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Utilization of light and illumination systems in automotive industry for different purposes 

has been increased significantly in recent years. Volvo as one of the leading companies in 

manufacturing of luxury cars has found the great capacity in this area. The performance of 

such an illumination systems is one of the challenges that engineers in this industry are 

facing with. In this study an effort has been made to design a system to make the iron mark 

of Volvo being illuminated and the system is being evaluated by optics simulation in 

software using Ray optics method. At the end, results are assessed and some optimizations 

are carried out. Different kind of light guides, front side of the iron mark and some possible 

arrangement for LED also evaluated and different materials tested. The best combination 

from uniformity, color and amount of luminance aspect selected as a possible solution for 

this special project which can be used as a base for further studies in Volvo.  
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1 Introduction 
 

1.1 Background 
 

Design and use of light guides in modern and luxury cars becomes more significant in both 

interior and exterior illumination systems of the vehicle. A light guide is essentially a 

structure of some transparent material to transport light from one or multiple sources to a 

space intended to be illuminated. The idea is that the light should propagate inside the light 

guide and transmit some of its intensity at the surface, making the structure light up and 

thereby also light up its surroundings.  

 

The application of the light guides in recent years has been significantly increased as the 

car makers intend to use light more in interior and exterior design for safety and decoration 

purposes. The light guides are specially used in the situations where it is not possible or 

intended to use the light sources such as light emitting diodes (LED) directly for 

illuminations. These situations arise due to the lack of sufficient space to locate the light 

source or sometimes as the light sources, or due to the spot light produced by the light 

sources. The function of light guides is to transform the spot lights to distributed light 

which is really important as decorative point of view.  

 

Designing the luminary systems like any other engineering systems faces its own 

challenges. The performance of the designed systems should be checked before making 

very expensive prototypes. In order to be able to check the performance of the illumination 

systems, it is highly beneficial to simulate the system in computer to make sure that the 

designed system performs appropriately. This way is practically less expensive than using 

prototypes in a try and error basis. However, simulation of the light systems with computer 

aided method needs its own requirements such as availability of commercial software, the 

know-how of the physics of light transmission (optics), and the experience of using the 

software properly to get reliable results from the simulations. 

 

A major challenge in designing light guides is associated with obtaining a homogeneous 

light intensity at the surface of the light guide intended to make illumination. Typically, the 

surfaces closer to light sources are brighter, and similarly they are darker if located far 
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away from the sources. Hence, the problem is to distribute the intensity of a set of discrete 

light sources over the entire area of the light guide in an even manner. Other concerns in 

design of such illumination systems are associated with the desired magnitude of intensity 

of light through the system. These two challenges will be addressed by modification of the 

shape and material of the light guides along with using different light sources in different 

locations. Moreover, the efficiency of the system is really important. Lower power 

consumption and reduced material utilization are key factors to have a cost effective 

product. Another crucial parameter in illumination devices is the color of the lights. There 

are many different light sources with different specifications in the market. It is necessary 

to determine which light source can produce the nearest color to the design requirements. 

Optical materials used in making light guides can behave in different ways in their 

interaction with lights. Optical simulations of the entire system can provide a proper 

overview for designers to know the output color before making prototypes.  

 

1.2 Objectives and Delimitations 
 

This thesis project aims to design some light guides and some other mechanical 

components to make the Ironmark of the Volvo being illuminated. This illumination aims 

to light up the frame, arrow around the Ironmark and the VOLVO text in the center. 

Mechanical design of the system is performed in the major CAD system of the Volvo 

“CATIA V5”. 

 

 As the performance of this system is important for the company, the optical simulation is 

implemented to avoid the malfunctions of the system which leads to expensive redesign 

and remanufacturing process. In this project some researches are conducted to make 

decision which method is suitable for simulation. In this step understanding the optical 

studies and available methods is necessary which can lead to an accurate result and 

performance.  

 

After determination of the method, selection of the software is the next step. It is really 

important for company to use software for simulation which is completely adaptable with 

the CAD documents of the Volvo. Transferring the CAD models into the simulation 

environment which some of them are really complex, sometimes is really difficult and time 
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consuming. Selection of the software which has ability to import the CAD files made in 

Volvo CAD packages such as CATIA V5 is crucial. 

 

The optical simulation of the mechanical components which designed in this project is 

implemented to identify that whether the systems works according the requirements. At the 

end, some parameters of the system are needed to be optimized to be close to the 

requirements of Volvo such as uniformity of light through the light guides, luminance of 

the light and color.   

Currently, there are many different illumination projects available in Volvo in the fields of 

both interior and exterior. They are designed and their performances are examined on the 

basis of try and error. The methods which are used in this thesis to perform the simulation 

in computers can also be utilized to check the performance of these illumination systems in 

a cost effective way.  

 

1.3 Structure of the thesis 
 

This thesis is organized in six chapters as follows. After Introduction chapter, two, the light 

and optics theories which are related to the content of the project are explained briefly in 

Chapter 2. The main purpose of this chapter is to get familiar with the concepts of optics 

study and how it can be possible to use this knowledge to simulate such an illumination 

system using computer aided approach. 

 

In Chapter 3, mechanical design of the systems is explained in detail. There are several 

mechanical components used in this system and each of them has their own function. Some 

of these components is not available and have to be designed from the beginning. Some 

parts are already available but some modifications are required in transformation from non-

illuminated to illuminated Ironmark. All of these components are designed and modified in 

CATIA V5 and prepared for the simulation.  

 

Chapter 4 is organized to explain the implementation of the optics simulation. All steps 

from transferring the geometries into simulation environment and preparing them for 

optical calculation to setting up the optical properties and light sources are presented. 

Creating different sensors for different measurements are also explained. In other words all 
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requirements for using the software for implementation of the results are explained in 

details.   

 

 

 

Results obtained in the previous part of the study are presented in Chapter 5. As some 

parameters of the first design have some deviation from the design requirements of the 

Volvo, some optimizations are required which are carried out in this chapter. These 

optimizations include mechanical modifications of some components and even some 

changes in optical properties of materials and specifications of light sources in simulation 

environment. The results obtained from the simulations and optimizations are discussed in 

this chapter. The reasons behind the failures in the first design and improvements obtained 

in the following versions of the first concept are explained in detail in this chapter. The 

deviation of all parameters from the ideal design and reasons behind it is also described in 

this part of study. 

 

The last chapter is the conclusion part of the thesis which includes brief overview of what 

it has been done in the whole process of the design, simulation and optimizations. The 

improvements and achievements are mentioned briefly here.  
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2 Light and Optics Theories 
 

In this study in order to be able to simulate light, it is necessary to know about the physics 

of light and governing equations to be solved in the software.  This gives ability to identify 

the right tools which can be utilized in order to solve the problem and get the relevant 

results from the simulation. In the theory section of this report the fundamentals of the 

physics of the light is explained and the methods which can be used to predict the behavior 

of the light while interacting with material is presented. 

 

2.1 Optics study 

 

Optics is a branch of physics about the light and its properties and behavior while 

interacting with matter. Optics study has a long tradition which is split into three major 

categories of Geometrical (Ray), Physical (wave) and Quantum optics. Each category of 

optics study, models light in different way according to its nature. (Van Stryland et al. 

1996) 

 

In geometrical optics, light is considered as a ray traveling along a straight line, but light is 

considered as a portion of electromagnetic wave spectrum going through space in physical 

or wave optics. However, in modern or quantum optics light is defined as discrete particles 

transporting energy from the source of light to other locations in space. These particles are 

called photons. (Van Stryland et al. 1996) 

 

2.2 Geometrical optics 

 

As the ordinary view in optics, in many situations the light can be thought as rays directed 

along the flow of energy. Geometrical optics, or ray optics, describes the light propagation 

in terms of "rays" instead of the electromagnetic wave. The "ray" in geometric optics is an 

abstraction, or "instrument", which can be used to approximately model how light will 

propagate. Geometrical optics provides rules, which may depend on the color (wavelength) 

of the ray, for propagating these rays through an optical system. (Peatross et al. 2011).  The 

accuracy of a geometrical optical calculation increases if the size of the optical element 
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increases compared to the wavelength of the light. (Lindlein, 2007). The ray is a model that 

works well in some cases and not at all in others, and light is necessarily thought about in 

terms of rays, scalar waves, electromagnetic waves, and with quantum physics depending 

on the class of phenomena under consideration. (Van Stryland et al. 1996) 

2.3 Wave optics 

 

In the theory of wave nature of light, visible light is a narrow portion of the 

electromagnetic waves spectrum going through space which is visible for human eye. 

