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Preface 
 
This thesis is my final work at the computer graphics programme at Luleå University of 
technology. 

  

Sammanfattning 
 
För att förstå hur material fungerar så måste man förstå deras optiska egenskaper och hur ljus 
påverkar dem. Look development kan ofta vara en omständig process som innebär mycket 
spekulationer och fram och tillbaka mellan inställningar, om man inte har bra kunskap om de 
optiska egenskaperna hos material. Den här uppsatsen kollar närmare enkel optisk fysik och 
renderingsmetoder. Sedan presenteras ett arbetsflöde för analys och återskapande av material 
med avsikt att eliminera en del av spekulationerna i processen. 

  

Abstract 
 
To understand how materials work one needs to understand their optical properties and how 
light interacts with them. Look development can often be a tedious process involving a lot of 
guesswork and back and forth between settings, if one does not have a good knowledge of the 
optical properties of materials. This thesis looks into some basic optical physics and rendering 
methods. Then it presents a workflow for analyzing and recreating materials with the purpose of 
eliminating some of that guesswork. 
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1 Prelude 

1.1 Introduction 
 
This thesis will cover the most important aspects of optical physics when it comes to materials, 
and present a workflow for analysing and recreating materials. 

Furthermore, it will briefly touch on the subject of rendering photorealism.  

  

1.2 Background 
 
Creating photorealistic renders has always been a goal in the industry and for look development 
artists that means creating realistic and correct materials. 

For me, an issue has been the explorative workflow which is often a part of the process and 
can take up a huge amount of time. I often end up going back and forth aimlessly between 
settings and wasting a lot of time on this.  

In this thesis I intend to find a solution for that problem and try to create a workflow that will 
make the process of look development more structured. 

  

1.3 Issues 
 

• How do different materials gain their characteristics and what are the physics behind it? 
• How important is physically correct rendering when trying to achieve photorealism? 
• How do you identify the different properties of a material? What are its characteristics? 

  

1.4 Purpose 
 
The purpose of this thesis is to identify what to look for when analysing an object's material and 
to gain a greater understanding of the physical aspects of how things end up looking the way they 
do. 

This thesis is also an attempt to eliminate the guesswork that comes with look development 
and create a structured workflow for analyzing and recreating materials.  
  

1.5 Limitations 
 
Since the theme of this thesis is how things look, and not the science behind it, the focus will be 
on the artistic aspects and how to analyze materials. It will not be comparing specific softwares 
and it will not go in depths on the mathematics of rendering. It will only briefly go into the 
subject of physics behind the materials in order to create a basic understanding of how optical 
physics works. 
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2 Theoretical background 
  
The theoretical background will cover the optical properties of different mediums and how lights 
interact with them. Furthermore, it will look briefly into rendering methods. 

  

 

2.1 optical properties 
 
The optical properties of a material is its response to electromagnetic radiation, specifically 
visible light (D., W, 2006). 

Several things happen when light interacts with a solid material; it could scatter, be absorbed, 
or be transmitted through the material (D., W, 2006). 
This section presents and explains the different optical properties and the effects caused by 
them. 

  

2.1.1 Refraction and Reflection 
  
- Refraction 

When light passes from one medium into another, it decreases in velocity which causes the light 
to bend. This is called refraction (D., W, 2006). 

  
-Refractive index 

The Refractive index is a number that is used to describe the amount of refraction in a material. 
Simply put, it describes how much velocity the light loses when it enters a material as compared 
to the speed of light in vacuum. The refractive index also matters when it comes to the reflection 
of a surface (J., R, 2011). 
  

-Reflection 

Reflection operates on the same principles as refraction. When light meets a surface of a material 
that has a different index of refraction than the materials that it has previously been traveling 
through some of the light will scatter, this is called reflection (D., W, 2006). 

The amount of reflection a surface will have depends on the angle the light hits it in and its 
index of refraction. A high index of refraction equals a reflective surface (D., W, 2006). 

The quality of the material’s surface also matters when it comes to reflection; a smooth 
surface will create a clear reflection and a rough surface will cause the light to reflect in more 
varied angles which results in a more diffuse reflection (D., W, 2006). 

