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Abstract 

Rendering a complex global illumination scene requires an extensive computational 

resource. It is hard to achieve a real time rendering of a complex object using explicit 

3D information. To tackle this obstacle, many techniques have been introduced to 

close the gap between complex 3D scene and real time rendering. One of the 

proposed solutions is using an image-based rendering technique. Image-based 

rendering is a method to achieve the desired image by referencing the sampled image 

as a source.  

This thesis will focus on a mix between image-based rendering and geometry-

based rendering. Instead of rendering directly using a global illumination method, we 

use a set of image, which are captured during the offline rendering. We call the first 

process as light transport pre-calculation process. These images then treated as a 

texture and will be attached to the polygon during the online rendering process. Based 

on the viewer position, the system decides which value to attach on the polygon.  

This rendering process however requires a lot of calculation. Luckily, recent 

graphic card allows developer to exploit GPU‟s hardware by making it possible to 

reprogram the rendering pipeline. As a graphic dedicated hardware, GPU has a lot of 

advantage to do a rendering compared to CPU. For example its nature of parallel 

processing is an advantage considering most of rendering process is a parallel 

processing. Other than splitting the computational task, we also would like to see how 

we can use the availability of memory. This can be done by processing the scene 

before the rendering process took place.  

This thesis will discuss and implement how to split the burden of processing 

power by rendering a pre-calculated data for later render. Since the pre-rendered data 

could be huge, it is also important to discuss a compression method that can be 

applied in GPU architecture and fast enough to be rendered as a real time.  

 

Keywords: Pre-computed Surface Radiance Transfer, Global Illumination, BRDF, 

Image Based Modeling and Rendering, Real Time Rendering, GPU Programming, 

GLSL.  
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1. Introduction 

This thesis is the last part of the master program „Advanced Computer Graphics‟ 

which awards a Mater Science degree with major in Media Technology and 

Engineering offered by Linköping University, campus Norrköping. This thesis 

describes the implementation of a software framework that capable to capture and 

render a scene using a pre-calculated data. The purpose of this program is to be able 

to render a complex 3D scene in a faster rate.  

 

1.1 Thesis Objective 

The objective of this thesis is to create a software framework that is capable to render 

a pre-computed light transport. This pre-computed data is a result of a global 

illumination process. The pre-computed data will contain the value of all outgoing 

light of a surface point from every point of view. During the rendering process, this 

pre-calculated value will be stored in the GPU memory so we have a capability to 

move around the scene without going through the global illumination process. By 

applying this method, we are hoping to reach a near real time rendering application. 

 

1.2 Problem Description 

Recent computer graphic technology allows people to create ultra realistic images. 

There are some techniques used by 3D program to give a realistic image. One of the 

most famous techniques for rendering a realistic image is called ray tracing. This 

method tracks the light from the camera and shoots a ray to the scene. When an object 

is hit by the ray, it figures out what color it will show on the screen based on the other 

objects on the scene such as light source, reflective object, etc. Basically the idea of 

ray tracing method is to track the ray from user‟s point of view to the light source. 

This is very expensive task in term of processing power. In addition, the complexity 

of the scene will exponentially affect the cost of computational process. These 

problem make it ray tracing is not a practical method for a real time rendering.  
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 Current Graphic card try to simulate the behavior between light source and an 

object by using a shading model. It simulates a light-object interaction by a set of 

functions. One of the most commonly used shading models is the phong shading 

model. It was first introduced by James F. Blinn in one of his papers [1]. This shading 

model makes it possible for current graphic cards to render a smooth object in real 

time. The use of shading model nowadays is a common technique to render a 

believable object-light interaction in real time. This method however is very limited. 

It does not cover shadow effect, reflection, refraction, and sometimes it also hard to 

generate a shading model to represent an object with complicated object-lighting 

interaction model.  

 

1.3 Terminology 

Here is a list of some terminologies that we will use through the report: 

 Pixel: a single point in a 2D image 

 Texel:  stands for Texture Pixel, a single point in a texture 

 RGB: stands for red, green and blue, three spectral bands used in OpenGL to 

form another color   

 CPU: Central Processing Unit, a part inside the computer used to run any 

syntax sent from software.   

 GPU: Graphic Processing Unit, a part inside the computer dedicated to 

perform a graphical calculation 

 Shader: type of program that replace the rendering pipeline 

 Render(-ing): in computer graphic, a process that converts information to an 

image  

 Rasterize: a process that converts a graphic from shapes format (line, circle, 

curve, etc) into a set of pixels. The process of rasterizing an image is called 

Rasterization.  

 BRDF: Bidirectional Reflectance Distribution Function, a 4 dimensional 

function that map the ray distribution when reflected from a point of a surface. 

 FPS: Frame per second. It defines how many frames can be rendered on the 

scene in a second. Higher fps is better and average game rendering process 

can reach 30-60 fps.  
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1.4 Outline of Report 

This report is divided into 8 chapters. The first chapter will introduce the overview of 

the thesis including factors that motivate the thesis and the objective of the 

implementation. Chapter 2 gives an overview of any related research to understand 

the approach of this thesis. Chapter 3 describes any background theory that seems to 

be relevant to know before going through the main project. The next two chapters will 

discuss the core part of the thesis. Chapter 4 describes the pre calculation process and 

chapter 5 the rendering process. Chapter 6 describes the implementation of the 

project, and the result of the implementation will be explained in chapter 7. Chapter 8 

describes any future possibilities to perform a better calculation.  
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2. Background 

This chapter presents an overview of the work related to this project. The first part of 

the chapter will discuss global illumination. The last part of this chapter we will learn 

about image based rendering and surface light field and we well go through other 

previous works that is related to this context.  

 

2.1 Global Illumination 

In real life, we can see an object only if it casts rays of light to our eye. These rays do 

not necessarily emitted by the object; instead it might be a reflection of rays that come 

from light source. We call this a direct illumination effect. Those reflected rays might 

also hit another object, making it visible to our eye, even if it‟s not directly come from 

the light source. Some object material however, does not necessarily reflect the rays. 

We call this effect as an indirect illumination effect.  There are also other lighting 

effect such as refraction, shadows, and reflection. All of these effects are a result of 

object response in treating an incoming ray of light. By tracking the ray of light from 

the light source and find the rays that actually reach the eye, we can define the image 

that we actually see in real life.  

Global Illumination is a term in Computer Graphics that means to simulate 

light transport by calculating all the effect mentioned above in order to create a 

realistic image. There are many algorithms available to perform this task such as ray 

tracing, radiosity, beam tracing, cone tracing, ambient occlusion, etc.   

2.1.1 Ray Tracing 

Ray tracing is one of the most famous techniques in global illumination. The 

idea of tracing rays from a single pixel was proposed by Whitted et al. [12]. It was a 

massive breakthrough at its time hence the term Whitted ray tracing is still used until 

now. Modern ray tracer methods are still relying on the technique proposed by 

Whitted with a lot of attached methods to improve the quality and the performance of 

the resulting image.  
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The concept of ray tracing is simple: it trace the path of light that falls into each 

pixel, and find the color of the object by simulating various lighting effect that we 

mentioned before. The image below represents how a ray-tracing method works.  

 

Figure 2.1 illustration of ray-tracing process. Image courtesy of Henrik from the Wikipedia Commons 

The result of ray-tracing is an image. Our objective is to fill each pixel on that image. 