Electromagnetic waves cover a vast range from gamma rays to radio waves with extreme 

changes in their wave lengths.  This range of the wave lengths can be as small as Nano 

meters in gamma rays to hundreds of kilo meters in long radio waves. As the wave length 

of the electromagnetic waves becomes shorter the frequency and energy of the wave 

become higher. The human eyes are able to identify the electromagnetic waves in a really 

narrow portion of the electromagnetic spectrum which is called visible light. (Ryer. 1997)  

In the following image the electromagnetic wave spectrum and the position of the visible 

light in this spectrum is shown. 

 

 

Figure 1 Electromagnetic spectrum (Wikipedia) 

 

As it can be seen from the spectrum of the electromagnetic wave, the visible light 

wavelength differs from 380 nm to 780nm. It is important to mention that each color 
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identified by human eyes has a distinguish wavelength and some of them are mix of 

different light with different wavelengths. The white light is a combination of different 

light with different wave lengths which is observed by human eyes as white color. (Ryer. 

1997)   

 

This model covers all of the phenomena explained by geometric optics, and some others 

which are not covered by geometrical optics. The phenomenon explaining light bend 

around obstacles is called diffraction. Diffraction cannot be explained by geometrical 

optics and can rarely be identified by human eye; however, it is not possible to be 

neglected when the obstacles are really small especially when smaller than ten wavelengths 

across. (Veach. 1997). Diffraction is an important factor in simulation of reflection of from 

rough surfaces for geometries in micro level. (He et al. 1991). However, it make its 

complicated to consider diffraction into most light transport algorithms when the 

assumption that light transports in straight line is not correct here. (Veach. 1997). 

 

Another important effect which covers in wave model is coherence. The average 

correlations between phases of light beams are measured by coherence. (Born et al. 1986). 

Two light beams can be considered as incoherent light beams when their phase do not have 

any correlation, otherwise, they are coherent or partially coherent. One of the most 

important specifications of incoherent light beams is that their intensities add linearly. For 

example two 200 watt lamps are two times brighter than one of them. (Veach. 1997).When 

very small features are going to be modeled such as soap bubbles the interference is being 

important (Gondek et al. 1994). 

 

2.4 Quantum Optics 

 

The most accurate and detailed model of the light behavior is offered by quantum physics 

and can explain some of the effects which are not covered by geometric or wave theories. 

As it was mentioned before in modern optics or quantum optics the light is considered as 

photons transporting energy. (Veach. 1997). 
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One of these effects which are explained by quantum optics is fluorescence. This effect 

happens when a new photon is emitted with new wave length after absorption by a 

molecule. (Veach. 1997). The other effect is phosphorescence. In this effect photons are 

absorbed, and re-emitted with delay with different wavelength. (Glassner 1995). There are 

many other effects which are not explained by other models but quantum optics.  For 

example, the photoelectric effect, or the observed spectral distribution of blackbody 

radiation are described by quantum optics. Lasers are also in this category.  (Veach. 1997). 

However, these effects are not relevant for this study. 

 

2.5 Basic Concepts in Optics 

 

In this section basic concepts and quantities of optics which is used in this study are 

explained. When the light hits a surface, it can be reflected or refracted through the surface 

to the material beneath. In the material, the light can be transmitted, absorbed, or diffused 

by the material. (Taylor.  2000). All of these basic concepts are discussed in this section.  

 

2.5.1 Reflection  

 

Specular, spread, and diffuse, are three types of reflection as shown in Figure 2. A specular 

reflection is a type of reflection which light is reflected from the surface at the same angel 

as the incoming light’s angel. A spread reflection happens when a light ray is reflected to 

more than one ray and reflected angels are almost as the same as incident angel. Finally A 

diffuse reflection, or Lambertian diffusion, happens when a rough or matte surface reflects 

the light at many different angles. (Taylor.  2000).  
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Figure 2 Specular, Spread and diffuse reflections (Taylor.  2000) 

 

 

 

For specular reflection there is a law which is called reflection law stating that incident 

angel is the same as reflected angel.  

 

       (2-1) 

 

 

Where     is incident angel and     is reflected angel. Figure 3 shows specular reflection 

with corresponding incident and reflected angels. (Taylor.  2000) 
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Figure 3 Reflection law (Taylor.  2000) 

 

2.5.2 Refraction and Snell’s Law 

 

When light propagates from one material to other material, it bends or refracts as its 

propagation direction and velocity are changed. Refractive index is defined as ratio of 

speed of light in vacuum to speed of light in material. Refraction depends on two 

parameters of incident angel and refractive index. Relationship of incident angel and 

refractive index is described by Snell’s law as follow: 

 

      

     
 

  

  
 (2-2) 

 

Where n1 and n2 are refractive indexes of medium one and two respectively and    and    

are incident angel and refracted angel. (Taylor.  2000) 

 

2.5.3 Transmission and absorption 

 

When light propagates through a medium this phenomenon is called transmission of light.  

When the transmission is not complete, some part of the light is absorbed by media and 

being converted to heat which is called absorption of light. Many materials show different 

behavior in absorbing different light with different wavelengths. Some wavelengths are 

absorbed more and some others less. This absorption is called selective absorption. This 

phenomena is important as the color of the light is changed while propagates through the 

material. (Taylor.  2000) 
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2.5.4 Diffusion (Scattering) 

 

Diffusion or scattering happens when light hits a rough surface. When light strikes a rough 

surface, it is reflected and transmitted at many different angels and directions which are 

called diffusion of light. This ability of some materials is used in some surfaces of light 

guides to illuminate those surfaces only. Different types of diffusers are available in the 

market. One of the methods which are used to describe these diffusers is the bidirectional 

scatter distribution function (BSDF), which quantifies scatter and its effects. (Taylor.  

2000). In this study diffusing materials are used in the light guides to illuminate center of 

the Ironmark and the frame around it.  

2.6 Optical measurement 

 

2.6.1 Radiometry 

 

Radiometry is a set of techniques which are used to measure the energy content of 

electromagnetic radiation fields and provides methods to determine how this energy is 

transferred from a source to a detector through a medium. Units of power, i. e., Watts are 

used for the results obtained from radiometric measurements. (Van Stryland et al. 1996).  

 

Traditional radiometric measurements are based on geometrical optics which ignores 

interference and diffraction. As it was mentioned before, geometrical optics assumes that 

the radiant energy propagates along the direction of a ray.  In some cases, interference and 

diffraction effects are significant and the flow of energy direction is different than along of 

geometrical rays. In those situations, a correction is needed to the results obtained from 

geometrical optics to consider the effects of interference and diffractions. (Van Stryland et 

al. 1996). 

 

Radiometry is divided into different fields such as vacuum ultraviolet radiometry, 

intermediate-infrared radiometry, far-infrared radiometry, and microwave radiometry. 

These fields are separated according to spectrum regions of the electromagnetic radiation 

and are distinguished from radiometry in the visible and near-visible optical spectral 

region. Same experimental techniques can be utilized for these spectrum regions. Some of 

the important concepts of radiometric measurement are described below. (Van Stryland et 

al. 1996). 
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Radiant Energy 

The energy which is emitted, transferred, or received in the form of electromagnetic 

radiation is called radiant energy. The symbol is Q and the unit is joule (J). (Van Stryland 

et al. 1996). 

 

Radiant Power  

Radiant power or radiant flux is defined as the power (energy per unit time t) emitted, 

transferred, or received in the form of electromagnetic radiation. Its symbol is   and its 

unit is watt (W). (Van Stryland et al. 1996) 

 

 
  

  

  
 (2-3) 

Irradiance 

There are some concepts in radiometric measurements which are used to describe the 

geometry of radiation transfer. These concepts include irradiance, intensity, and radiance 

which define the density of the radiant power (or energy) over area, solid angle, and area 

times solid angle, respectively. (Van Stryland et al. 1996). 

 

In cases where the density or distribution of the radiation on a surface is intended to be 

measured, the irradiance is useful. Irradiance E is the ratio of the radiant power incident on 

an infinitesimal element of a surface to the projected area of that element,    , whose 

normal is at an angle    to the direction of the radiation . Its unit is Watt/    . (Van 

Stryland et al. 1996). 

 

 

   
  

        
  (2-4) 

 

Solid angle 

One of the mathematical concepts which are used in defining radiometric concepts is Solid 

angle. Solid angle   is the ratio of a portion of the area on the surface of a sphere to the 
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square of the radius r of the sphere. By using solid angle concept, the amount of radiation 

passing through the optical system is determined. Solid angle is also known as collection 

angle and its unit is steradian (sr). (Van Stryland et al. 1996). Solid angle is indicated in 

Figure 4.  

