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Abstract

The accurate simulation of the various effects of light is considered one of the most

important aspects of real-time photo-realistic rendering. This is due to the fact that, in

3D graphics, the generation of physically accurate results depends, to a large extent, on

the correct approximation of light’s transport and its interaction with matter. In this

thesis, we investigate the influence of the application of popular scientific and mathemat-

ical concepts to the implementation of the well-known lighting techniques of volumetric

lighting and environment mapping. The evaluation of this integration is based on the

achieved equilibrium between performance and quality, which corresponds to the ability

of performing the above-mentioned techniques in real time while generating results to a

satisfactory level of realism.

Περίληψη στα Ελληνικά

Η ακριβής προσομοίωση των διάφορων εφέ του φωτός θεωρείται μία από τις πιο σημαντι-

κές πτυχές της φωτορεαλιστικής απεικόνισης σε πραγματικό χρόνο. Αυτό οφείλεται στο

γεγονός ότι, στο κλάδο των γραφικών, η δημιουργία αποτελεσμάτων με φυσική ακρίβεια

εξαρτάται σε μεγάλο βαθμό από τη σωστή προσέγγιση της κίνησης του φωτός αλλά και της

αλληλεπίδρασής του με την ύλη. Σε αυτή τη διατριβή, διερευνάμε την επίδραση που μπορεί

να έχει η εφαρμογή δημοφιλών επιστημονικών και μαθηματικών εννοιών στην υλοποίηση

των γνωστών τεχνικών ογκομετρικού φωτισμού (volumetric lighting) και χαρτογράφησης

περιβάλλοντος (environment mapping). Η αξιολόγηση αυτής της ενσωμάτωσης βασίζεται

στην επιτευχθείσα ισορροπία μεταξύ απόδοσης και ποιότητας, η οποία αντιστοιχεί στη δυνα-

τότητα εκτέλεσης των προαναφερθείσων τεχνικών σε πραγματικό χρόνο με την παράλληλη

παραγωγή αποτελεμάτων σε ένα ικανοποιητικό επίπεδο ρεαλισμού.
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Chapter 1

Introduction

1.1 XEngine

The XEngine is a C++ scene graph-based deferred rendering API that was developed

as a research platform for testing various graphics techniques and effects using OpenGL.

This engine contains a plethora of real-time graphic algorithms that were designed by the

AUEB Graphics Group for the purpose of scientific experimentation. It has also been

utilized for the provision of precise graphical material for research papers and theses

that are published on the group’s website. For an earlier version of XEngine’s API,

including a range of additional software released by the group, readers are advised to

visit the web-page’s download section, where a free copy of the engine is provided under

the terms of MIT license (MIT). Finally, for more information and a thorough user guide

we recommend reading the engine’s documentation and API reference [PV13].

In this thesis, our goal is to replicate two real world physical phenomena in a 3-

dimensional virtual environment. There are multiple available computer applications

able to accommodate the development of such effects. Nevertheless, without access to

their software’s source code, we would be forced to compromise with various workarounds,

that would probably lead to an inadequate solution of the problem. Otherwise, we could

create a custom graphics engine for the sole purpose of hosting those effects. However,

the complexity of the production of such a program would ultimately overshadow this

thesis’ main objective.

To avoid the aforementioned pitfalls, we have selected the XEngine as the development

platform for our implementation. First of all, by given permission to tweak the engine’s

internal components without disrupting its initial work-flow, we manage to perform the

desirable execution of both effects without any trade-offs. Even more, as mentioned

1
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above, this engine already contains various techniques and algorithms (discussed in Sec-

tions 3.2.1 and 3.3.1) that could be utilized for the facilitation of the effects’ construction.

A final advantage that this engine provides, is that since it is regularly extended and

optimized due to being used for various tests and scientific publications, it ensures the

continuity, utilization and future improvement of this implementation.

1.2 Volumetric Lighting post-process Effect

The volumetric lighting post-process effect is an approximation of the real-world light

scattering physical phenomenon. This phenomenon is responsible for various spectacles,

one of which is the appearance of light shafts in a medium filled with dispersed particles.

Due to their magnificence, those light beams are sought out (or generated by using

different tricks) for the purpose of producing more aesthetically pleasing results. In

the world of 3D graphics, the utilization of this effect greatly enhances the elegance and

realism of the virtual scene. This technique is used in many fields including 3D modeling,

3D gaming and animated films (for some examples of light scattering, see Figure 1.1).

Figure 1.1: Left side: Light scattering in 3D graphics. Right side: Light scattering
in the real world. (Image sources: Top-Left: [Liv13], Top-Right: [Ina08], Bottom-Left:

[Fou08], Bottom-Right: [Fel15])

The volumetric lighting effect has different requirements than those of the real-world

application of the light scattering effect for the purposes of enriching a work of art. In

online, i.e. real-time, rendering, a balance between quality and performance is essential
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for the overall outcome. As we already stated, this technique’s goal is to simulate light’s

behavior as it passes through a space where interaction with participating media takes

place. For current hardware, an exact, physically correct simulation would be compu-

tationally impossible for online rendering, due to reasons such as the peculiar nature

of light, the variation of physical attributes of each and every intersecting particle and

the complexity of the collisions that occur. Therefore, the use of several mathematical

approximations and various optimization techniques in the implementation, is required

to achieve the replication of the phenomenon in real time with lesser computational

complexity.

As an important side note, volumetric lighting is typically implemented as a post-process

effect. Those effects operate differently than regular graphical effects. Rather than ren-

dering the visible part of the scene to the view-port, a post-process effect generates a tex-

ture of the camera’s view, which is a 2-dimensional off-screen image of the 3-dimensional

scene (see Figure 1.2). Positive aspects of this loss of dimensionality include the simpli-

fication and accessibility of editing of the generated texture, for example, by application

of various popular performance and optimization image processing algorithms.

Figure 1.2: Difference between regular and post-process effects. Left: Regular effect,
the camera view is directly rendered to the screen with the applied effect. Right: post-
process effect, the camera view is stored as an off-screen image that is later processed

and finally rendered to the screen.

1.3 Environment Mapping Effect

The majority of real-world surfaces reflect a portion of light creating a particular mir-

roring of their surrounding environment. The way light bounces off them varies and

predominantly depends on the material by which they are made of. There are many

types of reflections, such as metallic, blurry and polished. Those categories arise from

the combination of the following two phenomena. When light hits a smooth surface, we

notice a mirror-like reflection of the ambient, whereas, when the impact is on a rougher
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surface, we observe a diffused image of the environment. Those events are classified

as highly directional, i.e. specular, and scattered, i.e. glossy, reflections respectively,

further analyzed in Section 2.2.1 (to visualize the difference between specular and glossy

reflections see Figure 1.3).

Figure 1.3: Left: Specular reflection, the surface of the water is calm therefore we
can see a clear reflection of the surrounding environment. Right: Glossy reflection,
the surface of the water is ”wavy” and helps to visualize how a rough, bumpy surface
appears in the microscopic level. In this image we notice a diffused reflection of the

ambient.

To replicate this physical phenomenon in our virtual world, we perform the environment

mapping image-based lighting technique, that utilizes texture images to display the

reflection of an object’s surrounding environment. This effect is applied in many fields,

especially in 3D gaming as the ray-tracing alternative is too computationally complex

for the demands of a video game’s world (see [Var16, sect. 1.2.3] for more information on

ray-tracing). Figure 1.4 depicts how the environment information, light and reflections,

affect the overall aesthetics and realism of a video game world.

Figure 1.4: Ambient lighting and reflections of the environment. Notice that in
each image those reflections on the scene’s objects vary and depends on their surface
material properties. Left: Black Desert Online. Middle: The Elder Scrolls IV: Oblivion
(modded). Left: Dark Souls III. (Image sources: Left: [Aby14], Middle: [Stu06], Right:

[Nam16])

The most widely used method to represent the scene’s ambient, is to assemble a skybox,

which is a 3-dimensional box of textures, also known as a cube map, that encases the

camera and appears to be at the same distance from any location that it is observed. This

creates the illusion that the viewer is positioned inside an enormous sphere, similarly
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to how a person perceives the real world external surrounding environment (see Figure

1.5).

Figure 1.5: Left: Skybox in Minecraft (modded). Right: Surrounding environment
in the real world. (Image sources: Left: [PB09]

Next, when the focus is directed at any object inside the scene, the suitable part of the

aforementioned skybox is drawn onto its surface to depict this environment reflection

phenomenon (Figure 1.6).

Figure 1.6: When the viewer focuses at an object inside the scene, the skybox that
contains the environment information is sampled in order to obtain the information

necessary to create its reflection on the object’s surface

The resulting effect and processing time may vary according to the way it is imple-

mented. For example, the different properties of each surface, such as roughness and

metallicity, can be utilized in the reflection’s calculations to improve the effect’s qual-

ity. This way, we can realistically replicate both specular and glossy reflections. Even

more, one can pre-compute cube maps around different locations inside the scene to

include most or even all of the objects’ information in the reflections. This is known
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as the dynamic environment mapping technique (Figure 1.7). Although this sophisti-

cated approach creates more convincing results in situations where an object’s visible

surroundings are heavily populated by other (dynamic) geometry, the pre-computation

time and scene complexity may have an overall negative influence on the performance.