By extending the line between those pixels to the user‟s point of view, we can find a 

point on the scene that is going to fill the corresponding pixel. When we already 

found the point, the next step is to find the color of that point by considering the 

information contained on the scene, such as light source and object‟s BRDF 

properties. A certain kind of material such as reflective and refractive might require 

another ray to be traced again. This behavior makes ray tracing an exhaustive 

computing task. It requires lots of collision detection between ray and object. As the 

scene goes more complex (more objects, more rays), the calculation process increases 

exponentially. This makes ray-tracing is not an ideal solution for real time rendering.  

2.1.2 Bidirectional Reflectance Distribution Function (BRDF) 

The term BRDF was proposed for the first time by Nicodemus at al. [13]. It‟s a 4D 

function that defines how light that come from a certain angle is reflected to a certain 

outoing angle. It can be represented by this formula: 

   (      )  
   (  )

   (  )
 

   (  )

  (  )         
 (2.1)  

where    and    are the angle of input and output light at a point,    is the radiance 

and    is the irradiance of the surface, as represented by the image below. 
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Figure 2.2 Illustration of BRDF Function. Image courtesy of Tomtheman5 from the Wikipedia Common 

There are two ways in generating an image based on BRDF: parametric and 

non-parametric. Parametric BRDF technique is a method to create the BRDF image 

using a certain models/functions that either generated by an observation through an 

object behavior (Phong[4], Lambertian[20]), based on physically-modeling 

(Ward[22], Oren-Nayar[21]), or phenomenological modeling using linear/nonlinear 

bases (Spherical harmonics[23], Zernike polynomials[24]).   

A non-parametric method relies on the data captured from the object. Murray 

et al. [14] proposed a machine called gonioreflectometer which is showed in figure 

2.1 below. Basically it is a rotating light source and camera, covering the surrounding 

hemisphere of an object.  

 

Figure  2.3 Gonioreflectometer. Image courtesy of Murray et al. 

The data produced will provide a tabulated BRDF data based on the incoming and 

outgoing light.  

Since a non-parametric method is based on a real life data, its result tends to be 

more photorealistic than the parametric technique. However, the quality of the results 

depends heavily on the amount of samples taken from the machine. A higher sample 

tends to produce a more accurate result, but a high amount of data. Considering the 
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complexity in gaining the data for non-parametric technique, sometimes it is not 

practical to use this technique.  

 

2.2 Image Based Modeling and Rendering 

Image Based Modeling and Rendering (IBMR) is a method to generate a 3D model 

and/or render an image based on the generated scene, using a set of images as its 

input. This technique uses sample of images to create a 3D scene based on the sample 

images. Heung-Yeung Shum at al. [2] categorized the various rendering techniques 

into three categories: rendering with no geometry, rendering with implicit geometry, 

and rendering with explicit geometry.  

 Rendering with no geometry, as advised by the name, is an attempt to render a 

3D scene without any 3D information at all. This technique relies on the use of 

plenoptic function. It was first proposed in a paper by Adelson et al. [3]. The idea is to 

create a function that generates a visual based on the viewer position. Leonard 

McMillan et al. from his paper “Plenoptic Modeling: An Image Based Rendering 

System” [4], defines one idea of a way to perform image based rendering by using a 

continuous representation of plenoptic function by using a set of discrete samples 

from it. The idea uses a 7 dimensional function representing viewer position (     ), 

with a viewing angle (   ), and band of wavelengths  . We can generate an image 

based on user position by using a plenoptic function: 

    (                ) (2.2)  

We use a variable t for time, which is enabling the function to work on animation. 

Later McMillan reduced this function into a 5D function by assuming a constant band 

of wavelength value and time. A constant wavelength makes the distance between the 

camera and the object is insignificant. A constant time make the function is only 

applicable for a static scene. The formula below describes the 5D function: 

    (            ) (2.3)  

Levoy et al. [9] later on proposed the term Light Field, a set of 4D images which 

represent radiance as a function of position and direction, in a space free of occluders. 

The first two dimension of the function represent the camera position on a plane (   ) 

and the other two represent the pixel position of the image (   ), as presented by the 

image below.  
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Figure 2.4 Light Field Rendering. Image courtesy of Levoy et al. 

The set of images are captured by moving the camera around the plane. Later during 

the rendering process, the image rendered is a result of interpolating the samples. 

However, capturing a massive set of images requires a lot of space. So it is important 

to figure out how to compress the sample. There‟s a tendency that a sample point is 

similar to its neighbor. This makes it easy to achieve a good compression ratio. Levoy 

decided to compress the sampling in two stages. The first one is using a vector 

quantization as proposed by Gersho et al [10], followed by Lempel-Ziv encoding as 

proposed by Ziv et al. [11]. 

The second technique, rendering with implicit geometry, is a rendering 

technique by the help of 3D information. The term implicit is used since the 3D object 

does not really exist on the scene. The information is used to help the calculation. One 

of the IBR method categorized as this method is a view interpolation. A method 

proposed by Chen et al. [5] capable of interpolating a new image from a new point of 

view, based on other adjacent sample image.  

 The third image based rendering technique is categorized as Rendering with 

Explicit Geometry. This kind of rendering involves explicit 3D information in its 

rendering process. One of the most common technique is called 3D warping, a 

method to render a set of neighboring image from an image with a 3D depth attached 

to it. This method can reduce a rendering time significantly.  

Other work that falls in this category is presented by Debevec et al. [8]. In his 

paper, he introduced a hybrid geometry and image-based approach to render a 3D 

scene. It capable to render an approximation of a 3D scene by mixing the information 

from two sets of data: 2D photographic images (with information of the camera 

position when capturing the scene) and basic 3D model of the scene. The latter figure 

shows the flow of the program. 
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Figure  2.5  Modeling a complex object based on basic model and image based rendering. Image courtesy of Debevec et al. 

The most left figure shows the raw image that is going to be rendered as a 3D model. 

We captured it as a 2D image and later we will use it as a texture. We capture the base 

model of the tower, but not the details, which is shown on the second image. We 

attach the texture to the model. By warping the sampled textures we can have an 

approximation of the scene based on the current point of view. This method is called 

view dependent texture mapping. It basically calculates the color of each pixel by 

interpolating and warping the known surrounding data, which are images and contains 

camera positions. Since it‟s heavily dependent on the 2D images data, a better result 

can be achieved by using a larger data set for the images.  

2.3 Surface Light Fields  

Surface light field is a function that describes the distribution of reflected radiance at 

any point on the surface of an object. There are many way this method can be used in 

3D rendering. For example in a paper by Miller at al. [6], it is used to render a pre-

computed global illumination scene. It proposed a technique similar to Light Field 

Rendering technique introduced by Levoy et al. [9], but instead of moving the camera 

around a flat plane, it uses hemisphere as the camera movement orientation. The 

result of this technique is a set of 4D texture instead of images as proposed by Levoy 

et al. This technique has a similar approach to what we are going to do in this project. 

In this paper, every point in a scene is captured from every point on the hemisphere 
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surface surrounding it. The resulting set of images then compressed so it can fit the 

GPU memory card at the rendering process. 

 Another use of the surface light fields is presented on a paper [7]. This paper 

focus on using surface light field of an object but instead of capturing the image based 

on a camera position, it also capture based on the incoming ray of light to that point. 