  
-Fresnel 
The Fresnel effect is caused by refraction and makes a material appear more or less reflective 
depending on the viewing angle. The material will appear more reflective at a glancing angle and 
more diffuse when looking directly at it (Birn, J, 2013.). 
  

-Caustics 

Caustics are optical effects in the form of patterns of light. These are created when light is 
reflected or refracted from a surface (Nye, J, 1999). 
  

2.1.2 Scattering 

 
Scattering of light occurs when a beam of light deviates from its path after interacting with a 
material. Refraction and reflection is a form of scattering (J., R, 2011). 
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-Subsurface scattering 

When light enters a material, it will scatter inside it, and exit at different locations. This 
phenomenon is called subsurface scattering. This effect is mostly obvious with translucent 
materials, but almost all materials exhibit some form of subsurface scattering (Kurachi, N, 2011). 

  

2.1.3 Absorption and Transmission 

 
When light enters a material it will either be absorbed or transmitted through the material. A 
material that absorbs all light will be completely opaque and when light passes through the 
material it is transparent. This means that translucent materials both transmits and absorbs light 
(D., W, 2006). 

  

2.1.4 Color 

 
Color is actually an effect of absorption and transmission. For example, if an opaque material is 
completely red it means that all other colors of light has been absorbed and only the red light is 
reflected. It is the same principle with colored transparent and translucent materials, but instead 
of being reflected the red light in this example is transmitted (D., W, 2006). 

Color can also be an effect of other things, below are two important examples. 
 

-Iridescence 

Iridescence is an optical effect caused by thin films and reflection. This effect makes an object 
appear to change color depending on the viewing angle (J., R, 2011). 

Iridescence is caused when the material has a thin film on the surface or if the whole material 
simply is a thin film itself, for example; a soap bubble. Depending on the thickness of the film, 
different wavelengths of light will either pass through or be reflected. The thin film will vary in 
thickness and that will cause different colored light waves to be reflected depending on the 
thickness of the area it hits and the result will be a very colorful surface that changes depending 
on the viewing angle (J., R, 2011). 
 
-Dispersion 

Dispersion is an effect caused by refraction. Basically, when the light beam is refracted it can 
cause the different colors in the light to scatter apart, thus making the colors visible to the eye (J., 
R, 2011). 

  

2.1.5 Luminescence 

 
When a material appears to be glowing, it is luminescent. This means that the material can re-
emit absorbed light (D., W, 2006). 

  

2.2 Metals and non-metals 
 
When talking about optical properties of materials it can be smart to place all materials into two 
categories; metals and non-metals. There is a clear difference between metals and non-metals. 
Metals absorb all light that penetrates their surfaces almost immediately, and then re-emit most 
of it. The re-emission of light is what causes metallic surfaces to look very reflective and give 
them their luster (D., W, 2006). Non-metals can be transparent and translucent. Even if they 
appear very solid, they are almost always slightly translucent and generally allows light to pass 
much further into them than metals do (Kurachi, N, 2011). 
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2.3 Homogeneous and heterogeneous materials 
 
A material is rarely ever completely pure, it usually consists of a mix of different materials. If that 
is the case, it means that the material is homogenous and a completely pure material is 
heterogeneous (Morris, C. 1992). 
 

2.4 Rendering 

2.4.1 How does rendering generally work? 

 
When rendering, the goal is to imitate how light behaves to create realistic images. The practice 
of synthetically simulated light scattering is called global illumination (Häkkinen, P. 2002). 

Most global illumination renderers are based on the same rendering equation (Kajiya, J. 1986) 
and what differentiates them is the method used to solve the equation. Some methods are 
unbiased, which means that they are exact and do not take any shortcuts in their calculations. 
Other renderers are biased and they do approximations in their calculations to achieve a result. 

There are also hybrid rendering methods which utilizes both biased and unbiased methods 
(Documentation - Chaos Group Help. 2017). 

  

2.4.1.1 Local and Global illumination  

 
As mentioned, global illuminations is the simulation of light scattering. This means that it deals 
with indirect light. Local illumination on the other hand is a material’s response to incident light 
(Kurachi, N, 2011). 

