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Abstract 

 

 

Recently much work has been done with the development of 3D real-time imagers, including 

the Time-of-flight (ToF) camera. This type of camera uses the principle of time of flight, in 

order to perform a distance measurement to every point in the field of view of the camera. 

This is done by sending a light signal towards the objects of the observed scene of the camera, 

where the light is reflected and returns to the camera. The signal is detected at the camera 

sensor, usually a CCD- or CMOS-chip with an array of pixels, where a distance measurement 

is made at every pixel, creating a 3D image of the whole scene.  

The problem is that some of the signal light travels through the optical system of the camera 

in a way that was not meant in the design. This light is called stray light. The measurement of 

the distance to different points within the field of view of the camera depends on the amount 

of light and the distance traveled by the light that reaches each and every one of the sensor 

pixels. This means that the effects of stray light will directly affect the accuracy of the depth 

data for the images when stray light spreads to different parts of the sensor.  

 

The purpose of this master thesis work was to devise a method, using computer software, that 

can be used in order to study stray light effects in order to reduce these effects. This has been 

done by running simulations of light emitted from predefined observed scenes entering a 

simulated model of the optical system of a ToF camera, using Zemax. The ray tracing data 

obtained in Zemax was then treated in Matlab, creating simulated ToF images, displaying the 

same stray light effects as real ToF images. 

A short analysis of the optical system was made using the simulated model. The results 

suggest that the reflective surface at the sensor, as well as an additional band-pass filter 

sometimes used to prevent light from external sources to enter the camera, were fundamental 

sources of stray light.  

 

Two algorithms, designed to correct the errors caused by stray light, were tested and 

evaluated. One used the properties of the evaluated incoming signal to approximate the 

contribution from stray light and subtract this contribution from the detected signal. The other 

method used filtering, approximating the distribution of light spread across the sensor in order 

to create an appropriate filter. Both methods show some promise, and could be used to 

decrease the effects of stray light, but the results can differ from case to case. The choice of 

certain weighting factors, when applying the algorithms, show different results when applied 

to different cases, where no optimized factors that work well for all measurement situations 

was found. Thus it is recommended that both methods are investigated and optimized further 

before being implemented in practice. 
  



  

 

Sammanfattning 

 

Den senaste tiden har mycket arbete utförts kring utvecklingen av 3D-sensorer som kan 

konstruera 3D-bilder i realtid. Detta inkluderar Time-of-Flight-kameror (TOF-kameror). 

Dessa kameror använder time-of-flight för att mäta avståndet till varje punkt i kamerans 

synfält. Kameran skickar en ljussignal mot objekten i kamerans synfält, vid vilka signalen 

reflekteras och återvänder till kameran. Signalen registreras vid en sensor i kameran, vanligen 

ett CCD- eller CMOS-chip konstruerad med en serie pixlar, där avståndet beräknas vid varje 

pixel. På så sätt erhålls en 3D-bild av hela omgivningen inom ToF-kamerans synfält på en 

gång.  

Ett problem är att en del av ljuset färdas genom kamerans linssystem på ett sätt som inte är 

beräknat eller förutsett vid designen av kameran. Detta ljus kallas för ströljus. 

Avståndsmätningen vid varje pixel beror både på hur mycket ljus som når pixlarna och hur 

långt detta ljus färdats. Detta gör att ströljus kan spridas över sensorn och påverkar direkt 

avståndsmätningen vid pixlarna.  

 

Syftet med detta exjobb är att komma på en metod, för att med hjälp av olika dataprogram, 

som kan användas för att studera ströljuseffekter, med målet att kunna bearbeta dessa effekter. 

Med programmet Zemax har simuleringar kunnat köras där ljus från olika objekt skickats in i 

en simulerad modell av kamerans linssystem. Data från dessa simuleringar har överförts till 

Matlab och behandlats för att göra simulerade ToF-bilder som visar samma inverkan av 

ströljus som riktiga ToF-bilder. 