In other word, this paper proposes a method to capture every possibility of color value 

at a point based on the position of incoming light and viewing angle. This makes it 

possible to render an object with complex meshes. By applying a certain technique to 

simplify the complicated mesh, it can still possible to render the near correct image by 

using the surface light field.  
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3. OpenGL and GPU Programming 

In this chapter, we will discuss the basics of OpenGL and GPU programming. The 

first part of the chapter will discuss the basic of OpenGL programming. It is important 

to discuss the basic OpenGL since it has an important role in this implementation. The 

second part will focus on GPU programming, which is very important in rendering 

the pre-calculated data.  

3.1 OpenGL Programming 

OpenGL is a computer graphics application programming interface (API) released by 

Silicon Graphic Inc in 1992. Its open source nature makes this standard become 

widely used in computer graphic industry competing with Direct3D standard released 

by Microsoft. Currently OpenGL is being maintained by a non-profit organization 

called Khronos Group. An extensive OpenGL programming manual can be found in 

„OpenGL Reference Manual‟ [19] often referred to as „The Blue Book‟ 

 As a graphic language API, the fundamental purpose of OpenGL is to 

transform data sent to the pipeline into a visible result on the screen. This API bridge 

software developers and hardware so developers don‟t have to deal with a 

complicated lower level language and hardware producers have standardized 

guidelines to build their hardware so it‟s easily exploited by developers. Before 1999, 

graphic based calculation was mostly done on a general purpose Central Processing 

Unit (CPU). In 1999, nVidia tossed the term Graphic Processing Unit (GPU) which in 

short is a processing unit that focused its architecture on graphic processing task.  

 

3.2 GPU Programming 

As explained before, OpenGL is a programming API. It‟s a set of predefined function 

which is also based on C++. When OpenGL executes a part of code to be rendered on 

the scene, it will pass the information to a sequence of process before it can be shown 

on the screen. This sequence is called as a rendering pipeline. It is responsible for 

converting geometry information into a visible image. In short, it converts a set of 

information such as polygon topology or texture coordinate, and convert it into a 
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matrix of value such as colors or depth information. The standard rendering pipeline 

is described below: 

 

 

Figure  3.1 OpenGL's Rendering Pipeline 

 

The blue arrow represents the rendering pipeline. The green arrow represents 

replaceable functions. Since we are going to replace the functions on rendering 

pipeline, we have to perform GPU programming. Programs that are going to replace 

those routine are called “Shader(s)”. The idea of replacing the standard shading model 

with a self-made shaders was proposed by Cook et al. [17]. He built a tree and tossed 

the term “shade tree” that defines a color of an object by going through a tree from its 

child node to the most top tree as the top parent node. The image below shows a 

shade tree used to render a copper material taken from his paper. 

 

Figure  3.2 Shader Tree to render Copper Material proposed by Cook et al. 

Currently there are three commonly used shader language: Microsoft‟s HLSL, 

NVIDIA‟s Cg and GLSL. HLSL is proprietary shader language and bounded to 

DirectX program only while Cg is also proprietary and bounded to nVidia. GLSL are 

open and can be used with OpenGL. In this project, we will use GLSL as it is a more 

popular option and easier to attach with OpenGL. It is based on the C programming 

language instead of low level routine programming. While an OpenGL program is 

loaded into the CPU memory, shader program is loaded into the GPU memory. It then 
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replaces the default function alike that comes with OpenGL‟s rendering pipeline. An 

extensive explanation about how to work with OpenGL can be found in a book titled 

„OpenGL Shading Language‟ [16] or simply called „Orange Book‟. 

As explained earlier, there are three main routines can be replaced in the 

original pipeline: Vertex Shader, Geometry Shader, and Fragment Shader. In the next 

part of this chapter, we will discuss these shaders in detail, but we will not go through 

a lot of detail about Geometry Shader since it‟s not yet significant to our program.  

3.2.1 Vertex Shader 

The first step of the pipeline is vertex shader. Its objective is to transform each vertex, 

both its position and its normal, from world space into screen space. Each of these 

vectors are represented by a 4 dimensional vector ( ,  ,  ) and additional   value to 

perform affine transformation. It does not process any topology information at all. As 

a default setting, vertex shader already includes two matrices from the OpenGL view: 

modelview matrix and projection matrix. Both matrices are represented by 4 by 4 

values.  

The modelview matrix represents the camera position, which in OpenGL can 

be done by performing a gluLookAt() function or glFustrum(). These two 

functions define the camera position, and automatically change the modelview matrix. 

In vertex shader, we can use the modelview matrix by calling a variable called 

gl_ModelViewMatrix.  

The projection matrix is responsible to create a perspective effect. By default, 

all objects are projected orthogonally, which is not how we view things in real life. To 

add a perspective viewing to the camera, we can use the gluPerspective() 

function. This will change the projection matrix. In the vertex shader, we can access 

this matrix by using the variable gl_ProjectionMatrix. However, instead of 

multiplying the vertex manually, GLSL already provide a function ftransform() 

to transform the current vertex position into screen space. This process is also 

responsible in connecting the vertices with the texture coordinate. 

3.2.2 Geometry Shader 

Geometry shader is a shader that capable to generate new primitives, such as points, 

lines, and triangles, based on its input polygon. Its input is the transformed vertices 

from the vertex shader and the topology information sent at the beginning of the 
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rendering pipeline. The output of this shader is a set of polygons ready to be colored 

at fragment shader.  

An example of the use of geometry shader is the recently famous tessellation 

process. Tessellation is a capability to create more polygon(s) based on the vertex and 

topology information of the incoming input. This capability allows a polygon sent to 

the rendering pipeline to have more details when it‟s rendered on the scene.  

3.2.3 Fragment Shader 

The result of geometry shader is a set of geometry, transformed based on a screen 

space coordinate, which represent the shape that we will see on the screen. However, 

the geometry shaders do not define what color should be used for the covered pixels. 

This is what the fragment shaders are all about: deciding what color should be drawn 

on each pixel based on the geometry that filled that pixel and other information such 

as texturing, lighting setup, and shading. This operation is called fragment operation. 

The output of fragment operation is the result that we see on our screen or kept in the 

offline buffer. The fragment shaders output is a 4 dimensional vector which is kept as 

a variable gl_FragColor.  

3.2.4 OpenGL-GLSL Connectivity 

We can connect our OpenGL rendering pipeline with our shaders by creating a new 

shader program. It‟s possible to do that with the help of Graphic Language Extension 

Wrangler library or GLEW [25]. Then we create an additional .vert and .frag 

files that contain our vertex and fragment shaders code respectively. This file will not 

be treated as a code during the compilation process. During the shaders initialization, 

we send the shaders as an array of character. The compilation process can be done by 

attaching the shaders code to the pipeline by calling glShaderSource(). Then we 

compile the code by calling glCompileShader().  

 OpenGL treats shader code as a program. It means that after the code is 

compiled, the result of the compilation is attached to a shader program. Creating a 

shader program can be done by calling glCreateProgram().And then we attach the 

shader code by using glAttachShader().During the drawing process, we can tell 

OpenGL to use which program as our shader by calling glUseProgram(). 
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4. Theoretical Perquisites 

In this chapter we will go through some theoretical content to provide enough 

understanding before going through the implementation. We will discuss the 

mathematical and programming aspects that are related to this project. In the first part 

of this chapter, we will discuss the basic coordinate system which is heavily used in 

the program. This coordinate system is very important to index the results. Then we 

will go through Barycentric coordinate, which is used to fill the texture. In the third 

part, we will focus on GPU programming and how it can be done through GLSL, the 

main part of the pre-calculated rendering process. 