 

2.4.1.2 Biased and Unbiased rendering 

 
As mentioned before, what defines an unbiased renderer is that is does not take any shortcuts in 
its calculations, and when shortcuts are used to optimize them they become biased (Crane, K. 
2006). To simply explain the main difference between a biased and unbiased method, one can say 
that with an unbiased renderer it is easy to create realistic and clean images in few steps, 
however, it will take a lot of actual render time to achieve a noise-free result. With a biased 
renderer blurring and interpolation can be used to achieve a result faster. Usually the user also 
gets a lot more control in terms of optimizing the scene since they can be told what parts and 
aspects of the scene is most important and where it should “put most of its attention” 
(Documentation - Chaos Group Help. 2017). 

Furthermore, unbiased renderers often claim to be physically correct. An unbiased method is 
never exactly physically correct, it is just the closest to physically correct a renderer based on the 
rendering equation (Kajiya, J. 1986) can get without an enormous amount of samples 
(Documentation - Chaos Group Help. 2017) (Crane, K. 2006). 

There are many things that can be the source of bias in a rendering method such as caching 
information of the light, overlooking some sort of effect, or as mentioned before, just taking a 
shortcut to the result. However, even if a method is biased it does not mean that the result is not 
correct. A method that arrives to the correct result regardless of bias can be classified as 
consistent while those that does not produce a correct result are non-consistent (Crane, K. 2006). 

There are pros and cons for all rendering methods. Caustics can for example be very tricky to 
recreate using path tracing while it is no problem for photon mapping. This is why hybrid 
methods are often used (Crane, K. 2006). 
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3 Method 
  
This chapter presents a method for analysing all kinds of materials and how to identify their 
optical properties. The method intends to be a tool for analysing the materials and to help create 
a good and correct base for further look development. Therefore, the intended purpose of the 
method is not to create a finished and polished result. 

  

3.1 Checklist for analysing materials 
 
The following is a checklist of what to look for and how to break down a material into its optical 
properties when analyzing it. The checklist is based on the theoretical background of this paper. 
  

Homogeneous or heterogeneous? 

First one should determine if the material is homogeneous or heterogeneous. If it is a 
homogeneous material one needs to do an analysis for all the materials involved. 
  

Metallic or Non-metallic? 

Secondly it should be determined if it is a metallic or non-metallic material. With the determined 
information a few conclusions can be drawn, such as;  

• A metallic material will be completely opaque thus it will not have any subsurface 
scattering. 

• Metallic materials are usually very reflective so it can be assumed that its index of 
refraction is quite high. 

• Metallic materials have a complex index of refraction which should be considered. 
  

Transmission 

In this section, it is determined if the the material is opaque, translucent or transparent. If it is 
translucent, subsurface scattering should be considered. 
 Opaque/Translucent/Transparent 
 

Reflection 

Here the material’s reflection and the other effects of reflection are considered  
 Surface roughness: Rough/ Medium/Smooth 

 Caustics: YES/NO 

 Fresnel:  YES/NO 

  

Refraction 

 Index of refraction: Known or Unknown 
 

Color 

Which colors can be seen, and what is causing them? 

Are there other colors than the diffuse colors, such as color caused by scattering and color 
bleeding or color from iridescence? 

  

Static color: In this thesis, the color that is created by simple absorption, transmission and 
reflection will be referred to as static color. 
Iridescence: YES/NO 

Dispersion: YES/NO 

Color caused by Subsurface scattering: 
  

Luminescence 

Is the material luminescent? YES/NO 
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3.2 Identifying the optical properties 
 
It is important to know what to look for when analysing a material, this section will describe the 
different effects of the optical properties of a material. 
  

Color 

Since some effects of the optical properties can create color, it is important to be aware of what is 
causing a particular color effect.  Therefore, when looking at a material’s color one should 
determine if it is the diffuse color or if it is caused by, for example, refraction. The static color of 
the material 
  

-Dispersion 

An example of dispersion is rainbows, where the light is refracted on water droplets in the air 
and scattered apart, thus creating the rainbow's colors. The same effect can also often be seen in 
gemstones.  
  

-Iridescence 

With iridescent materials the surface might appear to be metallic and the color will change 
depending on the viewing angle (J., R, 2011). 