 

 
   

  

  
 (1-5) 

 

 

Figure 4 The solid angle at the center of the sphere is the surface area enclosed in the base of the cone divided by 

the square of the sphere radius. (Van Stryland et al. 1996) 

 

Radiance 

Radiance is often used as a property of a source, but it is a useful concept at optics 

detector. Radiance L is the ratio of the radiant power, at an angle    to the normal of the 

surface element, to the infinitesimal elements of both projected area and solid angle which 

is shown in figure 5. In those situations where the amount of radiation transfer through the 

optical system is desired, the radiance has to be measured. Its unit is 
    

                . (Van 

Stryland et al. 1996) 

 

 
  

  

          
 (2-6) 

 

 

In practice measurement are carried out with finite optics detectors and field of view. 

However, the irradiance and radiance are defined for infinitesimal areas and solid angles. 

In reality, a measurement is not possible to be obtained at a point or an infinitesimal area. 
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So, all measurements are in fact average measurement of irradiance and radiance. (Van 

Stryland et al. 1996).  

 

 

 

 

Figure 5 The radiance at the infinitesimal area dA is the radiant flux divided by the solid angle times the 

projection of the area dA onto the direction of the flux. (Van Stryland et al. 1996) 

 

 

 

 

 

Radiant intensity 

Radiant intensity or in a simple form Intensity I is the ratio of the radiant power leaving a 

source to an element of solid angle    which is propagated in the certain direction. Strictly 

speaking, intensity is definable only for a point source.  As a true point source is not 

possible to be defined physically, all of the intensity measurements are approximations. 

Radiant intensity unit is watt / Steradian. (Van Stryland et al. 1996).  

 

 
  

  

  
 (2-7) 
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2.6.2 Photometry  

 

Photometry is the measurement of the capability of electromagnetic radiation to produce a 

visual sensation in a physically realizable way, by considering a defined simulation of 

human vision. However, radiometry aims to describe the measurement of radiant energy 

independent of its effect on a special detector such as human eye. (Van Stryland et al. 

1996).  

 

In photometry, the radiation transfer concepts and geometrical principle are the same as in 

radiometric measurements. However, the spectral response of the detector such as human 

eyes is specifically determined. Photometric quantities have a relation with radiometric 

quantities which is defined by spectral efficiency functions defined for the photopic and 

scotopic CIE Standard Observer. (Van Stryland et al. 1996). It is worth to mention that the 

symbols corresponding to photometric and radiometric quantities are the same but to avoid 

confusion, photometric terms usually written by the subscript  . (Zimmerman. 1998). 

 

Luminous Flux  

The photometric equivalent of radiant power is luminous flux, and its unit is lumen (lm) 

which is equivalent to the unit of radiant power, watt. Luminous flux     is spectral 

radiant flux weighted by the suitable eye response function. Luminous flux can be obtained 

by 

 

 

 
     ∫   ( )   (2-8) 

 

 

 

where  ( ) is the spectral luminous efficiency function and    is the luminous efficacy 

for photopic vision. The spectral luminous efficacy is determined near the maximum, 

         , of the photopic efficiency function to be approximately 683 lm    . (Van 

Stryland et al. 1996). 
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Illuminance 

 

Illuminance is the photometric equivalent of irradiance; illuminance    is the luminous 

flux per unit area (      ). (Van Stryland et al. 1996). 

 

    
   

        
 

 [  ∫   ( )   ]

        
  (2-9) 

 

 

Luminous Intensity 

 

Luminous intensity is the same quantity of radiant intensity in photometry. Luminous 

intensity is the luminous flux per solid angle. The candela is the base unit of luminous 

intensity in photometry. However, the units for luminous intensity can also be presented as 

lumens / steradian. (Van Stryland et al. 1996). 

 

 
   

   

  
 

 [  ∫      ]

  
 (2-10) 

 

 

 

Luminance 

 

Luminance is the photometric equivalent of radiance. Luminance    is the luminous flux 

per unit area per unit solid angle. The units for luminance are typically candelas /   .  

 

 

 
   

   

            
 

 [  ∫   ( ) ( )]

            
 (2-11) 

 

 

Luminance is the most common photometric quantity which is used in Volvo requirements 

to define the required brightness of the illumination systems. (Van Stryland et al. 1996). 
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2.7 Light transport equation and solving algorithms 

 

In this section of the thesis governing equations of light propagations through optical 

systems are introduced. Before introducing the light transport equation, some useful terms 

to understand the light transport equation is explained. Then, the methods and algorithms 

which are used to solve light transport equation are explained.   In this phase of study the 

best algorithm is selected and according to that in the next part, the software which is 

operated by that algorithm is selected to perform the simulation. 

 

2.7.1 Light transport (Rendering) equation 

 

The rendering equation is an integral equation in which the radiance leaving from a point 

can be obtained by sum of emitted radiance and reflected radiance according to 

geometrical optics model. For the first time It was introduced at the same time by  David 

Immel (Immel. 1986) with radiosity solution method and James Kajiya (Kajiya. 1986) with 

Monte Carlo solution methods for computer graphic field. Different algorithms are 

available to solve this equation effectively. (Zimmerman. 1998).  In this section of study 

two most popular algorithms are explained. In order to understand the rendering equation 

better, some concepts are explained here in advanced. 

 

Radiance 

 

The radiance which is leaving or arriving at a given point  x  with a certain direction       

can also be written in the form of the Illumination Engineering Society or IES standard.   

 

 
 (   ̂)  

   (   ̂)

          ̂
 (2-12) 

 

Where   is power, dA is the differential area around  x,   is the angle between the ray and 

the surface normal, and d ̂ is the differential solid angle . (Zimmerman. 1998). 
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According to geometry which is shown in figure 6, the law of conservation of energy can 

be written in the form below which defines that the flux leaving surface one in the 

direction of surface two, equals to flux arriving at surface two. 

 

  (    ̂ )       ̂      (    ̂ )       ̂     (2-13) 

 

 

Figure 6 Radiance between differential surfaces. (Zimmerman. 1998). 

 

 

The radiance is really convenient to use and all radiometric and photometric quantities can 

be obtained from it. (Zimmerman. 1998). 

 

BRDF  

The radiance introduced before, describes the flow of light between two surfaces. In order 

to characterize the reflection of light from a surface BRDF function is utilized. The 

reflected light from a surface is proportional to the light arriving at the surface. This 

proportionality is described by bidirectional reflectance distribution function or BRDF, 

Figure 7 shows the geometry of BRDF.  

 

 
  (   ̂   ̂)  

   (   ̂)

  (   ̂ )      ̂ 
 (2-14) 
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where    is the field radiance and    is the reflected radiance. (Zimmerman. 1998). The 

term field radiance   ,  is used to refer to light arriving at x from direction   ̂. (Arvo. 1995) 

 

 

Figure 7 Geometry for BRDF (Zimmerman. 1998). 

 

 

 

 

Rendering equation 

 

The reflected radiance of incoming radiance from one ray and BRDF can be written by 

reforming equation (2-13):  

    (   ̂)    (   ̂ )       ̂  (2-15) 

 

The surface radiance    which gives total reflected radiance at a point  x  in direction     

can be obtained by integration from equation (2-14) plus any emitted radiance,   . More 

concisely: (Zimmerman. 1998). 

 

 
  (   ̂)    (   ̂)  ∫   (   ̂   ̂)  (   ̂ 

  

)       ̂  (2-16) 
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This is the rendering equation in terms of directions introduced by David Immel (Immel. 

1986).  

 

 

2.7.2 Solving methods of the Rendering equation  

 

 

In General, the rendering equation is very costly to compute and too complex to solve 

analytically. Therefore, numerical approximation is used to integrate this equation. There 

are several algorithms available to fully or partially solve this integral equation. These 

algorithms can be classified into two categories: finite element methods and Monte Carlo 

ray tracing methods. (Veach. 1997). These two methods are explained in the following 

parts.  

 

2.7.3 Finite element methods (FEM) 

 

Finite element methods utilization to solve light transport equation were originally adapted 

from the radiative heat transfer literature. These methods first were introduced by (Goral et 

al. 1984) to computer graphics community, which are known as radiosity algorithms and 

were developed to use in complex environments by Cohen (Cohen et al.1985), (cohen et 

al.1986) and Nishita (Nishita et al. 1985). Indirect illumination can be computed by 

discretizing of the scene geometry into small patches using radiosity methods. The 

rendering equation is solved by expressing it as a linear system of equations describing the 

light. (Veach. 1997). 