 

4.1 Coordinate System 

There are two coordinate systems used in this program. The first one is Cartesian 

coordinate system, which is the standard used in OpenGL. The second one is 

spherical coordinate system, which is used to index the camera.  

4.1.1 Cartesian coordinate system 

Cartesian coordinate system is the most common system to represent position. It‟s 

also the default coordinate system in OpenGL. It defines position with a set of value 

based on its axis. For a two dimension world space the value will be defined with   

axis and   axis. Hence a position can be represented with (   ). For three 

dimensions, it uses (     ).  

In our program we define   as the horizontal axis of the screen,   as the 

vertical axis of screen, and   is an axis that goes from the users point of view into the 

screen. A positive   value reaches the user‟s eye, and a negative   value goes further 

from the user‟s eye. Figure 3.1 below shows the Cartesian coordinate that we will use 

in this program. 
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Figure  4.1 Cartesian Coordinate System used in this Program 

4.1.2 Spherical Coordinate System 

The spherical coordinate system is a way to represent a position in 3 dimensional 

space using three values: radial distance from the origin ( ), inclination angle ( ) and 

azimuth angle ( ). Radial distance defines the distance of the object from the origin 

point (     ). Inclination angle defines the angle between the object and the positive 

  axis. Azimuth angle defines the angle between the object and the positive   axis. 

The image below shows how the radius ( ), azimuth ( ), inclination ( ) can define a 

position in a 3D space. 

 

Figure  4.2 Visual Representation of Spherical Coordinate System. Left to Right: radius, azimuth, and inclination 

Spherical Coordinate System is widely used in Geography and Astronomy. These 

studies use the term latitude and longitude instead of elevation and azimuth, 

respectively, and the radial distance is replaced by altitude. We will stick to the 

original term to be used in this report.  To convert the Spherical coordinate to 

Cartesian coordinate, we use this formula: 

 

             

             

         

(2.4)  
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To convert Cartesian coordinate to Spherical Coordinate, we use this formula:  

 

  √         

       
 

√        
 

       (   ) 

(2.5)  

However, as we explained in earlier chapter, our Cartesian coordinate system 

does not follow the basic coordinate system that is used in this formula. We have to 

switch the value of   and   so it fits our coordinate system. Instead of using the 

formulas above, to use the   value as the Up, we use this formula to convert spherical 

coordinate to Cartesian coordinate: 

 

             

         

             

(2.6)  

and to convert the Cartesian coordinate to spherical coordinate, we use this formula: 

 

  √         

       
 

√        
 

       (   ) 

(2.7)  

 

4.2 Barycentric Coordinate 

Barycentric coordinate is a coordinate system that defines a point by using its relative 

position from the known vertices. This is useful for finding a parallel position in two 

triangles. Figure 3 below shows an example of converting a point from a 3D triangle 

with coordinate (     ) to a 2D triangle with coordinate (     ).  

 

 

Figure  4.3 Parallel Point using Barycentric Coordinate 



22 

 

By knowing the Cartesian coordinate of the 3D triangle, we can find a barycentric 

coordinate (         ) that fit the equation 

                  (2.8)  

where 

            (2.9)  

We can also define the point using (   ) coordinate by defining the edges of the 

triangle. This can be done by picking one vertex as the base point and the other two as 

a relative position. For example if we picked    as the base vertex, we can define the 

edges of those triangles as          and         , then we can define a point 

with 

                (2.10)  

where 

         (2.11)  

and    and    are between 0 and 1. We will use (   )coordinate since it is more 

natural to define a 2 dimension texture with 2 values. 

  

4.3 Piecewise Linear Interpolation 

Interpolation is a process of creating a new data points from an existing data. This 

new data can be created by various functions. Linear Interpolation is an interpolation 

process where the new data is created by using a linear function. Since the existing 

data contains multiple value, the linear function of each piece of the data changes 

depends on the start and end value of the piece. Hence, we use the term Piecewise 

Linear Interpolation. Figure 4.4 below shows an example of interpolated data using 

piecewise linear interpolation. The left image shows the curve that is going to be 

sampled as an existing data. The result of the sampled data is represented as blue dots 

on the right image. For each two values of the sampled data, we create a linear 

function to define any value in between the data.  
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Figure  4.4 Linear Piecewise Interpolation 

 

The first step of the interpolation is to gather a certain amount of data from the 

real dataset. The sampled data must follow a certain rules to minimize the error of the 

new data. Then we build a linear function that satisfies the condition at the start point 

and the end point. From a known values (     ) and (     ), and a value (   ) that 

satisfy the equation 

 
    
     

 
    
     

 (2.12)  

We can find the value of y from a known x by using this equation: 

   
    
     

 (     ) (2.13)  

or it can be shown with a more commonly used equation: 

      
    
     

 (     ) (2.14)  

The purpose of this interpolation is to build a similar data based on the sample data 

taken from the real data. This is a good way to compress a huge number of data that 

tend to have equal values to its neighbor. However, it might be worth to notice that 

this kind of compression might not be very effective for a dynamically changing data. 

The behavior of the data must be analyzed before applying this method since it can be 

a very ineffective compression. To see how effective the compression is we can see 

the compression ratio and the error rate. Compression Ratio can be found by simply 

comparing the size of the real data and the size of the compressed data. Smaller data 

not only save the memory, but can also speed up the search when we try to read the 

data.   

The second measurement that we need to take a look is the error rate. It can be 

represented in this equation: 
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    ∑| ( )   ( )|

 

   

 (2.15)  

where RT defines the error rate,  ( ) is the real value from our function and  ( ) is 

our approximation, and n is the amount of sample that we use to calculate the error. 

However, we also might notice that the error rate is cumulative through the function. 

It means a constant slight error throughout the curve might result a significant error 

rate value. Since we are dealing with graphic, those slight errors might be 

unnoticeable to bare human eye. So it is better to consider other aspect as to define the 

compression effectiveness such as average error rate: 

   ̅̅̅̅  
  
 

 (2.16)  

where   is the amount of interpolated data that is different from the real data.  The 

result of piecewise interpolation can be lossless compression or lossy compression. It 

depends on the rule that we set to split the data.   
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5.  Pre-calculated Light Transport   

The idea of the implementation is to render pre-calculated data instead of calculating 

value during rendering process. Since we are dealing with a 3D scene, the data that is 

going to be captured is the distribution of reflected radiance at every point on the 

surface. This chapter will discuss how we are going to capture those pre-calculated 

data. We will discuss how we capture the pre-calculated data at the first part of this 

chapter. We will also discuss how those data kept on the file. Later we will see how to 

implement the linear piecewise interpolation to compress our data.  

 

5.1 Pre-calculation Process 

The rendering method used in this program is similar to any ray tracing method 

available. But instead of casting ray from the camera to find pixel-to-point relation, 

we loop through every texel of the texture to find texel-to-point relation. This is 

because our rendering results, instead of a single image on the screen, are textures 

attached to each polygon on the scene. Every object that we are going to render will 

have a set of textures attached to it. Our task in this step is to fill those textures with 

the correct color. To do that, we have to determine the position of the point that the 

texel represent. After we found the corresponding 3D position on the scene, we can 

find the value of the vertex based on the ray tracing method we‟ve discussed earlier. 