Iridescence can for example be seen on soap bubbles, some insect’s wings or shells, and very 
clearly on oil floating on water (J., R, 2011). 
  

Transmission 

  

-Opaque 

Opaque materials do not let any light through. 
  

-Transparent 
Transparent materials can be seen through. 
  

-Translucent 
Translucent materials are semi-transparent. 
  

-Subsurface scattering 

When identifying subsurface scattering one should always keep in mind that If the material is 
translucent, it will always have some subsurface scattering. Most materials do have it, even if it is 
not obvious, it should always be considered since it could be an important part of creating 
photorealism. 

Look at the shadows on the material, subsurface scattering will make shadows appear softer 
since light exits at various locations of the material. Subsurface scattering also causes color 
bleeding underneath a materials surface. 
  

Refraction 

A classic way to visualize refraction is to look at an object which has been placed in water. 
Refraction will cause the object to look bent at the interface between the air and the water (J., R, 
2011). 
  

-Index of refraction 

The index of refraction will determine how much the object appears to be bent.  With a high 
number the surface of the material will appear highly reflective and less of the diffuse color will 
be seen. There are a lot of sources with lists of different materials’ index of refractions. Out there, 
most metals can be found and some other common materials. Therefore, it is always a good idea 
to look and see if the index of the material beings imitated can be found. 
  

-Caustics 

Caustics are easily identifiable, as they are just patterns of light refracted from the material.  
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-Reflection 

The look of the reflection depends on the surface of the material, a rough surface will give the 
material a diffuse look and a smooth surface will look reflective. 

The index of refraction should also be considered when analysing the reflection since it has a 
big effect on it. A high number equals a very reflective surface. A reflective surface will have 
sharp specular highlights while a rougher surface will have a more blurred specular highlight. 
  

-Fresnel 
When identifying the fresnel effect one can look at an object at a glancing angle and see if it 
appears to be more reflective than when it is looked at directly. 

A classic example of the fresnel effect is to look at a water surface and see that it appears 
more transparent the closer it is to the viewer and that it gets more reflective further away. 
  

3.3 Survey 
 
To test this method, a survey was done with ten computer graphic artists participating. The 
participants were given a simple description of how to identify each optical property and then 
they were given an image of an object and asked to identify the properties according to the 
checklist presented earlier in this chapter. 

The participants were given two images, one portraying a piece of ham and another 
portraying a formation of gold. 
  

3.4 Practical experiment 
 

In this section some tests are performed. Two images of different object are analysed according 
to the checklist. 

Using the information gathered from the analyses these experiments were performed with 
the purpose of seeing if one could get a reasonable base result using this method with minimum 
tweaking of settings. Therefore, they were conducted simply by inputting the values from the 
analysis without much tweaking.  

As another experiment, the materials were rendered with both an unbiased and biased 
method using the same amount of samples and material settings. First, an image using path 
tracing was rendered and then an image using PMC, which is a hybrid custom method for Octane 
renderer. With the PMC method one can control the amount of bias by determining the max 
rejects (OTOY - OctaneRender Universe. 2017). These renders were done with the maximum 
amount of bias possible for PMC. 
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3.4.1 Analysis 
 
In this section, two objects’ materials are analysed using the checklist and the knowledge 
previously gained in this thesis. 

3.4.1.1 Soap bubble 
 

 
(Source: wikimedia commons. Image by Brocken Inaglory) 

  

The soap bubble is transparent and does not have any static color. The surface appears 
completely smooth and a prominent iridescence can be seen. As mentioned before, the thickness 
and index of refraction of the thin film determines the colors. In this image we can see patterns of 
yellow towards the bottom of the bubble as opposed to the overall blue and purple, which would 
mean that the thin film is thicker or thinner in those areas  

A tricky thing about this image is to determine whether the blue color of the bubble is caused 
by the irridescent or if it is a reflection of the sky. 
 

Homogeneous or heterogeneous? 

The material is heterogeneous. 
 

Metallic or Non-metallic? 

Non-metallic. 
 