For our implementation of the effect, our goal is to approximately replicate this phe-

nomenon in real-time rendering. Therefore, even though we include both specular and

glossy reflections to enhance the accuracy of the effect, we do not involve other objects’

geometrical information in the reflection calculations, to avoid any detrimental effects

on the implementation’s performance.

Figure 1.7: Dynamic environment mapping. Notice how both the skybox and the
surrounding object information is apparent in the teapot’s surface reflections. (Image

source: [Geo13])



Chapter 2

Theoretical Background

In this chapter, we focus on the theoretical background required to make our imple-

mentation of both effects more physically correct. We divide the following segment into

two subsections. We begin with the scientific concepts and mathematical approxima-

tions necessary for a more realistic and optimized construction of the volumetric lighting

poss-process effect (see Section 2.1). Then, we provide the necessary methods essential

for an accurate and computationally inexpensive execution of the environment mapping

technique (see Section 2.2).

2.1 Theoretical Background in Volumetric Lighting

Regarding volumetric lighting, we begin by providing an important rendering equa-

tion necessary for the production of an accurate representation of the real world light

scattering phenomenon (see Section 2.1.1). Subsequently, we present a range of avail-

able formulae that simulate how light scatters when interacts with participating media

(Section 2.1.2). We continue with one more approximation of how light attenuates as it

travels to any point in space (Section 2.1.3). Next, we examine a blurring algorithm that

could be applied on our final result to hide imperfections with little to no encumbrance

on our implementation’s performance (Section 2.1.4). Last but not least, we explain how

to achieve better visual results by utilizing a specific anti-aliasing technique, typically

used on the scene’s shadows construction (Section 2.1.5).

2.1.1 Volume Rendering Equation

The rendering equation proposed by Kajiya in 1986 [Kaj86] is responsible for describing

the light and matter interactions inside a virtual scene. It accounts for the conservation of

energy during different events that occur from those interactions, in order to create more

7
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physically correct and photo-realistic results. Because its exact calculation involves the

computation of high dimensional integrals it is generally approximated via mathematical

techniques such as the Monte Carlo Integration [Sob94]. In volumetric lighting, we aim

to simulate the physical properties of light and the medium in which it travels through

and interacts. Therefore, we need a variation of the rendering equation which is the

volume rendering equation (see Equation 2.1 for a general form of this equation) which

accounts for different events occurring inside this space/volume such as those depicted

in Figure 2.1.

L(x, ωi) = Tr(x, x+ tωi)L(x+ tωi, ωi) +

∫ t

0
Tr(x, x+ sωi)σs(x+ sωi)Ls(x+ sωi, ωi)ds

Ls(x, ωi) ≡ Le(x, ωi) +

∫
S
p(ωi, ω)L(x, ω)dω

(2.1)

where:

x = point inside volume (on ray)

ω = direction of ray inside volume

Tr = e−
∫ t
0 σt(x+s)ds (Transmittance)

σt(x) = σα(x) + σs(x) (Attenuation coefficient)

σα(x) = absorption coefficient

σs(x) = scattering coefficient

Tr(x, x+ tωi)L(x+ tωi, ωi) = absorption + out-scattering

Le(x, ωi) = emission∫
S p(ωi, ω)L(x, ω)dω = in-scattering

p(ωi, ω) = phase function

Figure 2.1: Interactions with medium. Left: Emission, light emitted from point of
interest. Middle-Left: Absorption, light absorbed in point of interest. Middle-Right:
Out-scattering, light is scattered away from the point of interest. Right: In-scattering,

light is scattered into the point of interest.



9 Chapter 2 Theoretical Background

2.1.2 Light Scattering Phase Functions

Phase functions are mathematical formulae that provide means to approximate light’s

scattering behavior inside a medium filled with different particles such as dust, water,

air molecules, skin or even blood. For now, we will not delve into the wave-particle

nature of light, however we will treat it as an abstract structure that is able to collide

with particles and scatter. As light travels through an area with dispersed participating

media, collision with some of those particles causes a range of different scattering events.

In general, those occurrences are classified as back, forward or isotropic scattering: back-

scattering, where redirected light tends to return towards its source, forward scattering,

where the light is deflected further away and isotropic scattering, where the scattered

light spreads homogeneously (Figure 2.2).

Figure 2.2: The yellow dot represents the light’s source, whereas the black dot repre-
sents the particle that causes light’s scattering. The length of each red arrow represents
the likelihood that a scattered ray follows that specific direction after its collision. Right:

Back scattering. Middle: Isotropic scattering. Left: Forward scattering.

The way phase functions simulate light’s diffusion from particles varies in each function

and depends from coefficients that define whether those collisions lead to any of the

aforementioned cases. Some phase functions even take into consideration the light’s

characteristics and the properties of the participating media. For more information

about scattering fundamentals and more details on the following phase functions the

interested reader is directed to [Jar08, chap. 4].

Henyey-Greenstein Phase Function

The Henyey-Greenstein [HG41] scattering phase function (Equation 2.2) was used in

a variety of different fields, including astrophysics and oceanography. Even though,

nowadays this particular phase function has been replaced by highly complicated for-

mulae that simulate scattering events more accurately, its mathematical simplicity and

accessibility along with its overall approximative performance constitutes a satisfactory

candidate for graphical simulation.

PHG(x, θ) =
1− g2

4π(1 + g2 − 2gcosθ)1.5
(2.2)

where:
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x = scattering point, i.e. point of light’s collision with a particle

θ = scattering angle, i.e. the angle of light’s deflection caused by collision with a particle

g = average of the cosine of the scattering angle

The variable g varies in the range of [-1,1] and by adjusting its value, we control the

amount of back-scattering and forward scattering of the light in the medium as depicted

in Figure 2.2.

Schlick Phase Function

Although Henyey-Greenstein’s formula is a useful tool to replicate light scattering in

computer graphics, the fact that there is a fractional exponent in the denominator makes

it costly to calculate. In actuality, the formula needs to be calculated for each frame, for

every pixel of the view-port and for any sample we accumulate to produce the final result

(process described in Section 3.2.3). Therefore, an accurate approximation of the shape

of Henyey-Greenstein’s function with less mathematical complexity is required to remove

this computational cost. The Schlick [BSS93] Scattering phase function (Equation 2.3)

was developed to combat those complications by approximating the Henyey-Greenstein

function as an ellipsoid.

PS(x, θ) =
1− k2

4π(1 + kcosθ)2
(2.3)

where:

x = scattering point, i.e. point of light’s collision with a particle

θ = scattering angle, i.e. the angle of light’s deflection caused by collision with a particle

k = 1.55g - 0.55g3(approximately).

The variable k also varies in the range of [-1,1] and acts similarly to g in Henyey-

Greenstein Scattering (Equation 2.2).

Rayleigh Scattering

Another popular phase function we use in our implementation is the Rayleigh [Str71]

Scattering phase function (Equation 2.4). It is used to estimate the way light scatters

inside a medium composed of particles up to about a tenth of the wavelength of light.

This formula takes into account the light’s wavelength and the particles’ characteris-

tics. It simulates the participating media as randomly distributed micro spheres with

properties such as diameter and refractive index.
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PR(x, θ) =
3

16π
(1 + cos2θ)

σs =
2π5

3

d6

λ4

(n2 − 1

n2 + 2

)2

(2.4)

where:

x = scattering point, i.e. point of light’s collision with a particle

θ = scattering angle, i.e. the angle of light’s deflection caused by collision with a particle

σs = scattering coefficient.

d = particles’ diameter

n = particles’ refractive index

λ = light’s wavelength

Lorenz-Mie Theory

In situations where particles are comparable to the size of light’s wavelength, for ex-

ample droplets of water in fog, the Rayleigh Scattering approximation is not accurate.

Therefore, we apply Lorenz’s and Mie’s Theory [Lor90, Mie08] of scattering for better

simulations of such events. In our implementation, we use the two following empirically

derived approximations provided by [NMN87]. The Lorenz-Mie Hazy phase function

(Equation 2.5) for “hazy” atmospheric conditions

PLMH(x, θ) =
1

4π

(1
2
+

9

2

(1 + cosθ

2

)8)
(2.5)

where:

x = scattering point, i.e. point of light’s collision with a particle

θ = scattering angle, i.e. the angle of light’s deflection caused by collision with a particle

and the Lorenz-Mie Murky phase function (Equation 2.6) for “murky” atmosphere.

PHG(x, θ) =
1

4π

(1
2
+

33

2

(1 + cosθ

2

)32)
(2.6)

where:

x = scattering point, i.e. point of light’s collision with a particle

θ = scattering angle, i.e. the angle of light’s deflection caused by collision with a particle
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2.1.3 Light Attenuation

As mentioned in the previous section, there are multiple phase functions to simulate

light’s scattering behavior as it diffuses from particles in the medium. This wave-particle

redirection occurs when light collides with participating media. For simplification pur-

poses, we will consider light to be made up of particles known as photons, and totally

ignore its dual-wave nature. Photons are carriers of photon energy and momentum.