We do this to every texel on the texture.  

 

Figure  5.1 Parallel Point from 2D Texture to 3D Scene 

Now that we know how to find the corresponding point from a texel, we can start 

making the set of textures for each object. 
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5.1.1 Capturing the Scene 

To represent the camera rotation around the point, we use the approach introduced by 

Miller at al. [6]. We built a hemisphere surrounding the corresponding point, and find 

the amount of radiance reflected to each angle on the hemisphere.   

 

Figure  5.2 Hemisphere around a point 

This value can be represented using the rendering equation:  

  (   ⃗⃗  )  ∫  (   ⃗⃗    ⃗⃗  )      (   ⃗⃗  )  ⃗⃗ 
 

 (4.1)  

The term  (   ⃗⃗    ⃗⃗  ) represents the BRDF function at point   with incoming light 

angle comes from  ⃗⃗   and the outgoing radiance angle is  ⃗⃗  . This value will be 

captured by using a camera rotating through the hemisphere. This camera spherical 

position will represents  ⃗⃗  .  

5.1.2 Normal Based Spherical Coordinate 

The spherical coordinate formula explained in earlier chapter only applicable for 

general coordinate system. In this project however, the spherical coordinate that we 

need to find is relative to the normal at the corresponding point. So we can‟t directly 

implement the Cartesian-spherical conversion formula (equation 2.4, 2.5) if the 

normal of a point is not (0, 1, 0). If we have another normal value in a point, we have 

to rotate the whole hemisphere which result a different Cartesian value from the same 

spherical value. Figure 4.3 below illustrates the rotating hemisphere based on the 

normal.  
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Figure  5.3 Hemisphere based on normal 

This condition requires us to perform additional calculations to find the correct 

Cartesian value. Since the spherical coordinate is relative to the normal, we can find 

the new Cartesian value by rotating it with the same angle as the normal rotation. 

Figure 4.4 shows how we can relate the normal with the spherical angle.  

 

Figure  5.4 Rotating spherical coordinate based on normal 

Let‟s say we‟re trying to find the Cartesian value (        ) from a spherical 

coordinate (   ) based on a plane with normal of plane B, (        ). The first 

thing we have to do is to find the rotation matrix   from our standard normal value, 

(     ), to (        ). We find the Cartesian value (     ) based on the standard 

normal (     ) using the formula mentioned in the previous chapter. By knowing 

these two values, we can simply find (        )  by rotating (     ) using matrix   

that we found earlier.  

5.1.3 Indexing the Texture 

Since we render the scene from multiple points of view, we are going to have multiple 

textures. We have to index the resulting textures so they can be rendered properly 

later. We will use a single index to simplify the process. This single index is 
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generated by two values from spherical coordinate system that we use to rotate the 

camera:   and  . The distance is irrelevant for our calculation as it won‟t affect the 

value.  

In spherical coordinate value,   is determined between 0 and 
 

 
  (90 ) and   

is determined between 0 and    (360 ). But we only need half sphere (hemisphere) 

from the pixel, so the   value is between 0 and 
 

 
  or 90 . These two index are then 

need to be converted into a single index. For example we determined there would be 

20 positions spread through the inclination of the hemisphere ( ) and 20 position 

through the azimuth ( ). In total there will be 400 cameras spread among the 

hemisphere coordinate. The formula below shows how the index for the camera is 

generated: 

             ( )    (4.2)  

The notation   is the position of   of the camera and   is the position of   of the 

camera.  ( ) is the total camera through the   value.  

5.1.4 Writing the Texture 

We keep the texture as a 3D texture file. OpenGL‟s 3D texture has width, height, and 

depth. The width and depth will define   and   of our texure. We will use the single 

index (        ) mentioned earlier as the depth of the texture. Figure 4.5 below 

shows how we kept our texture. 

 

Figure  5.5 Multi texture indexing 

Texture data consists of 3 values: red, green, and blue, presented as 8 bit values. Each 

color has a value from 0 to 256. Let‟s say we have a texture with size 400x400.  And 

we need capture the texture from 400 different cameras. If we keep the value as a 24 

bit value, we will need around 192 Megabyte to represent this raw data. Since we 

have many objects, we also require a lot of textures data to represent our scene. 
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Current graphic card memory is between 512 Megabyte to 2 Gigabyte. That means 

we can only keep up to 4 set of textures in GPU memory. We try to increase this limit 

by using a compressed data so we can put more textures to the memory. The chapter 

below will discuss one approach for compressing the texture data.  

 

5.2 Pre-calculated Data Compression  

5.2.1 Linear Piecewise Compression 

As explained earlier, the data that we captured is a pre-computed light transport data 

on a 3D scene. A texel represents outgoing radiance distribution at a point in the 

scene based on the user point of view. This kind of data tends to have a constant or 

similar value in some region, and have a constant change in some part. One of the 

best way to express this data is by using piecewise equation. We‟ve already discussed 

about this equation above. Now we will discuss how to implement this equation in our 

system and how it can help us compress the value.  

Since it‟s a piecewise equation, we have to sample the data. The quality of the 

data depends on the samples that we pick and the rules used to pick the samples. 

Currently, we are simply comparing the difference of value changing rate. If the rate 

of difference between two values is constant, it will be placed in the same piece. If the 

difference is accelerating or decelerating, we split the data by sampling it. Before we 

split the data, we compare it with a threshold. Using a higher threshold can give us a 

better compression. This however will cause the sampled data have more chance to 

increase the error value.  Beside of the threshold, we also implement some rules so the 

sampled data has lesser error compared to real data. In later chapter we will go 

through the detail of the implementation.  

5.2.2 Color Indexing 

The default color value is represented with 24 bit value. It‟s able to represent 

16,777,216 colors.  However, since our object tends to have the same color, the 

combination of color needed to draw an object is far less than 16 million colors, 

especially for a non textured object. For example, a highly specular non textured 

object (shiny/smooth object) only needs around 15,000 colors (with shadow effect). 

This can be represented with 16 bit value (maximum 65,536 colors).  Using 16 bit 

value instead of 24 bit can save one third of the data. This step however requires us to 
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create a color index map to find the 24 bit RGB value from the 16 bit index. In later 

chapter we will discuss the detail how to implement the color indexing.  
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6. Pre-calculated Rendering 

In the previous chapter, we discussed about how we keep the pre-calculated data. In 

this chapter, we will discuss how to draw a scene using the pre-calculated textures we 

already have. The first part of this chapter explains how to calculate the index of the 

texture that is going to be rendered on screen. Later on this chapter, we will discuss 

how to render the compressed data.   

 

6.1 Texel Spherical Index 

The pre-computed data represents the outgoing radiance distribution from a point in 

the scene. As explained in earlier chapter, the data is treated as a 3D texture. The main 

task in the rendering process is to determine which texel to be shown on the screen. 

3D texture has 3 component;  ,  , and  . The value of   and   represent a point on 

the scene. The   value represents an outgoing radiance based on a camera position. 

The main idea of the rendering process is to find the proper   value of each point 

based on the camera position on the scene.  

6.1.1 Camera Spherical Index 

We can compute the index by finding the spherical position of the camera based on 

the point we want to render. Based on the normal on the corresponding point, we 

calculate the spherical value with the spherical formula explained in chapter 5. Figure 

5.1 below gives an illustration how the rendering works.  