Transmission 

 Transparent 
 

Reflection 

 Surface roughness: Smooth 

 Caustics: NO 

 Fresnel:  Non that is obvious 

 Iridescence: YES 
 

Refraction 

 Index of refraction: Unknown 

 Dispersion: NO 
 

Color 

 Static color:  NO 

Color caused by other optical properties: YES, Iridescence 
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3.4.1.2 Orange 
 

 
(Source: wikimedia commons. Image by unknown) 

  

The material is homogeneous, it consists of several materials with different optical properties. In 
this analysis it has been broken down into three key components ⎯ starting with the outermost 
layer; first the glossy shell of the orange, then the white “inner” shell, and lastly the liquid filled 
pouches that makes up the inside of the orange. 
  

Outer shell 
The outer shell has a saturated orange static color and the material appears to be opaque. 
However, some translucency should always be considered even if it is not obvious. The surface 
has a glossy look with slightly blurry specular highlights and no visible reflection so in this 
analysis it will be classified as a medium surface roughness. The material has no obvious caustics, 
iridescence or dispersion. 
  

Metallic or Non-metallic? 

Non-metallic. 
 

Transmission 

 Appears Opaque but translucency should be considered. 
 

Reflection 

 Surface roughness: Medium 

 Caustics: NO 

 Fresnel:  Non that is obvious 

 Iridescence: NO 
 

Refraction 

 Index of refraction: Unknown 

 Dispersion: NO 
 

Color 

 Static color:  Saturated Orange 

Color caused by other optical properties: NO 
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Inner shell 
Considering the nature of the material one can assume that there is some subsurface scattering 
even though it appears opaque. The surface appears quite rough but not completely. The static 
color is white and it also appears to be slightly yellow which might be caused by subsurface 
scattering. There are no other obvious effects that can be identified. 
 

Metallic or Non-metallic? 

Non-metallic. 
 

Transmission 

 Appears Opaque but translucency should be considered. 
 

Reflection 

 Surface roughness:  medium rough 

 Caustics: NO 

 Fresnel:  NO 

 Iridescence: NO 
 

Refraction 

 Index of refraction: Unknown 

 Dispersion: NO 
 

Color 

 Static color:  White 

Color caused by other optical properties: The yellow in this material could be 
caused by color bleeding from subsurface scattering 

  

Inside 

This material is made up of small pouches of skin holding liquid, so this is actually two different 
materials. However, they can be treated as one since the liquid inside is not really visible, though 
it should be considered that the liquid inside has some effect on the light. 

The material is translucent with a smooth surface. An assumption can be made that the 
surface is probably colorless and the color that is seen comes from the liquid inside. 
  

Metallic or Non-metallic? 

Non-metallic. 
 

Transmission 

 Translucent 
 

Reflection 

 Surface roughness: Smooth 

 Caustics: NO 

 Fresnel:  Non that is obvious 

 Iridescence: NO 
 

Refraction 

 Index of refraction: Unknown 

 Dispersion: NO 
 

Color 

 Static color:  Desaturated orange 

Color caused by other optical properties: NO 
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3.4.2 Choosing a rendering method 
 
When choosing a rendering method one needs to consider what is being rendered, what are the 
effects and optical properties that needs to be recreated, and if photorealism is the goal. 

Another important question that should be asked is if the renders need to be optimized. The 
absolute simplest thing to do is to use an unbiased renderer since one only needs to use a lot of 
samples to create a realistic result. When time is an issue, a biased renderer should be 
considered. 

 

3.5 Method critique 
 
The participants of the survey were only given the simple description of how the properties can 
be identified, they were not given any visual examples of how they would look or much of the 
theoretical background. There were also only 10 participants taking part in the survey which 
might not be a good basis to draw conclusion from. 

Furthermore, the checklist is very basic and could potentially be expanded upon for a more 
in-depth analysis. 

The descriptions of the optical properties are also very simple and requires that the 
theoretical background is read beforehand, they do not work on their own.  

Another issue is the fact that the material has, to some extent, be known to the observer 
beforehand.  
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4 Result 

4.1 The survey 
This chapter simply shows the results of how the participants responded to the survey. 
  

Metallic or Non-metallic? 