When a photon collides with a particle, apart from being deflected from its current path

(scattering), it also losses both energy and momentum depending on the impact angle

and the particle’s characteristics (see Figure 2.3). Based on its energy package, the

photon may be completely absorbed during the impact. This leads to the transfer of

energy from the light’s system to the participating media thus causing its attenuation

(for more details on this subject the interested reader is referred to [Wei09]).

Figure 2.3: Photon collision with a particle. After their interaction, the particle gains
kinetic energy whereas the photon loses energy and momentum.

In most cases, the way light attenuates as it moves through the medium is exponentially

proportional to its traveling distance divided by a factor dependent on the particles’

physical attributes. In our approximation formula (see Equation 2.7), the influence on

the light’s attenuation by dispersed participating media is adjusted by the coefficient

known as optical thickness, which is experimentally derived for a range of materials and

is dependent on their physical constitution and form.

LA(x, l) = e
−
x

l (2.7)

where:

x = length of light’s path

l = medium’s optical thickness
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2.1.4 Gaussian Blur

In photo-realistic rendering, we seek to achieve the most realistic outcome with the

limitations of hardware’s performance. Our implementation’s goal is to approximate a

specific physical phenomenon in real time. The cost of duplicating such an effect could

be detrimental to the ability of online rendering. So, by reducing our result’s quality

and generating noise to hide visible artifacts produced by that downgrading, we could

minimize the computational power required to construct an authentic representation of

the volumetric lighting visual effect.

As stated in the introduction to volumetric lighting (see Section 1.2), this specific tech-

nique is performed in post process. Therefore, by application of image processing algo-

rithms, such as the Gaussian blur, we can produce better looking results. With Gaussian

blur, we achieve reduction of potential noise in our outcome by cutting down on detail,

creating the illusion of smoothness to the final image (see Figure 2.4). The way this

algorithm operates, is by constructing a new image where each pixel’s color value is

equal to the weighted average value of the inputted image’s corresponding pixel’s neigh-

borhood. Every nearby pixel’s contribution to the total weights differently and depends

on its relative position to the main pixel’s location. For more technical information on

Gaussian blur, readers are referred to [Rá10].

Figure 2.4: Example of Gaussian blur application for noise reduction.

2.1.5 Shadow Mapping and Percentage Closer Filtering

Shadow mapping [Wil78] is a rendering technique used to add shadows to a virtual

scene. By comparing a pixel’s location to a depth buffer called shadow map, which

operates as the light source’s view depth buffer and is stored in a form of a texture, the

process distinguishes whether each fragment is illuminated or not (process illustrated

in Figure 2.5). Volumetric lighting effect’s visual results are heavily dependent on the

shadow map’s quality, which in turn considerably influences the overall performance of
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the scene. If the shadow map’s resolution is low, the binary relation that separates

the illuminated from the dark pixels can produce noticeable aliasing near the borders

of light’s and shadow’s territories, and as a result, negatively affect the quality of the

effect.

Figure 2.5: If a pixel’s location is further away from the light source than the corre-
sponding shadow map value then the pixel is dark. Otherwise, it is illuminated.

To intelligently combat such implications, instead of simply increasing shadow map’s

resolution, we use a technique similar to Gaussian blur, which is shadow blur with

percentage closer filtering (also known as PCF). With this algorithm, we smoothen the

boundaries between light and shadow to hide any visible aliasing. In percentage closer

filtering, we average the neighborhoods of the shadow map’s texels to differentiate points

in the scene as partially illuminated. This method creates a gradient around the borders

as seen in Figure 2.6 and as consequence, achieves the anti-aliasing of shadow along its

edges.

Figure 2.6: Left: The pixels are either dark or illuminated, this can create aliasing
due to many reasons such as the light’s and objects’ position and the resolution of the
shadow map. Right: By application of percentage closer filtering, the pixels can now

be partially illuminated which smoothens the boarders of light and shadow.
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2.2 Theoretical Background in Environment Mapping

Regarding environment mapping, we start with an overview of reflection fundamentals

and categorizations (on Section 2.2.1). We continue with a popular, empirically derived

method, commonly utilized for the approximation of light’s reflection at an opaque sur-

face (Section 2.2.2). Finally, we explore an important numerical integration technique

that could be applied on our implementation to simulate the conservation of energy orig-

inating from ambient lighting that is received from the scene objects’ surfaces (Section

2.2.3).

2.2.1 Reflections

In general, when a light ray collides with an opaque surface, it may either be absorbed or

reflected. The final outcome mainly depends on different factors, such as the surface’s

material properties, light’s characteristics (e.g. wavelength) and the angle of impact.

There is an extremely small amount of artificially made materials that completely reflect

or absorb light and are used in fields such as camera lens production and military stealth

technology. Most of the real-world’s surfaces comprise a combination of those two effects.

As mentioned in 1.3, reflected light is divided into two sub-categories, specular and

glossy. Before we explain them further, we should first provide common terminology

that appears in all cases. Incident light consists of incoming rays of light that hit the

surface, whereas, the reflected light refers to the outgoing rays that are bounced away.

The surface normal in this case, is the vector which is perpendicular to the surface at the

point of light’s collision. The angle of incidence and reflection, are the angles between

light’s incoming and reflected rays to the surface normal respectively. The following

Figure 2.7 depicts the aforementioned concepts in an illustrative way.

Figure 2.7: This figure illustrates the basic concepts of a reflection.

Specular Reflections

Specular reflections are the mirror-like reflections of light created from its collision to a

smooth surface (see Figure 2.8). During this phenomenon, the amount of incident and

reflected light rays is the same. Also their angle of incidence is equal to the angle of
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reflection. This creates a clear image of the surface’s surrounding environment similarly

to how a mirror does.

Figure 2.8: Specular Reflection.

Diffuse Reflections

In diffuse reflections the light rays are scattered in multiple angles rather than at just

one angle as in the case of specular reflection (see Figure 2.8). Lambertian reflection is

considered an ideal diffuse reflection, meaning that there is equal luminance from any

point of view.

Figure 2.9: Diffuse Reflection.

Glossy Reflections

Glossy reflections are more common in nature, as surfaces tend to be imperfect, therefore

rough. When light intersects with those surfaces (see Figure 2.10), its incidence angle

differs from the reflected angle. Hence, the ambient reflection on the surface is distorted.

The distortion of the reflection is dependant to its amount of specular reflection in

comparison with diffuse reflection.

Figure 2.10: Glossy Reflection.

2.2.2 Bidirectional Reflectance Distribution Function

In the previous section we classified the primary categories of reflections. As we men-

tioned in 1.3, the majority of real-world reflections on surfaces are a combination of

those types. Also, as noted, the material properties of those surfaces are mainly re-

sponsible for the visual outcome of the phenomenon as they determine the amount of
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glossiness (specular/diffuse comparison) of each of them. Therefore, for this implemen-

tation, an adequate approximation of the effect that material properties have on the

visual outcome, is required to correctly simulate the greatest part of those phenomena.

A commonly used function for those estimations is the bidirectional reflectance distri-

bution function or BRDF [NW09]. In general, the BRDF is defined as the ratio of the

differential outgoing radiance to the differential irradiance (see Figure 2.11) and for each

specific point x of the surface is dependant on the incident and reflected light directions

(Equation 2.8). For more information on BRDF fundamentals, the interested reader is

referred to [PJH17, chap. 8-9].

BRDF (x, ωo, ωi) =
dL(x, ωo)

dE(x, ωi)
(2.8)

where:

x = point on the surface

ωo = reflected light direction

ωi = incident light direction

Figure 2.11: Flux: the total radiant energy emitted, reflected, transmitted or received,
per unit time. Irradiance: the radiant energy received by a surface per unit area.
Radiance: the radiant energy emitted, reflected, transmitted or received by a given

surface, per unit projected solid angle.

There is a wide range of BRDF functions that operate differently and are typically

based on empirical observations. In general, they are divided on surface reflectance, i.e.

specular, BRDFs and body reflectance, i.e. diffuse, BRDFs. For the purposes of this

thesis, we provide a brief description of the BRDF models utilized for the integration of

both of those categories in the implementation.

Specular BRDF

Concerning surface reflectance, we follow the principles of the Microfacet model [TS67,

CT82, WMLT07] that simulates the surface as several microscopic, planar and ideal

reflectors, meaning that each of them reflect incoming rays of light in only one partic-

ular outgoing direction. This model is mathematically represented from the following
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Equation 2.9.

BRDFspecular(l, v) =
D(h, n)F (u, h)G(u, n)

4(n · l)(n · v)
(2.9)

where:

l = light direction vector

v = view direction vector

n = surface normal vector

h =
v + l

||v + l||
, halfway vector, equals to microfacet normal

In Equation 2.9, we notice the following three important terms of the Cook-Torrance

model:

• Distribution Function

This term represents the micro-facet density oriented along a specific direction.

For this implementation we use the Beckmann distribution function [Kat64] to

describe the dispersal of micro-facets on the surface (Equation 2.10, Figure 2.12).

DBeckmann(h, n) =
1

πa2(h · n)4
· e

((h · n)2 − 1

a2(h · n)2
)

(2.10)

where:

a = roughness

n = surface normal vector

h =
v + l

||v + l||
, halfway vector, equals to microfacet normal

Figure 2.12: Beckmann distribution function’s directionality and size of the lobe
signifies the direction and width of the specular highlight. (Images rendered using

Disney’s BRDF Explorer [DS13])
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• Fresnel

The Fresnel function describes the amount of light that reflects from a mirror

surface given its index of refraction. For this term we use the Schlick Fresnel

[Sch94] formula (Equation 2.11).