 

Figure  6.1 Camera direction from every point 
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A camera is positioned at (        ). For every point positioned at (        ), we 

calculate the direction of the camera by using formula (5.1):  

 (        )   (        )  (        ) (5.1)  

The view vector (        ) is then converted into spherical coordinates.  

However, as we‟ve explained before, the camera spherical coordinate value has to be 

transformed into the local coordinate system defined by the normal at that point. In 

chapter 4.1.2, to find a camera position based on a spherical coordinate, we multiply 

the camera position based on standard normal with the normal rotation matrix. Now 

what we need is exactly the opposite of that process: to find the spherical position of a 

camera based on a rotated normal. So we reverse the process: we multiply the camera 

position with the inverse of normal rotation matrix. The resulting position is then 

converted into spherical coordinate. Figure 5.2 below illustrates this process.  

 

Figure  6.2 Reverse rotation to find real Spherical Coordinate 

We want to find the spherical coordinate of Pa relative to the nomal of   (  ). This 

can be done by finding the inverse rotation matrix of   relative to   (default plane 

with normal (     )). By using this matrix, we inverse rotate    to get the new point 

  which has the same spherical value relative to   . Since    is our default normal 

(     ), we can use the standard cartesian-to-spherical formula as mentioned in 

equation (2.7). By using equation (4.1), we can find the single index based on the 

resulting spherical coordinate.  

6.1.2 Interpolating among Near Views 

In the pre-calculation process, we rotate the camera along the spherical coordinate. To 

fit the data at the memory, we can only render for a limited amount of camera to 

cover the entire hemisphere. Hence, there will be time in the rendering process that 
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the camera position we need to render not in the position of camera that we already 

calculated before. To find a value on that point, we have to interpolate the 

surrounding known values. The interpolation is using a linear interpolation, just like 

what we used for the compression. Figure 5.3 below show the example when we need 

to interpolate  

 

Figure  6.3 Interpolating Camera 

For example the current camera is positioned at ( |  |) (red camera), but the pre-

calculated data exist only for camera at (   ), (     ), (     ), (       ) 

(green cameras). Hence we interpolate the data from those 4 values using linear 

interpolation just like we used in our compression.  

 

6.2 Compressed Data Rendering  

As mentioned earlier, the data is compressed with a linear piecewise compression 

followed by indexing the color to reduce the bit used for color representation.  Linear 

piecewise picked samples of the real data. It also kept the spherical index of each 

sample to keep the information of which data is sampled. To find the desired value 

from this compressed data, we have to loop through the index of our sample data until 

we found the          that represents our current camera. The pseudo code below 

represents the algorithm to find the desired value.  

requestedSphIndex = getCameraSphIndex(cameraPos) 

while (sphIndex < requestedSphIndex) 

   prevSample = curSample 

   curSample = nextSample 

   sphIndex = getSphIndex(nextSample) 

requestedValue = interpolate(prevSample, nextSample) 
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The interpolate method is using a linear function. After this process is done, the next 

step is to find the real value of the color from the color map.  



35 

 

7. Implementation 

In this section we will discuss the implementation details of our system. We will 

explain how it is implemented in the software, and describe the part of the code that 

related to the theory. First we will discuss the main structure of the program, the input 

used and the output of each part of the system. Then we will go into the details 

describing how we implement the pre-calculation process. After that we will go 

through the rendering process.  

 

7.1 Main Program 

The program used OpenGL as its graphic language, with additional libraries such as 

GLUT (OpenGL Utility Toolkit to simplify the window creation)[26], GLEW 

(OpenGL Extension Wrangler to compile the shader programs) [25]. There are also a 

self-built math library to handle vector/matrix calculation and standard polygon data. 

The program uses .obj file format for vertex information and object topology and 

.mtl for material information. These standards were developed by Wavefront 

Technologies. For simplicity, we limit the polygon support just for triangle polygon.  

The system is divided into two main processes: Pre-calculation process and 

Rendering process. The two processes are independent of each other, so the relations 

between classes in the two processes are not dependent to each other. This is 

important so we can replace one of the processes later on.   

 

7.2 Pre-calculation Process 

As mentioned in earlier chapter, the first process is to render the surface light field 

data that is going to be the input to the online rendering process. The pre-calculation 

pipeline can be described as: 

1. Polygon topology sent from the main program 

2. For each polygon, we attach a 3 dimensional texture with it 

3. For each texture, loop through each texel and find corresponding point on 

the scene 
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4. Perform a ray tracing process to find the value of the point. 

5. After all texel values have been calculated, we write the data to a file.  

We will go into detail of these steps later on this chapter.  

7.2.1 Multi Texture Generator 

The first thing to do before we can start the pre-calculation process is to attach each 

polygon to a 3D texture. Assigning a texture with proper width and height to each 

polygon is important, since it affects the detail of our scene. The depth of the texture 

defines the amount of camera used to capture the value.    

When each polygon has its own 3D texture, we loop through each of its texel 

and correspond it to a point in the scene. Using the data from the scene, we calculate 

the value of this point by calling the ray tracing process. Each texel from the texture 

will have a RGB color value which is represented as an 8 bit value for each 

component (total 24 bit for all 3 component). In the program, we will use unsigned 

char to represent an 8-bit value.  

7.2.2 Ray Tracing 

The ray tracing method we used in this program supports diffuse reflection, specular, 

and shadow. The shadow supports a soft shadow effect, which means we treat a light 

source as an area instead of a spot. We use Monte Carlo sampling from the light 

source, which is represented as a triangle polygon.  

7.2.3 Multi Texture File Writer 

At this point we already have a 3D texture ready to be written to a file. We write the 

texture as a binary file. However to be able to determine the size while reading the 

texture, we create a header to be attached on the file. The header contains information 

such as texture width, height, depth, and size. The size represents the bit used for each 

texel component. This is important to keep the compressed texture. The file extension 

is .mtex.  

7.2.4 Texture Compression  

At this moment, we already have the pre-computed surface light field data. The next 

step is to apply a compression method so we can decrease the size of the data. The 

compression will go through the depth data associated to each texel. The process of 

picking the sample can be described with this pseudo code: 

currentDifference = currentTexel - previousTexel 
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currentTexel++; 

For each texel 

 previousTexel = currentTexel 

 currentTexel = texel  

 nextDifference = currentTexel - previousTexel 

 if(nextDifference – currentDifference > threshold) 

  sample currentTexel 

  currentDifference = nextDifference  

 

In the pseudo code above, for every texel related calculation, we are dealing 

with 3 RGB component value. For this program, we set the threshold by these rules: 

1. The cumulative second derivative is less than 6 

2. For each component the second derivative is less than 3 

3. The first derivative must have the same sign (either both positive or both 

negative). 

The first rule represents the acceleration/deceleration of the value. If the values 

accelerate/decelerate more than the threshold value, we keep the sample. The second 

rule is to avoid the drastic change at a single value only. A change in one isolated 

value may cause a visible error, even though it‟s still lower than the threshold. Each 

texel is represented with 3 value: Red, Green, and Blue (RGB), so the term texel 

difference is actually the sum of difference of each value. The third rule is to avoid a 

segment to skip maximum/minimum value of an object.  