 
Transmission 

 Opaque/Translucent/Transparent 

 
Reflection 

 Surface roughness: 1=smooth 10=rough 

 
 Caustics: YES/NO 

 
 Fresnel:  Can the fresnel effect be identified? 
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Refraction 

 Index of refraction: High medium or Low 

 
Color 

Static color: 
Ham: All of the participants answered with either “red” or “pink”. 
Gold: All of the participants answered with either “yellow” or “gold” 

  

Iridescence: YES/NO

 
  
Dispersion: YES/NO

 
  
Color caused by Subsurface scattering: 



 

 14 

 
  

  

4.2 The practical experiment 
 
This is the result of the conducted experiments shown in images. 

The experiment does not focus on the shape of the objects and only portrays the tests in basic 
shapes. 

  

4.2.1 Soap bubble 
Comparison between rendered material and the reference image: 

Left: Rendered image.             Right: Reference image 

Comparison between result of an unbiased and biased method:

Left: Unbiased, Raytracing    Right: Biased, PMC 
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4.2.2 Orange 
Comparison between rendered material and the reference image: 

 
Left: renderer image      Right: Reference image 
 

Comparison between result of an unbiased and biased method: 

 
Left: Unbiased, Ray tracing    Right: Biased, PMC 

  

Close-up on the translucent material: 

 
Left: Unbiased, Ray tracing    Right: Biased, PMC 
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5 Discussion 
  
The purpose of this thesis was to identify what to look for when analysing an object's material 
and to gain a greater understanding of the physical aspect of how things end up looking the way 
they do as well as how this can be recreated. 

It was also attempted to eliminate some of the guesswork that comes with look development 
and create a structured workflow for analyzing and recreating materials.  

  

  

5.1 The method and the result 
  
If you do not know what is causing a certain effect or how it works, you might recreate it 
inaccurately and the material might look right in some light conditions, while it does not react the 
way it should in others. The method presented really helps you to save time in the long run, since 
it eliminates some of the guesswork of what is causing an effect. 

An example is the soap bubble’s iridescence in the practical experiments; if one did not know 
that the colors are caused by a thin film or that the changes in color are caused by the varying 
thickness of that film, how would one go about recreating that effect? One might just add a 
gradient of color onto the material, which would definitely not produce an accurate result.  

If one is confused of how to create a certain effect it is always a good method to just go back to 
basics and look at the physics of things. This will simplify the process. 

The result shows that the participants answered most of the questions in a large part 
unanimously. Three of the questions gave more varied answers ⎯ these were the questions about 
fresnel, iridescence and index of refraction.   

The participants might have found the descriptions lacking and if the survey had first asked 
them to properly read the theoretical background the result would probably have provided a 
more unanimous result for all the question. Therefore, it can be concluded that the method 
requires some background knowledge of the optics. 

Another thing that may have been the cause of the varied result is that these effects can be 
seen as an abstract concept when they are just described in text. Visual examples of the effects in 
question would probably have helped the participants to identify the properties.  

The method does remove some of the guesswork when trying to recreate a material but it 
would need to be further developed and provide more detailed descriptions to completely reach 
the goal of eliminating guesswork. 

  

5.2 The practical experiment 
 
For the practical experiment, the results are just basic materials. For example, if one wanted to 
match the bubble perfectly, the patterns in the iridescence would need to be recreated using a 
map for the thickness of the thin film. The light also plays a big part in the look of a material, so to 
take it one step further one would need to somewhat match the lighting. 

The rendered bubble also looks to have a slightly rougher surface than the reference. 
However, this is caused by the HDR environments resolution and not the material itself.  

The only discernable difference between the biased and unbiased renders is that the unbiased 
one has more noise in the clearly translucent material from the orange. Other than the noise, one 
can not really see any difference in these renders. 

Eliminating tweaking completely is only possible if exact numbers of the different properties 
can be obtained. So as mentioned, the rendered results of these tests are not exact replicas of the 
references, some tweaking is essential to achieve a perfect result but they are a good and correct 
base that were created in a very short amount of time. 

Another thing to think about is that having shaders based on reality really makes it simple to 
create realistic materials when you understand the physics behind it. If the shader used is not 
physically based, this method would not be very useful. 
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The method is very basic and only intends to be a tool for creating the correct base for the 
materials in look development and its main purpose is to help the user identify optical 
properties, it is not meant to create a perfect finished result. 
  