FSchlick(v, h) = F0 + (1− F0)(1− v · h)5 (2.11)

where:

F0 = reflectance at normal incidence which depends on the surface’s material properties

v = view direction vector

h =
v + l

||v + l||
, halfway vector, equals to microfacet normal

• Geometric Shadowing

The geometric shadowing term describes the shadowing originating from the micro-

facets. As this is dependent on their distribution, we employ Beckmann geometric

shadowing [Kat64] as well (Equation 2.12).

c =
n · v

a
√
1− (n · v)2

GBeckmann(v, n) =


3.535c+ 2.181c2

1 + 2.276c+ 2.577c2
c < 1.6

1 c ≥ 1.6

(2.12)

where:

a = roughness

v = view direction vector

n = surface normal vector

Diffuse BRDF

Although the Lambert BRDF [Lam60] is the simplest body reflectance model, it is

still widely used as its approximative results are sufficient for photo-realistic rendering.

According to this diffuse BRDF, an illuminated surface is equally bright from any point

of view (Equation 2.13, Figure 2.13).

BRDFdiffuse(x) =
p(x)

π
(2.13)

where:

p(x) = albedo, i.e. energy reflected, at point x on surface
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Figure 2.13: Lambert BRDF has no directional dependence and the size of its ”lobe”
(inner green circle), which is dependant on the surface’s point albedo, determines the
average amount of energy from all of the surface’s diffusion paths. (Images rendered

using Disney’s BRDF Explorer [DS13])

2.2.3 Irradiance Mapping and Monte Carlo Integration

In radiometry, irradiance accounts for the radiant flux, i.e. energy of electromagnetic

radiation, that is received by a surface per unit area (see Figure 2.11). For this effect the

irradiance that surfaces collect, is the radiant flux originating from the ambient lighting.

This light is derived from the environment information, which is comprised of several

textures assembled in a cube map, the sky box (mentioned in 1.3).

For this implementation, we take the surface material properties into consideration to

improve the quality and accuracy of the effect. As it will be explained further in 3.3,

to reduce the computational load of this technique, we pre-filter different levels of irra-

diance for the sky box textures, based on hard-coded roughness values. As information

”diffuses” in higher roughness levels, those irradiance maps should account for the con-

servation of energy of the environment textures. For the exact computation of each

irradiance level, we would have to use all of the texel information stored inside the pri-

mary cube map structure. This would be extremely time consuming even if we generated

and stored those levels only once for each appointed environment map.

Monte Carlo Integration [Sob94] is a numerical technique that could be utilized for the

estimation of each level of irradiance. Its concept is fairly simple and can be easily applied

in our case. According to theory, to approximate a definite, n-dimensional integral,

random samples are chosen over the integration domain, and the integral is calculated

based on the contribution of each of those samples weighted by their probability of

selection (for more information see [PJH17, chap. 13]). Hence, to apply this method

to our implementation, instead of using every texel’s information of the aforementioned

cube map, we perform randomized, uniform cone sampling in different parts of it to

estimate the contribution of its entire data set (detailed methodology in Section 3.3.3).
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Implementation

3.1 Experiments Setup

All of the following tests are performed on an Intel Core i7 6700K @ 4.00GHz CPU

and a Radeon R9 290 GPU rendered in a resolution of 1024x1024. However, note that

throughout the duration of this thesis, there have also been several tests on systems

with NVIDIA graphics cards (GTX980Ti).

3.2 Volumetric Lighting Implementation

In this subsection, we start by exploring XEngine’s assets used for the facilitation of the

effect’s production (Section 3.2.1). Next, we provide a detailed work-flow of our imple-

mentation containing the important parts, in which it is divided (Sections 3.2.3, 3.2.4

and 3.2.5). For each specific stage, we present multiple images illustrating concepts and

processes applied, comparative screen-shots of the virtual effect rendered by XEngine

and, finally, an algorithmic representation of its gradual development in pseudo-code.

3.2.1 XEngine’s Dependencies

In this thesis, one of our major goals is to construct an approximate replication of

the real-world light scattering phenomenon into a virtual world. As we mentioned in

the engine’s introductory segment (Section 1.1), the XEngine is can be a host to the

implementation of our graphical effects. Nevertheless, for the sake of completeness, in

the following paragraphs, we comment on pre-existing key engine components that this

engine possesses essential for the execution of the volumetric lighting effect.

21
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Post Process Effects

The XEngine contains multiple different techniques that were created over the years

by the AUEB Graphics Group. Programmatically, each one of those techniques is in-

serted as an inheritor of the main DRTechnique class and shares a range of common

properties and functions with the rest. As previously indicated, the volumetric Lighting

effect is typically implemented as a post process technique. The engine is prepared for

such occasions by including another general-purpose technique class named DRTech-

niquePostProcess that inherits the typical aforementioned attributes from its parent,

DRTechnique. Post process effects such as fog, tone mapping and volumetric lighting

are applied as sub-classes of this class. The generated objects are inserted into a hash

map, located in the DeferredRenderer class, that holds all activated effects, which are

used to render the final image. Every effect’s object contains one or more numerical ids

that associate it with its buffers. Those data structures contain texture information (e.g.

the 2-dimensional off-screen image mentioned in 1.2) that is essential to their holders

operation. For every individual frame, those buffer’s internal values are mostly updated

and alternately blended to produce the final result that is ultimately displayed on the

screen.

Lighting System

The volumetric lighting technique could not operate without the use of a lighting system.

This engine provides a light manager and a variety of light source types to choose from.

For the purposes of this thesis, we use spot lights, as they are sufficient for a realistic

approximation of the phenomenon. Spot lights are a subcategory of point lights that can

closely approximate their actual real world counterparts. They have properties such as

their source’s position and target, their luminous flux and the geometric shape by which

their light is emitted, which can be either conical or pyramidal. Finally, by granting

access to any light in the scene, at any point, the light manager not only facilitates the

overall development of the effect, but also provides us with the opportunity to expand

the implementation for multiple concurrent active spot lights.

The Scene Graph

The SceneGraph library is utilized for the purposes of element declaration, such as

geometry, transformations and effects, either by parsing an XML file containing Scene

Description Language or via the usage of a C API, named XEAPI, that communicates

directly to the SceneGraph API through a wide variety of function calls. The information

that is gathered for each of those elements is stored in internal asset manager objects

and used by other parts of the engine such as the associated techniques’ objects for

their shader parameterization. The VolumetricLightingEffect is one of those manager

classes responsible for the preservation and accessibility of the currently active volumetric



23 Chapter 3 Implementation

lighting effect’s attributes. An example of this effect’s declaration in Scene Description

Language is shown in Figure 3.1.

Figure 3.1: Example of basic scene description language and volumetric lighting
parameterization. (Image rendered using XEngine [PV13])

Previewing Functionality

Another powerful tool included in XEngine is its previewing functionality. This mech-

anism provides means for easier debugging and quality evaluation of elements such as

effects and lights. When enabled, the previewer operates by displaying particular buffer

texture data onto the screen. By cycling through loaded buffers, we are able to visu-

alize the internal values of the scene depth buffer, shadow maps, occlusion maps and

many more items and to determine whether they are implemented correctly or not. For

volumetric lighting as we mentioned above, the data of the effect is stored in a volumet-

ric lighting intermediate buffer. Therefore, this structure, containing the light volume

information separated from the rest of the scene, can be displayed via the previewer

(example Figure in 3.2). This is beneficial for the technique’s debugging and quality

assessment.

Figure 3.2: Example of previewing functionality. Left: Final result displayed on the
screen. Right: Isolated Volumetric lighting information visualized via the previewer.

(Images rendered using XEngine [PV13])
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3.2.2 Approximating the Volumetric Rendering Equation

In volumetric lighting, we seek to identify and distinguish the volume covered by the

light’s cone of influence in the 3-dimensional space. This light volume is defined as the

space in which light constantly travels through and occupies a 3-dimensional integral

of a potentially ever-changing and complicated geometrical arrangement. As discussed

in Section 2.1.1, to achieve a physically correct approximation of the energy flow and

interactions between light and participating media inside this space/volume we would

have to use the volume rendering equation. However its exact calculation can prove to

be rather difficult or even computationally impossible for real time rendering. Therefore,

to achieve the effect of volumetric lighting we use sampling by tracing the scene to define

the light volume bounds (Section 3.2.3) and then for each of those samples we utilize

several mathematical concepts (discussed in Section 2.1 and applied in Section 3.2.4) to

simulate the various physical properties that the volume rendering equation normally

accounts for (e.g. attenuation, phase function, e.t.c).

3.2.3 Light Volume Bounds

As a first approach to create the volumetric lighting effect we use the sampling method

proposed in [Cor08]. This procedure manages to approximate a light volume, i.e. a

3-dimensional integral, by a form of randomized sampling. During the construction of

each frame, we begin by tracing each pixel of the view-port from the camera, up to the

first intersection with either a scene object or the furthest point in its path, currently

rendered in the virtual world (Figure 3.3).