 After we compress the data, we can start indexing the data. The first thing to 

do to index the data is to map every color contained on the object. The quantity of 

contained object will be the length of our index map. After we have the index map, 

we assign the color to each of the index. We then write the index as our texture 

instead of RGB value.  

7.2.5 Compressed File Writer 

Notice that the compressed texture is actually a sampled texture value. If we sample 

the texture value, we also need to keep the index of the value that we sample. Since 

we are going to sample the multi texture, the depth of each texel might vary. With a 

varied depth, we cannot treat the sampled data as a 3D texture. Instead, we simply 

keep the compressed file as a long 2D file. To keep the reading process simple, we 

have to keep the starting point of each texel. Also since we index the color, we also 

need to create a map file that contains the real colors.  

 We already know that we have to keep four kind of file: the compressed file (8 

bit for each RGB component, total 24 bit), the spherical index file (16 bit value), the 
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color index file (16 bit value), and a starting point file (32 bit value). We use .mtnc, 

.mti, .mtm, and .mtsp as filename extension for compressed, spherical index, 

color index, and starting point file respectively. 

7.3 Rendering Process 

The second part of the program is the rendering process. This part uses the data we‟ve 

calculated previously. The input for this part is the polygon data that formed the scene 

and the pre-computed surface radiance transfer data from the previous process.  

7.3.1 Reading the File 

From the pre-calculation process, we already have an .mtex file for an 

uncompressed texture, and three other files for index, starting point and compressed 

data (.mti, .mtsp, and .mtm and .mtnc). We will use both format for 

comparison purpose. Since we are going to replace the rendering pipeline routine, we 

have to attach the shader program with the code we already built.  

We will create two shader programs, one for the compressed file and the other 

one for the uncompressed file. The uncompressed shader will have one 3D texture 

(.mtex) for each object. OpenGL already support 3D texture by using method 

glTexImage3D(). The width and height are set as the texture size, and depth is the 

total camera that captured the scene. We use GL_RGB8 as internal format to 

represent the texture consists of a 24 bit RGB value (8 bit each component). 

The compressed file consists of 4 data: spherical index, color index, 

compressed file, and starting position. The starting position is treated as a 2D data. 

We use glTexImage2D() to send the data to GPU memory. The internal memory 

is set to GL_R32I to represent one 32 bit value. It‟s necessary to represent the starting 

point with a 32 bit value since it contains a large value that can‟t be represented with 

16 bit value. The spherical indexes were kept as a 1D data. However since currently 

used GLSL are unable to support huge index value, we have to represent the data as 

3D data. Hence, we create our own indexing system that convert the 1D data to 3D 

data. The index data uses GL_R16I to represent a 16 bit index value. We also do the 

same texture indexing system to the compressed data and the color index. We store 

the compressed data as a 16 bit GL_R16I, and the color map as a 24 bit data 

(GL_RGB8). 
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7.3.2 Vertex Shader 

The vertex shader is responsible for transforming vertices from world space 

coordinate to screen space coordinate. This process is a built in process in the default 

vertex shader routine. However, later in the fragment shader, we need to calculate the 

spherical coordinate of the camera relative to each point. This calculation requires the 

world space position of both camera and the vertex. The camera position is sent from 

the main program to the shader. It will not be processed in the vertex shader, so the 

value is still in world space coordinate. However the vertex is transformed to screen 

space in vertex shader. Hence, we need to modify the vertex shader so it also sends 

the value of the vertex position both in world space and screen space. 

7.3.3 Fragment Shader 

The fragment Shader is where the main process takes place. Therefore, it is a much 

more complex than the vertex shader. It is responsible for finding the camera 

spherical position based on the corresponding vertex position that filled the pixel.   

For the uncompressed texture, all we have to do is to find the proper 3D 

coordinate for our 3D texture. This can be done by finding the camera position in 

spherical coordinate and compute the index for the texture lookup based on the 

formula that we‟ve explained in the previous chapter. The spherical coordinate is then 

converted into a single index by using equation 4.1. As explained in 5.1.3, we also 

need to interpolate the camera that has no pre-calculated data.   

For the compressed file, basically we are trying to perform the same thing as the 

uncompressed: finding the third coordinate for our value. But since our data is a 

sampling data, instead of finding an exact coordinate, we are looking for the segment 

of data where the desired coordinate falls between. Then we can linearly interpolate 

the desired value from the boundary point at that segment. Notice that the data kept 

on the compressed file is a texel based data. To render a pixel that falls between texel, 

we have to interpolate the value of surrounding data. We also need to interpolate the 

value if the camera falls between the known values.   
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8. Result 

In this section, we will discuss the result rendered with our software framework. We 

will see the details of the pre-computed data and compare it while using a different 

threshold for the compression. We will use the size ratio and error rate to see the 

effectiveness of our compression. Later, we will also see the behavior of the technique 

based on the properties of the rendered scene and find out how it will affect the 

overall performance. Let‟s start by analyzing the result of the framework used on a 

simple scene: 

 

Figure  8.1 Simple 3D Scene 

The list of objects contained on the scene:  

Name Polygon Characteristic 

wall_side 2 High specularity 

wall_front 2 High specularity 

floor 2 High specularity  

Box_front 12 Low specularity 

Box_back 12 Diffuse only 

prism 10 Low Specularity 

 

We grab the camera from 400 point of view, rotating in a hemisphere. This table 

shows the amount of size for each object: 
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Name Texture Size Size (MB) 

wall_side 200x100 23 

wall_front 200x100 23 

floor 200x200 46  

Box_front 300x300 105 

Box_back 300x300 105 

prism 500x500 307 

 

The total number of texels for this scene is 510,000 texels. Now we compress those 

files using the compression methods we explained in earlier chapter. In this first trial, 

we set the threshold value to 0, making it a lossless compression. There are four types 

of file generated by this compression: starting point (.mtsp), index (.mti), color 

map (.mtm), and compressed value (.mtnc). This table shows the size of each file 

and the total for compressed file: 

 

Name Mtsp(kb) Mti(kb) Mtm(kb) Mtnc(kb) Total(kb) 

wall_side 79 9,679 37 9,679 19,474 

wall_front 79 9,577 25 9,577 19,258 

floor 157 17,145 63 17,145 34,510 

box_front 352 5,451 19 5,451 11,273 

box_back 352 6,174 51 6,174 12,751 

prism 1,025 8,681 56 8,681 18,443 

 

If we look at the comparison between uncompressed and compressed data, we can see 

that the wall side and wall front has the lowest compression ratio amongst the other. 

There are two things that caused this low ratio. The first is those walls have a high 

specular value. It means the color changes dynamically. Notice that our compression 

is using linear piecewise interpolation. It is weak against data that has a dynamic 

acceleration/deceleration (second derivatives). The second reason is both objects have 

a low resolution texture. It means there are not much data to compress.  

The best compression ratio is the prism. We got a 1:17 ratio for the 

compression. This is caused by the low specularity value that makes the color value 

less dynamic than the walls. And also it has a huge texture, so there are more data to 
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compress. We also have a good compression for the boxes which has a very low 

specularity value.  

Now the second measurement for our compression effectiveness is the error 

rate. As explained before, the lossless linear piecewise can simply be done by setting 

the threshold value into 0. So the data above represents a lossless compression. 

However we can set a higher value. On our second test, we raise the value into 6. It 

means the cumulative error of red, green, and blue component must be less than 6 to 

be inside an interpolation data. The list below shows the maximum error of each 

object and the total compression size while threshold value is set to 6.  