 

Radiosity ability to simulate complex diffuse inter-reflection problems attracted much 

attention in early 90's. However, radiosity methods struggle difficult meshing problems in  

capturing complex (angle-dependent) reflectance, where discretization of the scene in 

greater than three dimensions is necessary. As a result, Monte Carlo methods have become 

more popular than radiosity and other finite element methods. Radiosity is still usually 

used in fields like architecture, where the scenes to be rendered generally behave in a 

mostly diffuse condition. (Ramamoorthi . 2009) 

 

As it was mentioned before rendering equation was defined on the basis of geometrical 

optics where light effects such as interference and diffraction are ignored. But Finite 
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element methods are also used in physical optics where consider light as electromagnetic 

wave to solve Maxwell equations. In physical optics Maxwell equations can be solved by 

discretization using finite element methods. There are some commercial software using 

finite element algorithms such as COMSOL Multiphysics in wave optics module. But 

using FEM for electromagnetics wave simulation is constrained by the wavelengths of 

electromagnetic waves and the dimensions of geometry to be simulated.  As the wave 

length of the visible light is really small varying between 380 nm to 780nm and the 

illumination systems like light guides used in this project have dimensions of several 

centimeters, computations are really costly .As the FEM analysis discretized the domain 

with meshes, to have accurate results the smallest elements of the meshes have to be 

smaller than the wave length resulting in billions of meshes for all of the geometry. 

Solving such a system takes long time with current computers.  

 

2.7.4 Monte Carlo Algorithm 

 

Realistic image synthesis is becoming more important in design, architecture and other 

fields such as entertainment and computer games. A common challenge in all these areas is 

to obtain more realistic images of more complex models. Currently, Monte Carlo ray 

tracing based algorithms are the only methods that can manage this complexity of 

geometries. Because of recent great progresses in algorithms and computational power 

Monte Carlo ray tracing methods have become the first choice for most problems. This is a 

great progress from a few years ago when radiosity (finite element) methods were more 

attractive. (Jensen et al. 2003).  

 

According to (Jensen. 2001) Monte Carlo ray algorithm has several advantages in compare 

with finite element methods such as  

 

 Geometry can be procedural 

 No tessellation is necessary 

 It is not necessary to pre-compute a representation for the solution 

 Geometry can be duplicated using instancing 

 Any type of BRDF can be considered 

 Specular reflections (on any shape) can be simulated 
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 Memory consumption is lower 

 The pixel/image level accuracy  

 Complexity has empirically been found to be O (log N) where N is number of 

scene elements. Compare this with O (N log N) for the fastest finite element 

methods (Cohen et al. 2012) 

 

The main drawback of Monte Carlo algorithm is variance which is shown as noise in the 

simulated images. This problem can be solved by utilizing more samples. Large numbers 

of samples are required to decrease variance to an acceptable level in Monte Carlo methods 

due to quite slow convergence. (Jensen et al. 2003). 

 

Monte Carlo algorithms for light transport modeling can handle the wide range of surface 

geometries, reflection types, and lighting effects that can be seen in real environments. For 

real models the rendering algorithms should run within acceptable time which yields 

images that are physically reliable and visually nice. They have to be able to handle 

complex geometry with many surfaces, materials, and illumination, since these factors are 

all important components which can be seen in real environment to be simulated. For most 

of light transport simulation studies it is not necessary to simulate the behavior of light in 

every detail. For each certain case it has to be decided which effects are important to be 

considered and according to that the suitable algorithm can be chosen. (Veach. 1997).  

 

A brief History 

 

Monte Carlo methods first time were introduced at the Los Alamos National Laboratory 

after World War II. Monte Carlo algorithms was used in the first electronic computer in the 

United States (the ENIAC), to design of thermonuclear weapons (the H-bomb). The flight 

paths of neutrons were simulated with using random sampling suggested by Stanislaw 

Ulam in 1946.  The name of the Monte Carlo method was suggested by Nick Metropolis 

which is the name of a city in Monaco, famous for its casinos. (Veach. 1997). 

 

In computer graphics Monte Carlo methods developed independently first time with Appel 

in 1968 where images computed using random particle tracing. Cook By using this idea 
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developed this method to random sampling of light sources, lenses, and time. (Cook et al. 

1984). This resulted in first, unbiased Monte Carlo light transport algorithm as introduced 

by (Kajiya. 1986), who realized that the problem could be written in the form of integral 

equation, and could be evaluated by sampling paths. Since then, many improvements to his 

path tracing technique have been developed. (Veach. 1997). 

 

Simple stochastic ray tracing  

In any pixel level rendering algorithm it is required to use the rendering equation to 

estimate the radiance values. The simplest algorithm to evaluate this radiance value is to 

utilize a basic and straightforward MC integration scheme for the standard form of the 

rendering equation: (Jensen et al. 2003). 

 

  (   )    (   )    (   )

   (   )  ∫  (   )  (     )    (    )    
  

 
(2-17) 

 

 

MC integration is utilized to evaluate the integral in rendering equation, by generating N 

random directions,   , over the hemisphere,    , according to some pdf,   ( ). The 

estimator for   (   ) is defined in the form: (Jensen et al. 2003). 

 

 

  (   )  
 

 
∑

 (    )  (      )    (     )

 (  )

 

   

 (2-18) 

 

 

The incident radiance at x,  (    ), is unknown. It is required to trace the ray leaving x 

in direction through the scene to find the nearest intersection point  (   ). Here, another 

radiance evaluation is required. The result is a recursive procedure to evaluate  (    ), 

and as a result, a path, or a tree of paths are created in the scene if N > 1, (Jensen et al. 

2003). 
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2.8 Software selection 

 

According to above explanation regarding optics study and the ways for simulations of 

illuminations systems in this section of the thesis project a software is selected to meet the 

requirements.  

 

As it was mentioned before the size of the optical objects is really important to define the 

method of light simulations. Since the Ironmark of the Volvo which is going to be 

simulated in this project is big enough, it is possible to use geometrical optics methods and 

neglect the diffraction and inference phenomena of light. This factor is one of the most 

important factors for software selection.  There are different software which use ray optics 

method or geometrical optics to simulate light interactions with material in illumination 

systems such as OPTIS, and the latest versions of Comsol Multiphasics. However, the new 

version of Comsol Multiphasics which provides ray optics method was introduced in the 

middle of this project work. 

 

The other factors which are really important for Volvo is the ability of the software to use 

CAD documents produced in CATIA V5. OPTIS Company has different products which 

have ability to work in different CAD environment. For example,   OptisWorks is a 

software which is intenerated in SolidWorks CAD software and all geometries are made 

and simulations performed in SolidWorks. The other product from OPTIS company is 

called Speos CAA V5 based. Speos CAA V5 based is also performs simulations using 

geometrical optics and all CAD design and simulations are performed in CATIA V5 

environment. This gives a great ability to perform simulations very fast using existence 

CAD data without spending time to transform geometries. The other advantageous of using 

this software is that CAD engineers are familiar with its environment and working with 

this software is easier and convenient for them.  

 

The other factor for software selection is reliability of simulation and data produced by the 

software. As this thesis project is the first optics simulations which is performed inside the 

Volvo, the software which is going to be used should be entirely reliable to make it 

possible for Volvo to make investment for future projects. OPTIS is one of the leading 
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companies in optical simulation field with history of more than 20 years. OPTIS has been 

adopted by more than 1600 companies in 36 countries, including the world’s most 

recognized automotive, aerospace, electronics, defense, and lighting manufacturers. 

Different companies such as 3M, Alcatel, BMW, Bombardier, Bosch, CEA, Ericsson, Fiat, 

General Electric, Hitachi, Koito, NASA, Nikon, Philips, Porsche, Samsung, Siemens, and 

Sony use OPTIS to optimize their optics systems.  
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3 Mechanical Design  

 
In order to be able to simulate the light guides and other mechanical components of the 

iron mark, all geometries have to be modeled in advance. As the CAD package of the 

Volvo cars is CATIA V5 and all required 3D documents are made in this software, all 

mechanical design should be performed in this software.  

 

All the components of this illumination system are including: 

1. Frame Light guide 

2. Center Light guide  

3. LED 

4. Mask 

5. Front side of the Ironmark 

6. Grill slide 

7. PCB 

8. Reflector 

9. Volvo Text  Cover 

 

The design process, functionality and specification of all components mentioned above are 

presented in this section of the thesis in details. 