Figure 3.3: Green arrows represent the sampling rays. Traces begin from each pixel
of the view-port and end up to either the camera’s far plane or an intersecting object.
Therefore, even though they have an equal amount of samples, their length is not the

same.
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As already mentioned in our introduction to volumetric lighting (see Section 1.2), this

specific effect is done in post process which means that to reconstruct each trace’s

intersection point we are required to use the scene depth buffer (see following Figure

3.4).

Figure 3.4: Scene depth buffer visualized via the previewer. Left: Final result dis-
played on the screen. Right: Depth Buffer values (0 to 1), determine the depth of the
pixel. Darker pixels are closer than brighter ones. (Images rendered using XEngine

[PV13])

Next, we accumulate illuminated samples based on the shadow map comparison as shown

in Figure 3.5 (and similarly to the way we discussed in the beginning of Section 2.1.5).

Figure 3.5: Red arrow represents the ray traced through each camera pixel. If a
sample’s distance from light is smaller than the corresponding shadow map texel value,

the sample contributes to the volumetric equation integral, otherwise it does not.

Each lit sample adds to the final intensity of the pixel making the light shafts visible.

Even though we use the same number of samples for all integration intervals, not all of



26 Chapter 3 Implementation

them have equal length (as shown in Figure 3.3). Therefore, to equalize the result for

every pixel, we need to take the distance between adjacent samples into consideration.

Also, note that since the effect works with spot lights (see Lighting System in Section

3.2.1), we also have to examine the fact that some of them may have a conical form

of emission instead of pyramidal. On that account, we need to adjust every sample’s

contribution to the final intensity of the pixel based on the spot effect (all results are

sequentially depicted in Figure 3.6).

Figure 3.6: Left: Scene without volumetric lighting. Middle-Left: Simple emergence
of light shafts. Middle-Right: Distance between adjacent samples contribution in the
calculations. Right: Consideration of the spot effect. (Images rendered using XEngine

[PV13], Model acquired from: [Tec15])

Finally, in Algorithm 1, the pseudo-code describes the aformentioned basic operations

performed on the effect’s fragment shader.

Algorithm 1 Volumetric Lighting Fragment Shader

1: trace start← camera position

2: Reconstruct trace end using the scene’s depth buffer

3: light factor ← 0

4: for all samples on trace do

5: Estimate shadow factor using the shadow map (nearest shadows → 0 or 1)

6: light factor ← light factor + step distance · spot effect · shadow factor

7: end for

8: out color ← light factor · light color

3.2.4 Approximation of Physical Properties

Despite having a satisfactory approximation for the light volume bounds from the rest of the

scene, the simple emergence of those light shafts is not an accurate representation of the real world

physical phenomenon, since it does not account for light’s physical properties. The following

sections, focus on how the application of those concepts can greatly improve the realism of our

implementation.

Light Scattering Phase Functions in Volumetric Lighting

As stated in the Section 2.1.2, light’s collision with dispersed particles causes different scattering

events such as, back, forward and isotropic scattering. In our implementation, to approximate
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such occurrences, we use the phase functions to adjust each sample’s contribution based on the

factors that influence them.

The Henyey-Greenstein scattering phase function (Equation 2.2) is shown in Figure 3.7.

Figure 3.7: Left: Back scattering example, g = -0.7. Middle: Isotropic scattering
example, g = 0. Right: Forward scattering example g=0.7. (Images rendered using

XEngine [PV13])

The Schlick scattering phase function (Equation 2.3) is shown in the following Figure 3.8.

Figure 3.8: Left: Back scattering example, k = -0.7. Middle: Isotropic scattering
example, k = 0. Right: Forward scattering example k=0.7. (Images rendered using

XEngine [PV13])

The Rayleigh scattering phase function (Equation 2.4) is shown in Figure 3.9.

Figure 3.9: Intensity scaling examples of Rayleigh Scattering. (Images rendered using
XEngine [PV13])
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The Lorenz-Mie phase functions (Equations 2.5 and 2.6) are shown in the following Figure 3.10.

Figure 3.10: Left: Lorenz-Mie murky. Right: Lorenz-Mie murky. (Images rendered
using XEngine [PV13])

Phase Function Animation

As shown in the previous section, there are coefficients in phase functions, responsible for light’s

ultimate behavior during a scattering event. In the real world, those operations can be a lot

more complicated and dynamic, creating visible real-time changes in different parts of the light

beams. To simulate those alterations in our virtual world, we can dynamically adjust those

coefficients over time and location, to create an observable animation inside our light volumes.

That way we can achieve a more aesthetically pleasing replication of the physical phenomenon

(Figure 3.11).

Figure 3.11: Left: Real world movement of particles inside a light beam. Right:
Phase function animation by adjusting scattering direction coefficients. (Left Image

source: [E.m07], Right Image rendered using XEngine [PV13])

Volumetric Lighting Attenuation

In 2.1.3, we discussed light’s attenuation caused by its loss of energy, originated in collisions

between photons and participating media. To mathematically apply this to our approximation,

we are required to consider the two following situations. First of all, we need to calculate light’s
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attenuation from its source up to its scattering point with regards to light’s luminous power.

In our implementation, we consider that every lit sample, i.e. every accumulated point inside

the light’s volume, is a scattering point. Secondly, the space outside light’s volume contains

participating media too, therefore, we should account for the fact that scattered photons may

interact with it and lose even more energy. Hence, we extend light’s attenuation equation to

include everything mentioned above. The Equation we use is 3.1 which produces even more

physically accurate results (Figure 3.12).

LA(x, l) = e
−
x

l

Lflux(f, φ, x) =
f

2π(1− cosφ)x2

Total Attenuation(x1, x2, l, f, φ) = LA(x1, l)Lflux(f, φ, x1)LA(x2, l)

(3.1)

where:

LA = light’s attenuation

Lflux = light’s luminous power

x1 = distance between light’s source and scattering point

x2 = distance between scattering point and viewer

l = medium’s optical thickness

f = light’s flux

φ = half angle of light’s cone

Figure 3.12: Left: No light attenuation. Middle-Left: Light attenuation, optical
thickness = 7.5. Middle-Right: Light attenuation, optical thickness = 15. Right: Light

attenuation, optical thickness = 22.5. (Images rendered using XEngine [PV13])

The changes in pseudo-code are shown in Algorithm 2.
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Algorithm 2 Volumetric Lighting Fragment Shader

1: trace start← camera position

2: Reconstruct trace end using the scene’s depth buffer

3: light factor ← 0

4: for all samples on trace do

5: Estimate shadow factor using the shadow map (nearest shadows → 0 or 1)

6: Dynamically update phase function coefficients for phase function animation

7: Use appointed function to calculate phase function (Equations 2.2, 2.3, 2.4, 2.5)

8: Calculate total light attenuation using Equation 3.1

9: light factor ← light factor + step distance · spot effect · shadow factor ·
phase function · total light attenuation

10: end for

11: out color ← light factor · light color

3.2.5 Quality and Performance Optimization

So far, we have managed to construct an adequate approximation of the real-world light scattering

phenomenon. XEngine provides a functionality to measure the performance of any active effect

in our virtual world. As shown in Figure 3.13, to achieve a satisfactory result, the effect has a

substantial impact on our hardware’s real-time rendering capability. The following subsections

describe the way to accomplish the optimal balance between quality and performance, by the

optimization of specific items and procedures utilized in the implementation.

Figure 3.13: Left: 100 samples per sampling ray [FPS:47 Effect time:0.9ms] (substan-
dard). Middle-Left: 200 samples per sampling ray [FPS:46 Effect time:1.16ms] (sub-
standard). Middle-Right: 500 samples per sampling ray [FPS:42 Effect time:2.91ms]
(adequate - there is still visible banding). Right: 1000 samples per sampling ray [FPS:35

Effect time:7.94ms] (perfect result). (Images rendered using XEngine [PV13])

Buffer Optimization

As noted in XEngine’s utilized assets, in the post process effects segment (3.2.1), the texture

containing the information of the volumetric lighting effect, is stored individually inside a par-

ticular buffer, before entering a stage where it is blended to produce the final result. We can

make full use of this feature by adjusting the volumetric lighting buffer to a lower resolution,

thus reducing the computations per frame required to create the effect. Figure 3.14 shows the

buffer size influence on the implementation’s performance. Our desired objective is the balance
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between quality and performance, therefore, a buffer reduction of 50% is probably the ideal

choice.

Figure 3.14: Buffer reductions: Top-Left: 90% [FPS:81 Effect time:0.57ms].
Top-Middle: 75% [FPS:75 Effect time:1.44ms]. Top-Right: 50% [FPS:62 Effect
time:4.37ms]. Bottom-Left: 25% [FPS:50 Effect time:8.41ms]. Bottom-Right: 0%

[FPS:40 Effect time:13.13ms]. (Images rendered using XEngine [PV13])

In the two previous examples, we saw that keeping the number of traced rays low (image-space

resolution) and the per-ray sample count low, both incur a substantial degradation of image

quality, with most notable the banding artifact of the latter case (Figure 3.14). Banding is

also evident in locations where the volumes are quite thin (see Figure 3.15), when image-space

sub-sampling is utilized. To combat such implications, we create jittering on the sampling rays.