Name Avg.  Error Max. Error Total Size (kb) 

wall_side 1.1229 1.96491 13,457 

wall_front 1.24343 1.99346 13,252 

floor 1.08726 1.99388 26,505 

box_front 1.21436 1.99462 7,413 

box_back 1.1885 1.98826 9,903 

prism 0.955695 1.9902 14,215 

 

From the data above, we can see the difference between lossless and lossy 

compression with threshold set to 6 is not significant. However, in the rendering 

process, we notice that the error is not significantly visible. This tendency tends to 

occur to all objects on the scene. Setting the threshold value to 9 does not help the 

compression size too. However, the error becomes significant in some part. The table 

below shows the comparison of lossless compression, compression with threshold is 

set to 6, and compression with threshold is set to 9.  

Name Lossless Threshold = 6 Threshold = 9 

wall_side 19,474 13,457 12,223 

wall_front 19,258 13,252 11,963 

floor 34,510 26,505 24,329 

box_front 11,273 7,413 6,597 

box_back 12,751 9,903 9,351 

prism 18,443 14,215 13,463 
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As we can see from the previous table, the ratio does not reduced significantly. But 

since we also put a higher threshold for the compression, the error becomes more 

significant. The image below is the comparison of a wall with high specularity. 

 

Figure  8.2 Comparison of real data (left), compressed with threshold = 6 (middle) and threshold = 9 (right) on a high specular 
value 

The left part of the image is using the lossless compression. The middle one is using a 

threshold value 6, and the right one is 9. Notice the circled part of the middle and 

right picture that mark the error of the lossy compressed texture. The error becomes 

more significant when the threshold is set to 9 but the compression ratio does not 

affect that much compared to when the threshold value set to 6. 

 We render the scene using nVidia GeForce GTS 240 with total memory 1 GB. 

Performance-wise, the scene above can be rendered in averagely 10 FPS, based on the 

current camera position. But in the heaviest part where the entire screen pixel is 

covered with the fragment, it can drop to averagely 4-5 frames per second.  

 The next image shows a more complex scene contains 906 triangles with 2 

light sources. This scene contains 710,000 texels.  

 

Figure  8.3 Rendering a heavier scene 

The resulting data can be view in this data: 
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 Raw Data Threshold = 6 Threshold = 9 

Size (MB) 1,290 255 204 

Ratio with Raw - 5,05 6,32 

Average Error - 1.1 1,62 

Max. Error - 1.98 2,90 

 

With the same hardware as the previous scene, this image can be rendered averagely 

2-3 FPS. This proves that this technique is not polygon-count dependant, unlike the 

global illumination which performance is highly dependent on polygon-count. 

However, since we haven‟t implement an occlusion method to not render hidden 

polygons, the performance can sometimes drops to less than 1 FPS. Applying a good 

occlusion culling can avoid this performance drop.  
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9. Discussion 

The purpose of this thesis is to create a realistic renderer that can run a complex scene 

in real time. However, the term „realistic‟ and „real time‟ may be varied according to 

the user. Several tricks can be done to achieve a more realistic image, but it depends 

on the user‟s point of view.  

 As mentioned above, the idea of the thesis is to balance the consumption of 

CPU/GPU processing power and memory to split the burden in rendering a realistic 

image. One of the ideas to do that is to pre-calculate the scene before rendering it.  

  

9.1 Conclusions 

The proposed framework is capable to render a pre-calculated data in near real time. 

The idea to split the rendering task to GPU and memory by performing a pre-

calculation process is possible. We also tackle the memory space limit by applying a 

simple compression that decompressed in real time using the GPU power. By the time 

computer hardware technology has become better and it makes it possible to render a 

more complex 3D scene with a believable result. The other advantage with this 

method is the complexity of the scene (polygon count, complicated BRDF model) 

does not significantly affect the performance of the rendering.  

 Although this is not the best fit method to apply a real time rendering in 

common application, but the proposed idea might be useful for future content 

generation and rendering in a real time graphic industry. With the use of better 

graphic card and a better compression method that can utilize the GPU power, it is not 

impossible that the pre-calculated rendering can be commonly used at least for static 

objects or as environment.  

 

9.2 Future work 

These are a few things that can be done to gain more performance and add more 

features so this program can perform better in the future.  
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9.2.1 Better Compression 

 We already perform the linear piecewise for our compression, but there are other 

ways to compress the data. Currently we treat the data as a 1 dimensional data. But 

the fact that the rotating camera is based on a 2D spherical value can result a better 

compression in a 2D compression since a texel tends to be similar to its surrounding.  

 We can also perform a function analysis where we can pick a form of 

polynomial that fits best to our data. By analyzing the data, we can perform a better 

compression for any kind of data even from a data with a complex BRDF behavior.  

9.2.2 Integration with other 3D Application 

One of the biggest obstacles in this project is to create a high quality rendered scene 

that may result as an input to our pre-rendered textures. By using current 3D 

application such as Maya or 3D Studio Max, the scene generation can be faster than 

using a third party format such as Wavefront .obj file format. And by using a recently 

common renderer such as mental ray and or Pixar‟s RenderMan, we can use a more 

sophisticated rendering effect. With this integration, the pre-rendered result can be 

generated more easily making it possible to be used in game or movie production.  

9.2.3 Implementation for Animated Scene 

It is hard to pre-render an animated scene because it will require a lot of calculation. 

The additional variable is added to the function each time we add an animated object 

to the scene. This may exponentially increase the data. However, if the animation is 

fixed in pre-render scene, it‟s possible to do by adding a single variable to the 

function which is time. These will restrict the interaction between user and the 

animated object but for some fixed animated scene, it can be very helpful. 

9.2.4 Hidden Fragment Removal 

As explained in previous chapters, the key of our rendering method is in the fragment 

shader. It requires a massive GPU power to calculate the color of each fragment. 

However, not all calculated fragment will be shown on the screen. This is because the 

fragment shader works to every polygon that included to the screen, but not rendered 

due to its occluded with other object. The example below shows why the fragment 

removal is important. 
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Figure  9.1 Fragment calculation  to render 2 polygons 

 

For example we need to render two objects: a blue polygon requires 50 fragment 

calculations, and red poygon requires 60 fragment calculations. This will cost us 110 

fragment calculations. But some of those fragments do not even shown on the screen. 

This additional calculation can affect the speed of our rendering since it‟s where the 

core calculation is happening.  

 One of the idea would be is to apply a 2 buffer rendering method: the first 

buffer is to render the whole polygons on the screen and render it as a single texture 

containing the texture ID and texture coordinate, and the second buffer to calculate 

the color using the rendering method we‟ve done in this project. In lighting and 

shading, this method is called deferred shading. It was first proposed by Derring et al. 

[18] as a way to implement shading to an already rasterized image which is built from 

polygons information. If this method can be applied to the program, the complexity of 

the scene appears on the scene will give no affect to the fps performance. The fps will 

be heavily related to pixel count. Rendering 100 polygons will averagely have the 

same speed as rendering 1 polygon as long as the pixel count and the pixel colored on 

the screen is the same amount. 

However the implementation might be a little bit harder since texture coordinate 

represented by an 8 bit value is not detail yet. With the limitation of buffer only able 

to render a 3*8 bit value (RGB), the decimal error will be significant, especially for a 

complicated object.  
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