5.3 Rendering 
 
As long as one uses a global illumination renderer, the physical correctness of the method in 
terms of biased and unbiased does not have a big impact on the realism of the result if one knows 
how to use the renderers correctly. The only effect a biased global illumination renderer can have 
on the result is that it can make it slightly blurred. 

There are several different rendering techniques and there are pros and cons with all of them 
which is why hybrid solutions can be the smartest way to go. 

Biased renderers naturally come with more render settings, and setting the renders up can be 
time consuming, but it will make up for it in actual render time. 

Rendering completely unbiased is quite simple, since there is not much you can actually do.  

6 Conclusion 
  

• Knowing what is causing different effects and having a good knowledge of the optical 
properties is a timesaver when trying to recreate materials. 

• When it comes to global illumination renderers the realism of the result is not 
determined by the physical correctness in terms of biased and unbiased methods. 

• When trying to recreate a material it is useful to do an analysis of the material 
beforehand. 

• The method presented could be further developed by possibly using other methods of 
measuring, for example; the exact index of refraction.  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 18 

7 References 
  
Birn, J, 2013. Digital Lighting and Rendering (3rd Edition) (Voices That Matter). 3. New Riders. 
  

Crane, K. (2006). Bias in rendering. 1st ed. [ebook] Carnegie Mellon university. Available at: 
https://www.cs.cmu.edu/~kmcrane/Projects/Other/BiasInRendering.pdf [Accessed 12 May 
2017]. 
  

Documentation - Chaos Group Help. 2017. Documentation - Chaos Group Help. [ONLINE] Available 
at: https://docs.chaosgroup.com/. [Accessed 12 May 2017]. 
D., W, 2006. Materials Science and Engineering: An Introduction. 7. Wiley. 
  

Häkkinen, P. (2002). Monte carlo path tracing. 1st ed. [ebook] Helsinki: Helsinki University of 
technology. Available at: 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.103.1323&rep=rep1&type=pdf 
[Accessed 12 May 2017]. 
  

J., R, 2011. Colour and the Optical Properties of Materials: An Exploration of the Relationship 
Between Light, the Optical Properties of Materials and Colour. 2. Wiley. 
  

Kajiya, J. (1986). The rendering equation. 1st ed. [ebook] Dallas: California institute of technology. 
Available at: http://www.cse.chalmers.se/edu/year/2011/course/TDA361/2007/rend_eq.pdf 
[Accessed 12 May 2017]. 
  

Kurachi, N, 2011. The Magic of Computer Graphics. 1. A K Peters/CRC Press. 
  

Morris, C. (1992). Academic Press dictionary of science and technology. 1st ed. San Diego [Calif.]: 
Academic Press. 
  

Nye, J, 1999. Natural Focusing and Fine Structure of Light: Caustics and Wave Dislocations. 1st. 
Institute of Physics Publishing. 
  

OTOY - OctaneRender Universe. 2017. OTOY - OctaneRender Universe. [ONLINE] Available at: 
https://docs.otoy.com/#rOctaneRender_Universe. [Accessed 12 May 2017]. 
  

Solid Angle. 2017. Arnold for Maya User Guide 5 - Solid Angle. [ONLINE] Available at: 
https://support.solidangle.com/display/A5AFMUG/Arnold+for+Maya+User+Guide. [Accessed 
12 May 2017]. 
  

Image References: 
  

Unknown, (2005), Ambersweet oranges [ONLINE]. Available at: 
https://commons.wikimedia.org/wiki/File:Ambersweet_oranges.jpg [Accessed 15 May 2017]. 
  

Brocken Inaglory. The image was edited by user Alvesgaspar - Own work, CC BY-SA 3.0, (2007), 
Reflection in a soap bubble [ONLINE]. Available at: 
https://commons.wikimedia.org/w/index.php?curid=3779509 [Accessed 15 May 2017]. 

https://docs.chaosgroup.com/
https://docs.otoy.com/#rOctaneRender_Universe
https://support.solidangle.com/display/A5AFMUG/Arnold+for+Maya+User+Guide