 

3.1 Frame Light Guide 

 

One of the most important parts of the illumination system is the light guide which light 

propagates through it from light sources to a place intended to be illuminated.  The frame 

light guide is the most difficult one to be designed. Finding the location of the LED which 

could be able to make this complex light guide being illuminated is critical as the space in 

that area is really small. Different ideas were examined for the shape of the light guide and 

the location of the LEDs. Finally, one idea was accepted for further work.  

 

The idea was that the location of the LED is inside the iron mark and some steps were 

created in the inner surface of the light guide to direct the light coming from LED inside 
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the light guide. The Light inside the light guide will be circulated until it reaches the 

surface of the walls which some type of the diffuser makes the light coming out from those 

surfaces and makes the illumination possible. Since all the surfaces of the light guide are 

optical polished except those which has diffusers, the light can comes out only from 

diffused surfaces. The idea of using diffusers was already tested in other light projects but 

in some simple light guide and geometries in Volvo. 

 

16 LEDs are tested to be used for the illumination of this light guide. After simulation for 

the optimization purposes the arrangement of the LEDs are changed and some minor 

changes are performed on the shape of the Light guide. 

3.2 Center light guide 

 

The center light guide is much simpler than the other light guide and it is lit up with two 

LED on each side. The front side of the light guide which is going to be illuminated has 

diffused surfaces. The uniformity of the light guide is important and it has to be taken into 

account that the light guide is darker in the center and brighter close to the LEDs. In the 

simulation section different diffusers are examined to reduce this effect as much as 

possible. Figure 8 shows the center light guide and the frame light guide with their 20 

LEDs. 
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Figure 8 Frame and Center Light guide 

 

3.3 Mask 

 

Mask is a black plastic component which is designed to cover some part of the iron mark 

which are not intended to be illuminated. The design of mask is really important which 

plays a crucial role inside the illuminated iron mark where all light guides and other 

components have to be designed according the dimensions and the location of the mask. It 

is really important to fix the Mask inside the iron mark by two slots which have already 

been made inside the front side of the iron mark (FIR). All clashes with the other 

components have to be checked during the design process very carefully which may have a 

great impact on the results of the simulation. The mask is shown in figure 9. 
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Figure 9 Light guides and Mask 

 

3.4 Front Side of the Iron mark 

 

Since the front side of the iron mark (FIR) represents the Volvo brand, so it is never 

changed during the design process of illuminated volvo iron mark. But it is possible to 

change the inner surface to make it possible to assemble the light guides and other 

components inside it. The original FIR material is a kind of plastic with chromic surface. 

In order to have some kind of illumination, the material is changed to be transparent which 

light can pass through it. Different kinds of materials such as PMMA and polycarbonate 

are tested in this project to see the effect of the material on light propagation. The front 

surface and inner surface of the original FIR are shown in Figures 10 and 11.  
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Figure 10 FIR, Mask and light guides 

 

 

Figure 11 Inner surface of the original FIR 

 

Since the light guide and the mask is inside the iron mark, two major changes for the first 

version of design are implemented. First, two rectangular slots have been made in the 

center side of the FIR to be able to fix the mask inside it. As the geometry is really 

complex, the surface modeling in the generative shape design work bench of the CATIA 

V5 is utilized to make the modifications. The second modification is changing the inner 

surface of the iron mark which makes it possible to locate the light guides and mask. The 



37 

 

 

 

 

changes in the figure 12 are shown. However, this is the first proposed model which is 

changed after the first simulation during the optimization process. 

 

 

Figure 12 First design of the inner surface of FIR 

 

 

3.5 Grill Slide 

 

Grill slide’s function is to fix the iron marke inside the grill which is placed in front of the 

car. The material of Grill slide is a kind of plastic and its specification is set in the 

simulation environment. The figure 4 shows the grill slide.  
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Figure 13 Light guides, Mask, FIR and grill slide 

 

3.6 PCB and Reflector 

 

PCB or printed circuit board is a board which is responsible to supply the electric power of 

the LEDs. LEDs are also fixed on the PCB which prevents the movement of LEDs from 

their designed location. The other functionality of the PCB which is useful in this project is 

that if the surface of the PCB is light and smooth it can be worked as a reflector which 

reflects the light comes from the LED to the light guide which can make the performance 

of the system better. The optical surface property of the PCB which is important in the 

simulation is set in the simulation section.  

 

The other component which is important to design is a reflector which is located between 

one side of the light guides and BIR. This makes it possible to reflect the light comes from 

the LED and light guide back to the light guide and make the light distribution more 

uniform and with higher performance. This reflector can be from different materials. But 

as the space is limited and the assembly might be difficult the paper with high reflectivity 

can also be used. For simulation, the paper was replaced by a surface with certain optical 

surface reflectivity which is set in the software.  
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3.7 Volvo Text Cover 

 

Volvo Text cover is a component which is used the cover the center of Iron mark except 

the Volvo text. This component is also used in non-illuminated version of the Iron mark. 

So the geometry is imported in the simulation software without any changes. The optical 

properties only set in simulation process. The material is plastic and its color is black. 

Figure 11 shows all mechanical components of illuminated Ironmark including Volvo 

Cover text. A hole inside the Volvo text cover is for a camera which does not have any 

effect on this project.  

 

 

Figure 14 All components of Illuminated Volvo Ironmark 
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3.8 Chrome coated surface of the Ironmark 

 

One of the requirements of Volvo regarding appearance of the illuminated Volvo Ironmark 

is chromic surface. As the light has to pass through the Ironmark,  it is not possible to use  

non transparent martial which has chromic color. The only option is to choose a 

transparent material for FIR and being coated by very thin layer of the chrome. The 

appearance from front view is completely chrome however the light can pass through and 

illuminate the frame and center of the light guide. Optical properties of such a chromic 

surface have to be considered in simulation process. The appearance of the coated surface 

of the illuminated Volvo Ironmark is shown in figure 15.  

 

 

Figure 15Illuminated Volvo Ironmark with chrome coated surface 
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4 OPTICS SIMULATION 

 

 

As it was mentioned before the Ray optics method is accurate enough to simulate light 

when the objects dimensions are much larger than the wave length of the light. There are 

several commercial software using the Ray optics method. The one which is selected in 

this project is Speos CAA V5 based from Optis Company. The main reason for using this 

software was the integration with CATIA V5 the Mechanical design software used in the 

Volvo. This makes it easy to use and transferring the geometries to simulation 

environment. Different workbenches for different simulation are added to CATIA V5 for 

simulation of the light.  

 

Depending on the type of the simulation one of the light modeling or Ergonomic 

simulation workbenches has to be lunched.  There are also other workbenches which are 

not used in this project. The light modeling is used to simulate the system with light 

sources other than the environmental sources like LEDs in this project to check the 

performance of the system. In the Ergonomic workbench the system is simulated with the 

environment light sources like sun or artificial sources like lamps in the environment. The 

ergonomic workbench is used to see how the system looks like in the real environment 

with different types of environmental sources.at the end the result of two simulations from 

both ergonomic and light modeling is combined to have the final results in the real 

environment. Different type of simulation is used which will be explained in detail in the 

following sections.    

 

Before running the calculation several steps are needed for setting up the simulation. These 

steps are including: setting the materials and their optical properties, Light source 

definition. Sometime optical surface properties has to be set if there is any surface which 

has different optical properties from its body like diffusers in this project. Defining the 

type of simulation is also needed. Different kinds of simulations are available such as 

Interactive simulation, direct simulation, and inverse simulation. Depending of the purpose 

of the simulation one of these should be set for calculation. All above steps are going to be 

explained in details in different sections.   
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4.1 Optical Properties 

 

Materials of the components in the illumination system can be defined in the part design 

work bench of the CATIA V5 and it is important for visualization in the simulation 

environment. However, materials in CATIA environment do not contain optical properties 

information. In order to be able to predict how light rays interact with geometries, it is 

necessary to define the optical properties of materials of each component separately in 

Optis environment.  

 

Optical properties are applied on material with two parameters. First, Volume Optical 

Properties (VOP) defines the behavior of light rays when they are propagated in a solid. 

Second one, Surface Optical Properties (SOP) defines the behavior of light rays when they 

hit a face. 

 

There are three options to define the VOP. First one is opaque which means that the 

material is not transparent and the light cannot propagate through this material. 

