an expansion in spherical har-

monics, up to a certain order, and

solving a system of partial differen-

tial equations for the spatial varia-

tion in the spherical harmonics co-

efficients [12]. The spherical har-

monics Y m
l (θ, φ) form an orthonor-

mal basis of the functions on the unit

sphere [65], meaning that a function

of a solid angle f(θ, φ) may be repre-

sented by an infinite series expansion

where Pm are the associated Legen-

dre polynomials.

f(θ, φ) =
∞∑
l=0

l∑
m=−l

Pm
l Y m

l (θ, φ) (35)

Rendering LTE through participat-

ing media using spherical harmonics

has become a popular technique [67].

Typically, scattering and absorption

through each cloud are initially calcu-

lated using spherical harmonics with
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the results stored in voxels, followed

by ray tracing. Spherical harmon-

ics have become known as the PN -

method, where N is the degree of

the highest harmonic in the expan-

sion [69]. Using only the first order

N -term approximates diffuse scatter-

ing [70].

The finite element method is based

on a geometrically similar mesh of

discrete regions to which equations

are applied. A system of simulta-

neous equations is thus constructed

that is solved using various math-

ematical techniques. One method

for representing radiative heat trans-

fer used finite elements with constant

radiosity [72]. Form factors were

computed for all surface/surface,

volume/volume and surface/volume

pairs. Each form factor, Fkj, repre-

sented the ratio of the energy leav-

ing an element, Ej, and entering an

element, Ek. The algorithm calcu-

lated the factors using a depth buffer

to project surfaces onto a half cube

(ala the hemi-cube algorithm). When

the form factors had been found, a

system of equations for the radiosi-

ties of surfaces and volumes were con-

structed.

Having discussed lighting models for

clouds in computer graphics; specif-

ically, the four main methods for

solving the light transport equation,

we now consider these methods with

respect to our physical explanation

of sunbeams. Fundamentally, all of

these methods sample the integral do-

main of the LTE in some way: monte

carlo methods (in their native form),

sample it randomly; discrete ordi-

nates and finite element methods par-

tition the space of the domain; and

spherical harmonics make use a sim-

plified approximation of the integral.

We believe that the method for solv-

ing the LTE that is the most phys-

ically faithful is a modified monte

carlo method, because enough rays

cast into the scene can be genuinely

representative of the integral domain

of the LTE, as opposed to approxi-

mative. We intend to address the is-

sue of the wastefulness of monte carlo

(it fires off many rays in many direc-

tions that will not intersect any cloud

particles) such that it takes a long

time to produce an image of accept-

able aesthetics, at very high associ-

ated computational cost. We are cur-

rently investigating methods for con-

straining forward ray direction by us-

ing directions derived from backward

ray tracing from the eye source to the
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light source.

Conclusion

In this paper we investigated current

methods for representing clouds and

light in computer graphics. We de-

signed a simulation of atmospheric

sunbeams that will hybridise two

models of clouds: particle systems

and metaballs; and will utilise modi-

fied monte carlo methods to solve the

light transport equation. This simu-

lation was designed with the require-

ment of maintaining pseudo-physical

faithfulness, aiming to produce high

quality images of different types of

clouds with good physical correspon-

dence. Due to the high performance

needs of our simulation, we will im-

plement our design on a machine that

is suitable for our needs. We intend

to trial our algorithms on a 97 node,

194 CPU Linux cluster based on Xeon

2.8 GHz CPUs, with between 1 and

2 Gigs of RAM per node and 1 Ter-

abyte of disk space, and design our al-

gorithms to use MPI. We will need to

experiment with distributing groups

of particles between processors with-

out overloading inter-node communi-

cation bandwidth.

Like most computer graphics re-

search, the primary evaluation crite-

ria of our simulation results will be its

visual aesthetic. Initially, we will ex-

periment with a number of simple ho-

mogenous particles bounded by sim-

ple shapes in order to determine that

our implementation of the light trans-

port equation is adequately effective

in order to produce sunbeams with

simple particles. Then, we will sys-

tematically scale up the complexity

of the bounding shapes from simple

shapes to interacting metaballs, and

create different pockets of heteroge-

nous particles within the cloud par-

ticipating media. In following such

an approach we will be able to note

computational resource usage, thus

be able to compare compute times

and scene complexity with the aes-

thetics of the result.
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APPENDIX B - Perspective

From Section 1.3, emitted rays of light from the Sun are near parallel. With

visual perspective, the eyes refocus near-parallel rays arriving from distant

objects toward a focal point within the eye, the cornea. Our brain can only

process the angular size of an object by analysing its angular measurement

within our field of view [104].

Figure 23: Perspective Traintracks. a) Top View: The angle created by b′ is smaller
than that of a′, so B appears smaller than A. b) Side View. The angle created
by b′ is smaller than that of a′ to the horizon sight line. c) Observer’s View: All
parallel lines extending to the horizon converge to P , the vanishing point.

With reference to Figure 23, a classic train track scenario is illustrated to

explain perspective [104]. The scenario consists of straight railroad tracks

stretching to the horizon, as well as telephone poles on one side of the tracks.

The train tracks, tie points and telephone poles are equidistant and the

telephone poles are all of the same height. As these objects approach the

horizon, the tracks converge to a single point, while the distance between tie

points decreases and the telephone poles diminish in size.

Figure 23a shows the observer’s position O, in the middle of a train track,

with tie points A and B being equidistant. From the observer’s position, the

angle created by b′ is smaller than that of a′ therefore B will appear smaller

than A.

Figure 23b helps determine the relative placement of objects within an ob-

server’s field of view. The angle of declination of point B is smaller than
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that of A with respect to the angle of declination to the horizon (0◦). Point

A will then appear below point B, with both being below the horizon line.

Figure 23c is the observer’s view of the railway tracks as a combination of the

previous two images. The tops and bottoms of the perpendicular telephone

poles are joined by invisible orthogonal lines, M and N , that extend to point

P . All parallel lines within the scenario extend to the horizon, converging at

point P , the vanishing point. This is called perspective.
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APPENDIX C - Color Plate

Our resulting rendered image (see Table 7) highlights the areas of multiple

scattering significance. Although the rendered image differs from the refer-

ence image in surface appearance, our aim is to correctly visualise areas of

multiple scattering significance. Our results show that cloud regions of higher

density receiving more in-scattered illumination than areas of lower density;

that as the number of volume regions spawned within other volume regions

after the duality process increases, we begin to see the affect of multiple

scattering and some self-shadowing.

To approach a photo-realistic representation given our accurate lighting model,

we would use turbulent noise and our lighting calculations with respect to op-

tical depth (see Section 3.1.1) to create the surface appearance of the cloud.

This has been shown in previous approaches to increase the photo-realism of

lighting calculations [26].
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Description Cumulus Clouds

Reference Image

Initial Model

After Duality

Rendered Image

Table 7: Photon-realistic Cloud Comparison: Results
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