This process generates noise on the volumes, by introducing variability to the position on the

trace that each individual sample has, based on their UV-coordinates and the engine’s run time.

Consequently, flaws originated by both the buffer’s resolution reduction and small amount of

per-ray samples are masked, however note that the noise may be distinguishable.

Figure 3.15: Left: Before jittering. Right: After jittering. (Images rendered using
XEngine [PV13])
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At the beginning of this section, we mentioned that the effect is initially stored at the volumetric

lighting buffer and then enters the blending phase. The way the buffers combine is by additive

blending, where the final texture appearing on the screen is the result of the addition of each of

the buffers’ corresponding UV-coordinated texel values. In 2.1.4, we discussed that by utilizing

a certain blurring algorithm, we can conceal visible noise in our implementation. So, for a final

optimization on the buffer, we apply the Gaussian blur image processing technique (Algorithm

3) on the volumetric lighting effect’s texture before the additive blending is performed. The

results are shown in Figure 3.16.

Algorithm 3 Volumetric Lighting Blend Fragment Shader - Gaussian blur (single pass, 5x5, s = 1)

1: weights ← (0.003765, 0.015019, 0.023792, 0.015019, 0.003765, 0.015019, 0.059912, 0.094907, 0.059912, 0.015019,
0.023792, 0.094907, 0.150342, 0.094907, 0.023792, 0.015019, 0.059912, 0.094907, 0.059912, 0.015019, 0.003765, 0.015019,
0.023792, 0.015019, 0.003765)

2: Get scene color from the other buffer using current texture coordinate
3: weight counter ← 0
4: light volume color ← 0
5: for i← −2 to 2 do
6: for j ← −2 to 2 do
7: light volume color← light volume color+get vl color(current texture coordinate+

(i, j)) · weights[weight counter]
8: weight counter ← weight counter + 1
9: end for

10: end for
11: out color ← scene color + light volume color

Figure 3.16: Left: Visible noise before Gaussian Blur. Right: Most of noise is hidden
after Gaussian Blur. (Images rendered using XEngine [PV13])

Sampling Optimization

So far, for sampling we have followed the ”naive” approach of tracing every pixel up to its first

intersection point (as described in Section 3.2.3). This method may be adequate for many simple

examples, however, its simplistic nature has many disadvantages. First of all, it occasionally

creates lengthy traces that extend all the way up to the furthest point in their direction, currently

rendered in the virtual world. That affects the quality of the light volumes as samples are so
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widely dispersed into space that their distribution does not reflect the importance of the sampled

medium portion, in turn causing severe banding in extreme cases. Moreover, traces cover area

that is useless and can be easily skipped, consuming samples that could be utilized for the light

volumes. While every one of the above problems could be solved by dramatically increasing

the number of samples, the detrimental effect this action would have in the implementation’s

performance makes it an unacceptable solution.

One way to tackle those issues with inconsiderable computational cost, is to limit the sampling

interval only inside the light volume. As mentioned before, the spot-light emits a pyramid of

light in the scene. Our goal is to isolate those traces inside the pyramid and perform sampling ex-

clusively within this space. Obviously, this pyramid structure can be divided into six triangles.

Therefore, this becomes a ray-triangle intersection problem. Each sampling ray can intersect

with zero, one or two triangles of this pyramid structure. Note that to define the amount of

intersections a sampling ray has with the pyramid, we use its starting location and direction

vector. In other words, for those geometric calculations, collisions with the pyramid can happen

even if there are physical obstacles obstructing them. We should account for such occasions, by

comparing the ray’s initial starting and ending points to those intersection points, to avoid any

impossible scenarios. In case of zero intersections, we simply skip the current ray. One inter-

section means that the tracing begins from inside the light pyramid. Finally, two intersections

indicate that the sampling ray begins outside the pyramid and probably (as mentioned before,

it can also be obstructed) passes through it. The way we clip the tracing interval according to

the number of intersections is described in more detail in Algorithm 4. The results are shown in

Figure 3.17.

Figure 3.17: Left: Before clipping, 50 samples per sampling ray [FPS:75 Effect
time:1.88ms]. Right: After clipping, 50 samples per sampling ray [FPS:68 Effect

time:3.12ms]. (Images rendered using XEngine [PV13])
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Algorithm 4 Clip Sampling Ray inside Light Volume

1: Calculate number of intersections and return the first intersection point and

last intersection point // see Figure 3.18 for each case

2: if number of intersections = 0 then

3: return FALSE // case A

4: else if number of intersections = 1 then

5: if first intersection point is closer than trace end then

6: trace end← first intersection point

7: return TRUE // case B

8: else

9: return TRUE // case C

10: end if

11: else if number of intersections = 2 then

12: if last intersection point is closer than trace end then

13: trace start← first intersection point

14: trace end← last intersection point

15: return TRUE // case D

16: else if first intersection point is closer than trace end AND last intersection point

is further away than trace end then

17: trace end← last intersection point

18: return TRUE // case E

19: else if first intersection point AND last intersection point are both further

away than trace end then

20: return FALSE // case F

21: end if

22: end if

Figure 3.18: All cases of sampling ray clipping. Case A: Zero intersections - no clip-
ping and no sampling. Case B: One intersection - intersection point is new trace end.
Case C: One intersection - no need for clipping. Case D: Two intersections - first and
second intersection points are the new trace start and trace end points respectively.
Case E: Two intersections - first intersection is new trace start. Case F: Two intersec-

tions - no clipping and no sampling.
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In the previous paragraph, we implemented a way to clip the sampling rays, to avoid collecting

purposeless samples around the space of the light volume. One more optimization that can be

applied on the sampling procedure concerns the valid samples in the clipped interval. As we

already mentioned, those volumes can be complex and ever-changing. There may be dispersed

parts inside those volumes, totally submersed in shadow. If a sample’s contribution to the result

is zero, i.e. is unlit, we simply skip it. Even though, this may appear as an insignificant step for

optimization, the results shown in Figure 3.19 prove otherwise.

Figure 3.19: Sampling shadow skipping (same visual results) Left: Before unlit sample
skipping [FPS:25 Effect time:16.11ms]. Right: After unlit sample skipping [FPS:29

Effect time:10.36ms]. (Images rendered using XEngine [PV13])

Shadow Map Optimization

A final quality optimization, involves the process in which samples contribute to the result. In

3.2.3, we discussed that the way to determine whether a sample is illuminated or not, is to

compare its location with the shadow map. As specified in Section 2.1.5, the shadow map’s low

resolution can cause visible aliasing along the shadow’s edges. In the volumetric lighting effect,

this can translate to aliased light shafts.

Therefore, by applying the shadow blur with percentage closer filtering during the comparison

process of the sample’s position with the shadow map, we can estimate each sample’s percentage

contribution to the final intensity of the light shaft. This way, we exploit PCF to anti-alias

the volumetric effect transitions. Similar to how this algorithm normally operates, it creates a

”gradient” (3-dimensional) of different intensities along the light volume’s borders, smoothing

out and anti-aliasing the final result (Figure 3.20).
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Figure 3.20: Left: Before percentage closer filtering [FPS:44 Effect time:2.04ms].
Right: After percentage closer filtering [FPS:41 Effect time:3.72ms]. (Images rendered

using XEngine [PV13])

Algorithm 5 Volumetric Lighting Fragment Shader (Final)

1: trace start← camera position

2: Reconstruct trace end using the scene’s depth buffer

3: light factor ← 0

4: Use Algorithm 4 to clip the sampling ray and return sampling required

5: if sampling required = TRUE then

6: for all samples on trace do

7: Jitter the position of the sample on the trace to produce noise

8: Estimate shadow factor using the shadow map (pcf shadows → 0 to 1)

9: if shadow factor > 0 then

10: Dynamically update phase function coefficients for phase function animation

11: Use appointed function to calculate phase function (Equations 2.2, 2.3, 2.4, 2.5)

12: Calculate total light attenuation using Equation 3.1

13: light factor ← light factor + step distance · spot effect · shadow factor ·
phase function · total light attenuation

14: end if

15: end for

16: end if

17: out color ← light factor · light color

3.3 Environment Mapping Implementation

Our approach to environment mapping differs from the one of volumetric lighting. For the latter,

the code we presented in its implementation was purely executed on the GPU, i.e. graphics

processing unit, side of our hardware. For environment mapping, the use of the computer’s
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CPU, i.e. central processing unit, is also important. This is due to the following reason. Each

environment inside the virtual world is stored in a form of a cube map of textures and to construct

a scene object’s environment-mapped reflection, we simply draw the correct part of this skybox

on it. However, to account for the distortions caused by scattered reflections on rough surfaces,

we need to either perform some sort of sophisticated randomized sampling of this cube map on

the spot (meaning for every frame and for each pixel that is a part of those surfaces), or we

could simply apply the method discussed in 2.2.3 for every aforementioned textures, to generate

various new ones corresponding to specified roughness levels. Then, according to the surface’s

roughness, we interpolate between those textures to produce the desired reflection. The second

option is preferable, as this pre-filtering process is performed only once in the CPU side of the

hardware and the resulting textures can be reemployed for any times of the effect’s execution.