Correspondent SOP for Opaque material is Mirror which represents the reflectance of the 

surface in percentage. The other option for VOP is optics which represents the transparent 

material with ability to define the refractive index and absorption manually. The 

correspondent SOP for optics is optical polished which sets the property of surface of the 

material as completely smooth and polished. The last option is that to choose the VOP 

from the library available in OPTIS website. There are many different optical materials 

which are commonly used in industry containing all required information from refractive 

index to their SOP. In this option refractive index and other parameters as well as SOP 

which are important for optics simulation are predefined. However, when optics or other 

transparent materials from library are selected there is an ability to define SOP for different 

surfaces of the geometry separately. For example, for the light guide it is possible to 

choose optics for VOP and optical polished as SOP for whole the surfaces of the geometry 

and in other part of the software select some surfaces and change their SOP to diffuser. It 

makes it possible to have different Surface optical properties for one component as it has 
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been done for the light guide with some kind of diffuser on some surfaces intended to be 

illuminated. In the table 1 VOP and SOP of different components are presented.  

 

 

 

 
Table 1. Optical Properties 

Component VOP SOP Diffuser 

FIR PMMA Optical polished 40 deg 

BIR Opaque Mirror 1% 
 

Frame Light guide PMMA Optical polished 40 deg 

Center Light guide PMMA Optical polished 40 deg 

Mask Opaque Mirror 5 % 
 

PCB Opaque Mirror 50% 
 

Reflector Opaque Mirror 50 % 
 

Volvo Text Cover Opaque Mirror 5% 
 

 

 

4.2 Light sources 

 

There are different types of light sources which can be used in the simulations depending 

on situation such as surface source, ambient source, Ray File source, etc. there will be an 

explanation regarding the source definition for the surface and ambient source as they are 

the only types of the source used in this study.  

 

With a surface source it is possible to define a source by selecting a surface which emits 

light. For defining the LED in the system it is required to make the geometry of the LED 

for example a cube and select one of the surfaces which emit the light. Other parameters 

have to be set for surface source definition such as intensity distribution, flux and 

spectrum.   
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4.2.1 Flux 

 

In the Flux group box, the unit and value of flux are set. Three different types of Flux such 

as luminous flux, radiant flux and luminous Intensity are available which can be selected 

according to the information which is available from the light source. Luminous flux has a 

photometric unit which is called Lumen. Radiant Flux is to set the radiometric unit and 

luminous intensity has the unit called Candela. In this project luminous intensity is selected 

and the value for intensity is set to be 1.5 Cd. This value has been got from the 

specification of the available LEDs used in some light projects in LED. It might be needed 

to change this value in the optimization process.  

 

 

4.2.2 Intensity 

 

Intensity distribution of the light sources it is possible to set the types and direction of 

emission of the light source. Different types the emission such as Lambertian, Cosine and 

gussian can be selected in the source definition dialogue box.  As the specification of the 

LED is available the Lambertian emission is selected. The intensity diagram of lambertian 

emission follows cosines law in function of the angle of defection, with the main 

propagation direction. The propagation direction is normal to the surface. The cosine law 

can be represented by formula  

 

 

          (4-3) 

 

Where the A is the intensity of source and Ө is the deflection angle which results in the 

intensity in each angle. The only thing which has to be set in intensity group box for 

lambertian emission is the deflection angel. The deflection angle was set to be 90 deg in 

the first design using specification of LED. By lambertian cosine law the distribution of 

intensity of light in every angle is calculated.  
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4.2.3 Spectrum 

 

Spectrum of electromagnetic wave was explained in theory of light. In light source 

definition, the spectrum of the light source has to be defined which affects the color of the 

light. There are three options which can be select to define the spectrum. First one which is 

called monochromatic light specifies the single wave length of the light. If the combination 

of the different wave length of the light is required as in many light sources two option is 

available. First, using black body definition by determination of black body Temperature 

or using Library of Optis to use the predefined spectrum. The Volvo requirement for the 

spectrum of the light is 5700 K. So the black body with 5700 K temperature is set for the 

source definition.  

 

4.3 Sensors 

 

In order to be able to measure different quantities of optics simulation like photometric 

measurement or radiometric measurement sensors are utilized in OPTIS software. 

Depending on which measurement is going to be done, different sensors should be used. 

Name of the sensors which can be utilized are irradiance sensor, Intensity sensor, Radiance 

sensor and3D energy density sensor.  

 

With an Irradiance Sensor, it is possible to calculate the illuminance in Lux or the 

irradiance in Watt/m². With an Intensity Sensor, radiant intensity in Watt/sr and luminous 

intensity in Candela is calculated. With a Radiance Sensor, radiance in Watt/sr/m² and 

luminance in Candela per square meters are given. With 3D Irradiance Sensor, irradiance 

in Watt/m² or illuminance in Lux on the geometry itself are computed. With 3D Energy 

Density Sensor, computation of the volumic absorption in Lumen/m3 or Watt/m3 is 

possible. 

 

As in Volvo for measuring the performance of illumination system the luminance in 

Candela per Square meters is used, the radiance sensor for measurement was selected. For 

definition of the sensor several parameters have to be set. First parameter is the type of the 

measurement which has to be selected from Radiometric and photometric measurement. In 

photometric measurement the output will be Candela per square meters. In Radiometric it 



46 

 

 

 

 

results in Watt/sr/m2. The other parameter is the dimension and resolution of sensor. The 

setting dimension helps to make sure that all the geometries are seen by the sensor and 

higher resolution sensor gives more detail results. Optical Axes defines the light 

propagation direction and X and Y axis determine the direction of the coordinate system. 

The other parameter is the focal length. With longer focal length the view which the sensor 

can see will be narrower but with shorter focal length will be opposite. The parameters 

which were set for sensor definition are presented in table 2. In figure 16 the location of the 

sensor against Iron mark is shown.  

 

 

Table 2 Parameters of the Sensor 

Type of the sensor Photometric Radiance 

Unit of measurement Cd/m2 

X dimension  20 mm 

Y dimension 20mm 

X and Y resolution 0.044 

Distance from object 1000mm 

Focal length  250mm 
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Figure 16 Radiance sensor and Illuminated Ironmark 

 

 

 

 

4.4 Simulation and Calculation 

 

After setting up all parameters mentioned above, simulation can be created and ready to 

run. In simulation dialogue box all sources, geometries and sensors have to be set.  There 

are three different simulation types which can be used in different situation for different 

purposes. Simulations are called Interactive simulation, direct simulation and inverse 

simulation.  

 

4.4.1 Interactive simulation 

 

The main goal of an Interactive Simulation is to display the propagation of rays in the 3D 

view in order to understand the behavior of a light beam in an optical system. With an 

interactive simulation, measuring a light quantity is not possible; only a visual feedback of 

the propagation the light is possible. This functionality is a very useful tool to understand 

quickly how a design modification changes the optical behavior. During the optimization 

by using interactive simulation it is possible to have a quick overview on the propagation 

of the light and after making sure that everything seems suitable other simulations can be 

performed to have measurement of different light quantities.   
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4.4.2 Direct Simulation 

 

 

With Direct Simulation, propagation of a large number of rays from sources to sensors and 

through an optical system is possible. At the end of a simulation, photometric or 

colorimetric data is available for measurement. In the direct simulation surface sources 

which were already defined for LED was used as light sources. All geometries constructed 

in mechanical design section set as geometries and one radiance sensor was used for 

measurements. In direct simulation is not possible to use the ambient source to see how the 

whole illumination systems like in real environment. In direct simulation only light guides 

are illuminated. To make the environment being illuminated inverse simulation is used 

which is explained as follow.  

 

4.4.3 Inverse simulation 

 

In an Inverse Simulation, it is possible trace rays from a sensor to a source. In other word a 

light source such as an ambient source illuminates a prism so a luminance sensor could 

look at the refracted light. This gives an ability to see the whole geometry not only the light 

guides illuminated.  

Inverse simulation gives a possibility to have an ergonomic visualization. There is an 

ability in Optis which makes it  possible to combine the result of both inverse and direct 

simulation to see both light guides and environment illuminated. Figures 17, 18 and 19 

show results from direct, inverse and combination of direct and inverse simulation 

respectively.  
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Figure 17 Direct Simulation 

 

 

 
Figure 18 Inverse simulation 
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Figure 19 combination of direct and invers simulation 

 

 

It is worth mentioning that the ambient source for the combination of the direct and inverse 

simulation has been decreased to see the light guide illumination better. There is ability in 

the software that after simulation the power of the each source can be decreased or 

increased and the effect can be seen without running the simulation again.  
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5 RESULTS, OPTIMIZATION AND DISCUSSION 

 

 

In this section the results obtained from direct and inverse simulation is presented. Some 

parameters which are important for illumination department of the Volvo are investigated 

and possible modifications are made to meet the Volvo requirements. The parameters 

which are important are as follow: 

5.1 Uniformity of light distribution 

 

As the uniformity of the light distribution is a key factor for performance of the 

illumination system, some parameters are investigated to see their effects on uniformity of 

the lights.  The parameters which were tested to see which one results in the better 

uniformity of the light are as follow. After running the simulation luminance values of 30 

points on the frame of the iron mark and 10 points on the center of light guide were 

checked to realize that which parameters give the better uniformity of light distribution. 

Minimum, maximum, average and standard deviation for luminance values of these points 

were calculated to be able to have the better comparison between each model.  

 

5.1.1 Shape of the light guide and FIR 

 

As the shape of the frame light guide is much more complex than the center light guide, 

most of the problems found in the frame light guide and all modifications were carried out 

on it. In the first design the most critical problem is seen in the arrow of the frame light 

guide. As the light guide didn’t follow the curve of the inner and outer surface of the FIR 

some discontinuities are created in the arrow. To eliminate the discontinuity it is suggested 

that the shape of the light guide and inner surface of the FIR is changed in order to follow 

the outer surface of the FIR. After changing the shape of the arrow it is still a narrow 

discontinuity on the arrow. In order to eliminate that discontinuity two edge fillets on the 

sharp edges of the light guide and inner surface of the FIR are created results in the 

elimination of the discontinuity. It is a great step towards having a uniform distribution of 

the light on the light guides. Following fissures show the discontinuity and the 

modifications of the arrow.  
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Figure 20 Firs design 

 

 
 

Figure 21 second design, arrow surface follows the outer surface of FIR 

 

 
 

Figure 22 Third design with edge fillet on sharp edges of arrow 
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Figure 23 shows discontinuity of the light before making modifications on arrow of frame 

light guide.   

 

Figure 23 Discontinuity of light on arrow of frame light guide  

 

 

 

5.1.2 Arrangement of the LED 

 

After modification of arrow of the frame light guide, three different arrangements of the 

LED were tested to see their effect on the light distribution in the frame light guide. In all 

of the  arrangements 16 LED were utilized. Figures below show 3 different LED 

arrangements.  
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Figure 24 Arrangement 1 

 

 

 

 

Figure 25 Arrangement 2 
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Figure 26 Arrangement 3 

 

 

In the direct simulation in order to get the reliable and accurate result the number of rays 

must be sufficient. Since the number of rays is increased the accuracy is higher and more 

reliable but the time of simulation is also increased. As the direct simulation uses Monte 

Carlo algorithm which generates ray randomly higher number of rays gives more accurate 

and consistent results. In order to determine how many rays is enough for this geometry 

different numbers of the ray were tested for the same parameter. If the result is not changed 

any more by increasing the number of rays it shows that it is high enough. After that 

simulation is repeated with the same number of rays two times to see how the results are 

different. It has been found that with using 2.00E+08 number of rays the results is changed 

less than one percent. So, it has been decided to use 2.00E+08 number of rays in all the 

simulations in this project.  

 

Results from direct simulation show that the average luminance values of the arrangement 

number three is higher however it records the worst values from the uniformity of light 

distribution aspect. The best arrangement from the uniformity aspect is the parallel 

arrangement. In the table two the luminance values of the 30 points on the frame light 

guide and corresponding average, minimum, maximum, standard deviation and coefficient 
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of variation for different arrangements are presented. It has to be mentioned that the length 

of the light rim for arrangements one and two in this table is set to be 15mm. However, in 

the next step the length of the light rims changed to see how affects the light distribution in 

the frame light guide. Table 3 shows the luminance values for different LED arrangement. 

 

Table 3 Luminance values of frame light guide for different LED arrangement 

Area  

LED arrangement 

Luminance(cd/m2) 

V1 V2 V3 

1 131.70 144.79 8.05 

2 125.65 127.52 13.42 

3 119.90 107.90 117.60 

4 127.80 121.28 434.20 

5 122.50 133.03 431.40 

6 115.18 137.00 275.50 

7 115.50 140.00 16.90 

8 122.60 140.10 5.60 

9 130.90 130.70 7.02 

10 124.08 109.50 53.60 

11 149.90 121.90 387.90 

12 185.20 126.80 410.90 

13 174.30 130.20 360.53 

14 143.80 144.60 35.23 

15 130.00 146.90 6.97 

16 117.71 142.50 7.14 

17 139.77 114.00 24.00 

18 126.90 119.00 313.63 

19 114.50 119.40 433.60 

20 114.12 128.10 395.30 

21 120.90 121.90 77.50 

22 120.34 131.50 9.15 

23 127.80 140.00 4.80 

24 127.09 117.00 11.50 

25 161.10 114.30 209.90 

26 173.14 120.60 445.90 

27 184.73 126.70 394.00 

28 180.00 135.40 168.50 

29 139.50 136.40 20.30 

30 129.20 132.20 4.40 

Min 114.12 107.90 4.40 

Max 185.20 146.90 445.90 

Average 136.53 128.71 169.48 

STD 22.26 10.83 179.38 

CV 0.16 0.08 1.06 
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As it can be seen from the table the best performance is shown in the arrangement of V2 as 

the coefficient of variation is in minimum. The simulation which used to get the above 

result is direct simulation using +2.00E+08 number of rays.  

 

 

Figure 27 luminance values for different LED arrangement  

 

 

 

5.1.3 Direction of the LED 

 

After selecting the best arrangement of LED which is the arrangement number two, 

different directions of LED against wall of the light guide are tested. The direction of LED 

is determined by an angel between the emissive surface of the LED and tangent. Direction 

of LED is shown in figure28.  
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Figure 28 LED direction 

 

Three different angels were tested in the second arrangement.  As it was expected, if the 

direction of the LED is in a way which the light propagates more directly towards the wall 

of the light guide, the average value of the luminance is increased. However, the 

uniformity of the light distribution is decreased.   Table 4 shows the luminance values. As 

it can be seen the 90 degree direction angel has better uniformity.  

 

 

Table 4 Luminance values on frame light guide for different LED direction 

 

Area  

(LED direction) 

Luminance(cd/m2) 

80 deg 90deg 100deg 

1 191.30 144.79 167.05 

2 171.06 127.52 156.44 

3 162.70 107.90 151.00 

4 126.30 121.28 138.90 

5 137.90 133.03 139.12 

6 148.90 137.00 143.30 

7 171.60 140.00 158.86 

8 175.30 140.10 165.39 

9 176.60 130.70 174.94 

10 152.50 109.50 148.68 
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11 131.10 121.90 129.64 

12 130.40 126.80 138.44 

13 150.50 130.20 144.96 

14 160.50 144.60 151.57 

15 181.90 146.90 159.51 

16 178.00 142.50 160.31 

17 166.06 114.00 164.27 

18 123.95 119.00 142.45 

19 119.60 119.40 130.57 

20 141.33 128.10 140.00 

21 142.76 121.90 141.05 

22 157.60 131.50 146.87 

23 164.50 140.00 160.79 

24 164.60 117.00 139.87 

25 126.50 114.30 137.77 

26 121.50 120.60 115.94 

27 118.71 126.70 121.80 

28 136.25 135.40 137.65 

29 144.25 136.40 131.42 

30 162.36 132.20 135.25 

Min 118.71 107.90 115.94 

Max 191.30 146.90 174.94 

Average 151.22 128.71 145.79 

STD 20.87 10.83 13.98 

CV 0.14 0.08 0.10 
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Figure 29 Luminance values for different LED direction 

 

 

5.1.4 Length of light rim 

 

Light rims length also tested to see how does affect the luminance values. Length of the 

light rim is changed for second version of the LED arrangement with 90 degree LED 

direction which is the best one according to previous simulations. Table 5 shows 

luminance values for different length of light rim. 