In environment mapping, we begin with an overview of the engine’s components used for the

construction of the effect, including extensions that we performed on them, to permit the CPU

utilization that is required as mentioned in the previous paragraph (Section 3.3.1). Then, we

construct the skybox data structure that hosts the scene’s environment information (Section

3.3.2). Next we perform the pre-filtering process, to account for the levels of irradiance for

the environment map’s textures based on several hard-coded roughness values (Section 3.3.3).

Finally, on the graphics card side of the implementation, we provide an explanation of how

BRDF is finally integrated, to account for the surfaces material properties (Section 3.3.4).

3.3.1 XEngine’s Dependent Components and Extensions

Apart from some of the assisting assets described in Section 3.2.1 that facilitate with the con-

struction of environment mapping, similarly to the volumetric lighting implementation, XEngine

provides a few additional basic functions that can both be extended and utilized. Subsequently,

we specify how we employed already discussed and newly mentioned features of this engine to

achieve the final desired result.

Ambient Pass

Environment mapping is responsible for the reflections of the scene’s ambient information on

surfaces. Contrary to volumetric lighting, which is introduced to the engine as a new post

process technique, environment mapping is integrated as a code extension to the ambient lighting

technique’s class. This technique was initially created to perform the ambient render pass which,

based on several of its shader parameters, produced an imitation of the real world environment

lighting.

Nodes

XEngine’s SceneGraph contains a Node3D class for parameterization, dynamic events, messag-

ing and grouping which acts as a predecessor to the graph’s nodes. A few of them, concern

essential elements such as the camera, the user, events e.t.c. Some effects that could possibly

require real time parameterization are also created as nodes, e.g. lights, tone-mapping and en-

vironment mapping. Each node possesses its own exclusive attributes and a range of important

shared ones, inherited from its predecessors. Those characteristics can be updated anytime, by
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an event caused by a trigger, or by a message manually sent by the user. For example, in envi-

ronment mapping we could manually alternate between different sky-boxes/environment maps,

or we could even change them dynamically, by proximity triggers when the user enters or exits

predetermined areas. For this implementation, we have created two node classes. The first is the

EnvironmentMap3D class, which is responsible for the skybox’s cube map texture specification

and loading. The second one is the SkyMap3D class, which acts as the indicator of the current

active environment map node, for the purposes of having multiple available environments for the

scene.

Texture Manager

The way this engine handles its textures operations, is by the use of the FreeImage library

[Ima03]. The Texture class is able to perform functions calls to the FreeImage’s API to load,

store and delete most of the types of image data. It is also able to upload each texture to

the GPU, in order to be sampled by the engine’s shaders. The main class responsible for the

texture handling is the TextureManager. This class works as an interface to register, generate

and unload the specified texture data at any point of the engine’s execution. In Section 3.3,

we mentioned that for our construction of the effect, we use several cube maps to represent

the skybox information and the different irradiance levels. Therefore, in order to achieve that,

we extend the capabilities of both of those classes to include the loading, deletion and GPU

uploading of cube map textures.

3.3.2 Environment Cube Map Construction

As stated earlier, the way we selected to represent the environment or ambient information of

the virtual scene is by a data structure, typically called a skybox. This is a cube map, which is

a 3-dimensional box of 6 textures where each of them is faced inward. The textures we use for

this implementation are acquired from [Mak11] for free and follow a specific naming convention

displayed in Figure 3.21.

Figure 3.21: Orientation and naming conventions of the skybox textures.

To upload this data structure to the GPU for rendering, we first load the texture in the engine

by employing its texture loader functionality we mentioned in the previous section. Then, we
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adjust every face’s orientation to match the one shown in 3.21. Finally we utilize OpenGL’s

cube map texture configuration to create the unique id that points to the skybox data that is

later on sampled from the graphics card to display the final result shown in Figure 3.22.

Figure 3.22: Skyboxes rendered in XEngine. (Images rendered using XEngine [PV13])

3.3.3 Mip-Mapping Based on Roughness

Briefly, Mip-Mapping is the sequential storing pre-filtered versions of a texture, in order to

improve rendering time and reduce visible aliasing artifacts. The dimensions of each level in the

mip-map is lower by a power of two from the previous level (Figure 3.23).

Figure 3.23: Mip-Mapping illustrative example.

As mentioned in 3.3, to reduce this implementation’s computational cost resulting from calcu-

lating a surface’s ambient reflection, we generate and store multiple textures according to the

information of the environment’s cube map data. Those are divided in levels of detail, also

known as LOD in mip-mapping, shown in Figure 3.24. However, instead of simply down-scaling

the information by a factor of two, the mip levels are here carefully crafted to represent sampled

versions of the original environment map at distinct and non-linearly spaced roughness levels.

Each mip map is constructed by separately sampling the original environment map using an im-

portance function discussed below and not by averaging the values of the lower-level mip map.

The importance function for the sampling directions distribution over the hemisphere is driven

by the micro-facet distribution function of the specular BRDF we discussed in 2.2.2.
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Figure 3.24: First column: The resolution of each level. Third and Second columns:
The roughness - Beckmann BRDF lobe aperture correspondence was estimated using
the graph depictions from [DS13]. Fourth column: The sampling cone’s radius for each

level of irradiance (see Figure 3.25 for its calculation).

With OpenGL, we could perform mip-mapping on the cube map to construct a data structure

that contains both the primary textures of the skybox and all of the different irradiance maps.

With its first level, we could depict the scene’s background and perfect reflections on highly

specular surfaces and the rest of the levels could be interpolated to achieve most of the possible

reflections, based on the surface material properties.

Before Mip-Mapping the skybox’s cube map though, we first need to generate the aforementioned

levels based on the primary environment textures. Each of those levels contain their own cube

map/irradiance map, with the necessary corresponding textures and as stated in the previous

paragraph, their resolution is lower by a power of two from the previous level (Equation 3.2).

res(l) =
r

2l
; (3.2)

where:

l = current level

r = primary texture’s resolution

As we discussed in Section 2.2.3, to calculate the different irradiance levels of the environment’s

textures we use the Monte Carlo Integration technique to estimate the contribution of all the

directions, based on a number of random samples and their statistical mean. For each texel

of every generated texture (i.e. for each irradiance integral hemisphere orientation) and for

all the levels required, we perform cosine weighted and uniformly randomized cone sampling

on the main environment map (the skybox) to gather color information. Instead of crafting a

complex distribution based on the BRDF response, we opted to find the optimal window over

the hemisphere in which the BRDF has a non-negligible contribution, and perform uniform or

cosine weighted sampling in it. In other words, we constrain the sampling within a cone centered

at the normal hemisphere direction and spanning the part of the hemisphere with significant

radiance contribution. This way, we decouple the specific BRDF from the sampling process,

while not wasting samples on a naive cosine sampling of the entire hemisphere, when this is not
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contributing to the integral. The cone’s radius for each level is different and depends on the

previously mentioned hard-coded roughness values (see Figure 3.24).

To estimate the irradiance of each texel, we need to multiply each sample’s contribution to

its inverse probability. Uniform cone sampling can be reduced to a problem of uniform disk

sampling (see [Wei17a] and [Wei17b] for more technical details) as the total number of random

direction vectors that begin from the cone’s apex and are confined inside it are equal to its disk

base’s number of points. Therefore, the probability is the same for every sample and is equal

to 1/πr2, where r is the radius of the cone’s disk base. As shown in Figure 3.25, to simulate

the effect that the surface material properties have on the level of diffusion of each particular

irradiance map, the disk’s radius r is equal to tanθ where θ is the lobe ”aperture” (empirically

- this aperture defines the angle range of the BRDF micro-facets) of the Beckmann BRDF for

each corresponding irradiance map/roughness level (as previously depicted in Figure 3.24). To

create all the different environment map levels we use the following Algorithm 6.

Figure 3.25: Cone radius r = 1 · tanθ where theta is equal to the Beckmann BRDF’s
lobe aperture for each specific LOD (see Figure 3.24)

Algorithm 6 Irradiance Level Pre-filtering

1: for all levels do

2: for all cube faces do

3: Calculate level dimensions based on Equation 3.2

4: cone radius value is based on current LOD (see Figure 3.24)

5: inv pdf ← π · cone radius2

6: for all texels of the cube face do

7: for i← 0 to number of samples do

8: Get a new cosine weighted color sample from the environment map using

randomized cone and add it to the texel’s color sum

9: end for

10: end for

11: color sum← color sum/number of samples · inv pdf

12: Write color sum to the current texel of the generated irradiance texture

13: end for

14: end for
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This part of the environment mapping implementation is probably the most computationally

expensive and is performed in the CPU side of the hardware. Thus, we could use multi-threading

to decrease the total generation time. There are many ways to parallelize this problem, however

for this implementation we chose to split each texture’s data into subsets that are handled from

each of the available cores in the computer’s CPU. The application of this optimization on the

generation of the irradiance maps resulted in a reduction of 80% of the initial required processing

time (example of test case for 200 random samples: 150 seconds → 30 seconds).

So far, we have managed to efficiently produce all the essential textures for the replication of

the greatest part of the environment reflections. The number of samples greatly influences the

time of generation and quality of the textures, however, as the resolution at each higher levels

drops to lesser values, this impact is diminished rapidly. Moreover, as seen in Figure 3.24, the

angle of the sampling cone increases accordingly with each next level, demanding more samples

for the method to be precise. Therefore, the total number of samples should increase with each

next LOD.