Table 5 Luminance values for different light rim length 

Area  

(Length of Light rim) 

Luminance(cd/m2) 

10mm 15mm 20mm 

1 157.22 142 144.79 

2 157.51 127 127.52 

3 136.04 123 107.90 

4 144.27 133.7 121.28 

5 136.80 142 133.03 

6 140.20 139.4 137.00 

7 139.09 140.3 140.00 

8 154.40 147.57 140.10 

9 148.70 123.53 130.70 

10 146.40 121.9 109.50 
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11 149.60 132.27 121.90 

12 129.30 142.079 126.80 

13 129.70 146.7 130.20 

14 130.80 141.52 144.60 

15 145.20 142.64 146.90 

16 156.60 131 142.50 

17 139.80 119.8 114.00 

18 141.70 118.8 119.00 

19 143.03 135.2 119.40 

20 127.80 130.7 128.10 

21 139.44 139.8 121.90 

22 143.04 127.1 131.50 

23 148.13 112.4 140.00 

24 140.90 115.5 117.00 

25 138.15 104.3 114.30 

26 129.01 122.8 120.60 

27 127.00 124.2 126.70 

28 132.70 132.8 135.40 

29 124.50 127.9 136.40 

30 142.70 117.7 132.20 

Min 124.50 104.30 107.90 

Max 157.51 147.57 146.90 

Average 140.66 130.19 128.71 

STD 9.27 10.96 10.83 

CV 0.07 0.08 0.08 
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Figure 30 Luminance values for different length of light rim 

 

5.1.5 Radiation angle of LED 

 

Different LED available in the market has different radiation angel which can be found in 

their specification information. In order to find which LED is better for this illumination 

system different type of incident angle is tested and the luminance values obtained from 

simulation is compared in Table 6   

 
Table 6 Luminance values of frame light guide for different LED incident angel 

Area  
(LED incident angel) Luminance(cd/m2) 

80 deg 90deg 100deg 

1 146.17 144.79 175.00 

2 146.61 127.52 170.50 

3 136.13 107.90 152.82 

4 142.42 121.28 154.45 

5 140.79 133.03 154.61 

6 147.99 137.00 153.26 

7 139.23 140.00 159.45 

8 137.98 140.10 164.64 

9 133.62 130.70 177.40 

10 122.03 109.50 145.90 

11 130.65 121.90 136.80 

12 142.21 126.80 146.40 

13 144.62 130.20 164.00 
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14 146.99 144.60 161.10 

15 142.19 146.90 157.10 

16 137.20 142.50 162.60 

17 133.33 114.00 166.00 

18 130.16 119.00 144.43 

19 144.77 119.40 137.73 

20 139.46 128.10 149.40 

21 150.44 121.90 153.40 

22 139.70 131.50 150.50 

23 151.10 140.00 154.70 

24 118.25 117.00 146.75 

25 118.80 114.30 126.60 

26 119.80 120.60 129.29 

27 131.10 126.70 141.10 

28 128.70 135.40 158.60 

29 134.90 136.40 149.80 

30 126.60 132.20 152.60 

Min 118.25 107.90 126.60 

Max 151.10 146.90 177.40 

Average 136.80 128.71 153.23 

STD 9.36 10.83 12.03 

CV 0.07 0.08 0.08 

 

 

Table 6 shows luminance values on the frame light guide for different 80, 90 and 100 

degree incident angel. As can be seen 80 degree incident angel shows the better uniformity 

as the CV is in minimum. Luminance average values are in minimum when the incident 

angel of LED is 90 degree.  
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Figure 31 luminance values for different LED incident angel 

 

 

 

5.1.6 Diffusers 

 

Different types of diffuser can have a significant impact both on average value of 

luminance and uniformity of light distribution on the light guide. In this case three 

different light diffusers used and the luminance values checked to see the effects on the 

light distribution. All three diffusers were the standard diffusers available on the OPTIS 

library. In table 7 luminance values and corresponding minimum, maximum, average, 

standard deviation and coefficient of variation is presented.   

 

Table 7 Luminance values on light frame light guide with different types of diffuser 

Area  
(Types of diffuser) Luminance(cd/m2) 

30 deg 40deg 50deg 

1 86.50 144.79 230.00 

2 83.05 127.52 203.30 

3 71.05 107.90 197.00 

4 71.64 121.28 192.00 
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5 80.89 133.03 213.60 

6 78.20 137.00 215.70 

7 72.80 140.00 225.70 

8 77.80 140.10 235.40 

9 68.80 130.70 219.50 

10 76.20 109.50 189.50 

11 71.24 121.90 208.80 

12 81.72 126.80 212.50 

13 87.55 130.20 212.40 

14 86.80 144.60 232.70 

15 73.13 146.90 219.60 

16 72.31 142.50 211.73 

17 66.50 114.00 178.98 

18 67.20 119.00 191.02 

19 77.89 119.40 197.07 

20 73.64 128.10 204.72 

21 90.26 121.90 210.40 

22 74.09 131.50 213.64 

23 65.97 140.00 213.74 

24 63.36 117.00 187.92 

25 63.90 114.30 187.45 

26 78.30 120.60 190.40 

27 68.10 126.70 204.01 

28 68.11 135.40 211.09 

29 69.63 136.40 205.71 

30 67.32 132.20 211.38 

Min 63.36 107.90 178.98 

Max 90.26 146.90 235.40 

Average 74.47 128.71 207.57 

STD 7.41 10.83 14.16 

CV 0.10 0.08 0.07 
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Figure 32 luminance values for different type of diffuser 

 

5.2 Materials 

 

Two types of the material for the light guide and FIR which are allowed to be used 

according to Volvo requirements were tested to see how the output spectrum and light 

luminance is changed. PMMA and polycarbonate was tested. According to result of direct 

simulation, PMMA shows better light distribution uniformity and average value is higher. 

Polycarbonate provides less yellowish color in output than PMMA as the spectrum 

temperature is around 5500 K for polycarbonate and for PMMA is 5200K. However, target 

of Volvo is 5700K.  Table 8 shows the luminance values for PMMA and polycarbonate 

and output spectrum temperature.  
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Table 8 luminance values of Frame light guide with different material  

Area  

(Types of diffuser) 

Luminance(cd/m2) 

Polycarbonate PMMA 

1 230.00 375.63 

2 203.30 359.73 

3 197.00 342.18 

4 192.00 339.44 

5 213.60 357.53 

6 215.70 364.93 

7 225.70 386.36 

8 235.40 392.41 

9 219.50 360.07 

10 189.50 329.37 

11 208.80 332.07 

12 212.50 356.45 

13 212.40 344.70 

14 232.70 371.09 

15 219.60 383.53 

16 211.73 363.80 

17 178.98 317.33 

18 191.02 324.00 

19 197.07 324.74 

20 204.72 355.26 

21 210.40 337.72 

22 213.64 366.89 

23 213.74 355.41 

24 187.92 320.01 

25 187.45 286.19 

26 190.40 311.67 

27 204.01 331.67 

28 211.09 322.15 

29 205.71 340.38 

30 211.38 359.50 

Min 178.98 286.19 

Max 235.40 392.41 

Average 207.57 347.07 

STD 14.16 24.46 

CV 0.0682 0.0705 
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Figure 33 luminance values for different material 
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6 CONCLUSION 

 

In this thesis project an effort has been made to find a way to investigate the performance 

of an illumination system before making a really expensive prototype. This illumination 

system aims to illuminate the frame and Volvo text of Volvo Ironmark. This study includes 

different chapters such as light and optics theories, mechanical design, Optics simulation, 

results and optimization and discussion.  

 

In the first chapter light and some optics concepts are explained. The methods which are 

currently used for optical simulations were presented. According to investigations made in 

this study geometrical optics is accurate enough to simulate the light behavior in the 

illuminated Volvo iron mark as the dimensions of the geometries are large enough to 

ignore interference and diffractions effect of the light which can be described by physical 

optics.   According to investigations made in this study the Monte carlo algorithm is the 

best choice to solve rendering equation which is based on geometrical optics. Speos CAA 

V5 based software was selected for the simulation step as it uses geometrical optics 

method and Monte carlo algorithm.  

 

In the next step all the required mechanical parts for the illumination such as light guides, 

mask, PCB were designed in CTIA V5 and some modification on existing components 

such as front side of the Iron mark were made. In the next step all of the required 

parameters such as optical properties and materials were set in the simulation chapter. The 

Light sources, sensors, and simulations were created for the optics simulations.  

 

In the results and optimization part of the thesis, results obtained from simulation were 

presented and required modification on different mechanical components to get the better 

performance was explained. Different versions of frame light guide were tested and 

luminance results were compared. In this part of the thesis the best result from uniformity 

of light distribution, and color aspect was presented and variation of luminance average 

values and uniformity of light distribution between different versions of frame light guide 

were discussed.  
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In this thesis, geometrical optics was utilized to simulate the light behavior in this special 

illumination system. The software which is used in this project was Speos CAA V5 based 

which simulates the illumination systems using geometrical optics and Monte Carlo 

algorithms. This software is able to perform the simulation for almost all illumination 

projects which are available in Volvo since the geometrical optics and Monte carlo 

algorithms are accurate enough when geometries are large enough which is possible to 

ignore wave nature of the light.  
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