3.3.4 Surface Reflections and integration of the BRDF

For the main GPU utilization part of the environment mapping technique, as a code base, we

begin with a construction of perfect or mirror reflections. As described in Section 2.2.1, highly

specular reflections have equal incident and reflection angle. Results are depicted in Figure 3.26.

Figure 3.26: Mirror reflections on the surfaces of the scene’s objects. (Images rendered
using XEngine [PV13])

We have already described that real world environment reflections are comprised from both

specular and glossy reflections. The level of diffusion of light on rough surfaces is based on their

material properties. In the previous section, we managed to generate different mip levels of

textures that are stored as irradiance/roughness levels, in the same data structure that contains

the primary environment map. Those LOD are divided, depending on the surface’s roughness.

Therefore, to accurately represent glossy reflections we use the same process that was applied for

specular reflections, but instead of sampling the main skybox/environment map we interpolate

between the other LOD according to the surface’s roughness value.
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Figure 3.27: Rough reflections on the surfaces of the scene’s objects. Notice that
there is an energy imbalance since the material surfaces have not yet been accounted

for. (Images rendered using XEngine [PV13])

In Figure 3.27 we notice that there is no actual conservation of energy on the surfaces of the

objects. This is due to the fact that, so far, we have only accounted, through the pre-filtering

process we described in 3.3.3, for different levels of irradiance on surfaces originating from envi-

ronment lighting. We have not yet taken into consideration how material properties at each part

of the surface actually affect the energy distribution. To achieve this we integrate the method

described in 2.2.2 into this implementation. Algorithm 7 is applied and produces the results

depicted in Figures 3.28 and 3.29.

Figure 3.28: Energy conservation is correct after the BRDF integration. (Images
rendered using XEngine [PV13])

Figure 3.29: More complicated geometry and surface roughness distribution. (Images
rendered using XEngine [PV13])
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Algorithm 7 Environment Mapping Fragment Shader (Final)

1: if current dept = 1 then

2: Use the cube map color[0] values as the out color to display the skybox

3: else

4: Interpolate between the roughness hard-coded values to calculate mip level

5: Utilize Algorithm 8 to calculate microfacet brdf

6: out color ← cube map color[mip level] ·microfacet brdf

7: end if

Algorithm 8 Micro-facet BRDF

1: Calculate distribution function using Equation 2.10

2: Calculate fresnel using Equation 2.11

3: Calculate geometric shadowing using Equation 2.12

4: Calculate specular brdf using distribution function, fresnel and geometric shadowing

in Equation 2.9

5: Calculate diffuse brdf using Equation 2.13

6: return specular brdf + diffuse brdf



Chapter 4

Evaluation and Future

Improvements

In this work, two lighting techniques were implemented and optimized using various mathemat-

ical concepts and procedures. Note that the methods we have followed so far have not been

extensively assessed. Consequently, in this chapter, we evaluate each specific component of the

overall process in order to determine whether its impact on the balance between performance

and quality is positive. Finally, we examine future improvements and extensions that could be

applied to further optimize and enhance both of the effects.

Volumetric Lighting Evaluation

Volumetric lighting implementation work-flow evaluation (100 samples per traced ray):

Figure 4.1: Geometrical distinction, step distance and spot effect consideration.

45
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Figure 4.1: Even though the results are physically incorrect, this stage is the stepping stone

to construct the effect of volumetric lighting. Every method utilized here is essential for the

formation of pyramidal or conical light volumes and the normalization of samples’ contribution

(see Figure 3.3).

Figure 4.2: Phase functions.

Figure 4.2: As discussed in Section 2.1.2, every phase function has its own, specific purpose.

Although all of those functions had roughly the same negligible computational cost, their con-

tribution to the effect’s quality was extremely positive as they could be utilized to approximate

a great part of light scattering phenomena.

Figure 4.3: Phase function animation.
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Figure 4.3: Animation by adjusting the phase function’s scattering coefficients did not produce

very realistic results. It had an overall negative influence on the balance between performance

and quality. Especially considering the fact that it caused almost 50% increase in the time

required to compute the effect.

Figure 4.4: Light attenuation.

Figure 4.4: Similarly to phase functions, light attenuation is also necessary to make the effect

more physically correct. Because of its complicated mathematical equation (Equation 2.7), it

causes an increase of 25% on the required time.

Figure 4.5: Buffer reduction.
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Figure 4.5: As explained in Section 3.2.5 and as shown in Figure 3.14, a buffer reduction of 50%

is the optimal choice. We can verify this in this example too as we notice approximately 75%

reduction of the effect’s computation time with little impact on the quality.

Figure 4.6: Sample jittering.

Figure 4.6: The noise generated from jittering manages to mask some of the imperfections caused

by low amount of samples or reduction of the volumetric lighting buffer’s resolution.

Figure 4.7: Gaussian blur.

Figure 4.7: In its turn Gaussian blur smoothens the noise created by the jittering of samples,

improving the overall quality of the effect.
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Figure 4.8: Sampling ray clipping.

Figure 4.8: Clipping the sampling ray is extremely beneficial to this implementation. However

it is not obvious in this example (see Figure 4.12).

Figure 4.9: Dark sample skipping.

Figure 4.9: This example’s light volumes are dispersed. Therefore, the benefits of skipping a

dark sample’s calculations are apparent.
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Figure 4.10: Shadow blur with percentage closer filtering.

Figure 4.10: Finally, we notice the positive influence of percentage closer filtering as it anti-aliases

the light volumes.

Figure 4.11: All stages (excluding animation) displayed sequentially. From top left
to bottom right.

In Figure 4.11, the stages, expect phase animation, are displayed sequentially to show the per-

formance and quality changes (near spectator).
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Figure 4.12: Left side: Clipped. Right side: Not clipped.
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Figure 4.12 proves that clipping the sampling ray is the best optimization for this effect. In this

example, with only 50 samples (3.12 ms), we can achieve results that required 500 samples (13.7

ms) prior to clipping.

Figure 4.13: All stages (excluding animation) displayed sequentially. From top left
to bottom right.

In Figure 4.13, the stages, expect phase animation, are displayed sequentially to show the per-

formance and quality changes (distant spectator).

Volumetric Lighting Future Improvement

• More types of light sources:

In XEngine, apart from spot lights, there are parallel and omni-directional types of lights.

A future extension for this implementetion would be to include this effect to all of the

above-mentioned light sources.
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• Improve phase function animation quality or integrate a particle system:

Phase function animation could be further improved and optimized. Alternatively, to

reduce complexity of this issue, we could integrate a particle system in the engine to

simulate the participating media inside the light volume. We could then combine both of

those techniques to create realistic animations of the movement of such particles.

• Depth sensitive Gaussian blur:

Gaussian blur in conjunction with buffer resolution reduction and jittering is probably one

of the best optimization processes we employed in volumetric lighting. However, notice in

Figure 4.14 that in depth changes, this technique causes extreme blurring. This originates

from mixing non light volume information with the light shafts. To combat this issues, we

could apply some sort of depth sensitive Gaussian blur to avoid blending data near those

areas.

Figure 4.14: Extreme Blurring in depth changes.

Environment Mapping Evaluation

Environment mapping irradiance map pre-filtering evaluation:

Figure 4.15: Irradiance map results for different samples and generation time. Top-
Left: [20 samples, 3 seconds]. Top-Middle: [50 samples, 7 seconds]. Top-Right: [100
samples, 14 seconds]. Bottom-Left: [200 samples, 28 seconds]. Bottom-Right: [500

samples, 80 seconds].
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Figure 4.15: After a certain amount of samples the result is virtually the same. Therefore, we

should not use more than 200 samples for the pre-filtering process.

Environment mapping BRDF integration:

Figure 4.16: Left side: Irradiance maps. Middle-Left side: Lambert diffuse BRDF.
Middle-Right side: Microfacet Beckmann specular BRDF. Right side: Irradiance map

· (Lambert diffuse BRDF + Microfacet Beckmann specular BRDF)

Figure 4.15: When applied, the specular and diffuse BRDFs in conjunction with the appropriate

irradiance map manage to reproduce the greatest part of reflections based on the surfaces’

material properties.

Figure 4.17: Roughness and reflectivity influence on the environment reflections.

Figure 4.17: After the integration of the Micro-facet BRDF there are many different material

properties that now affect the reflections. Specular reflectivity is one of them and this example

shows how it influences the result at every roughness level



55 Chapter 4 Evaluation and Future Improvements

Environment Mapping Future Improvement

• Improvements on irradiance map pre-filtering:

Instead of uniform cone sampling, we could use the BRDF micro-facet distribution function

to sample the main environment map for more accurate results. Also we could utilize the

GPU for faster texture LOD generation (instead of the CPU). Finally, we could also apply

some post process effects on the generated textures to enhance their quality.

• Reflection Occlusion:

In this implementetion, we have not accounted for the fact that some of the reflections

may be impossible as they can be obstructed by surrounding geometry. Therefore, to

improve the effect’s level of realism, we could apply some type of reflection occlusion using

the shadow maps from light sources on the scene.
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