En enkel optisk analys av det optiska systemet gjordes med modellen. Resultaten tyder på att 

de reflektiva ytorna hos glaset som täcker sensorns pixlar, kamerans inre hölje samt ett band-

pass-filter, som ibland används för att filtrera ljus från övriga källor från att nå sensorn, är 

fundamentala källor till ströljus. 

 

Två algoritmer som designats för att korrigera de fel som uppstår p.g.a. ströljus testades och 

analyserades. Ena metoden använde signalljusets egenskaper för att bedöma hur mycket 

ströljuset bidrar till varje beräknat avståndsvärde för att subtrahera detta bidrag från den 

registrerade signalen. Den andra metoden använde sig utav approximationer för hur ljuset 

sprids över sensorn för att designa ett lämpligt filter som kan reducera ströljusets inverkan. 

Båda metoderna visade sig potentiellt kunna förbättra kamerans prestanda, men resultaten 

varierar något från fall till fall. Valet av värdet på vissa viktningsfaktorer som används för att 

justera algoritmernas effekter, gav varierande resultat beroende på mätsituationen. Inga 

optimerade värden, som fungerade bra för varenda mätsituation som testades, kunde 

bestämmas under projektet. Därför rekommenderas att vidare undersökning av dessa två 

algoritmer bör göras innan de tillämpas i praktiken.             
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1 Introduction 
 

1.1 Background 
 

 

Recently much work has been done with the development of 3D real-time imagers, including 

the Time-of-flight (ToF) camera. This type of camera uses the principle of time of flight in 

order to perform a distance measurement to every point in the field of view of the camera.  

The ToF camera uses a light signal that is sent towards the observed scene, illuminating the 

whole scene at once. The light is reflected at the objects of the scene and returns to the 

camera. The light signal is detected using a CCD-chip placed in the camera. The CCD-chip 

contains an array of pixels that detect and process the light signal at each pixel 

simultaneously. By comparing the reflected light signal with the original emitted signal the 

difference in phase between the two signals can be used to determine the distance to the 

objects in the image. Thus the camera is able to perform a 3D-reconstructon of the whole 

scene in real-time, using the acquired depth information.  

     Compared to time-of-flight laser scanners, which measure the distance to one point of the 

scene at a time, the ToF cameras don’t need heavy or expensive moving parts.   

 
The ToF cameras are predicted for use in many applications where a complete 3D-

reconstruction of a scene is needed. Examples include: Robotics, gesture recognition, health 

care, surveillance- and automotive industry applications (like monitoring assembling 

processes).  
 

1.2 The purpose of this thesis 
 

Stray light is affecting the usage of several different kinds of optical systems, including most 

types of cameras. The problem can be described as light traveling through the optical system 

in an undesirable and unpredictable way. One major cause of stray light is partial reflection 

which leads to multiple internal reflections within the lens system of the camera. Light 

coming from external sources might also enter the camera affecting the resulting image. 

 

Stray light is a problem for the ToF cameras as well. The measurement of the distance to 

different points within the field of view of the camera depends on the amount of light and the 

distance traveled by the light that reaches each and every one of the CCD-chip pixels. This 

means that the effects of stray light will directly affect the accuracy of the depth data for the 

images.  
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One problem that makes it hard to correct the errors caused by stray light for a ToF camera is 

that it is hard to determine how the light will spread across the sensor during measurements, 

using a ToF camera. There are two important reasons for this. One is the fact that in practice 

noise will always affect the measurements. The second reason is that it is practically 

impossible to look at an observed scene of only one pixel, where the other pixels don’t 

contribute to the measurement [1].    

 

The aim of this master’s thesis work is to devise a method, using computer software, which 

can be used in order to study stray light/partial reflection effects in order to reduce these 

effects in the future. This has been done by running simulations of the optical system of a ToF 

camera for simple measurement situations, using Zemax, and treating data from the 

simulations, using Matlab. Zemax has been used for tracing rays sent through the optical 

system and the results were exported to Matlab where the data was used in order to calculate 

the depth value measured at every pixel in order to determine what the image would look like. 

The simulations were used to analyze typical measurement situations where the effects of 

stray light are prominent, as well as investigating to what degree different parts of the optical 

system contributes to stray light effects. The results from the simulations were then compared 

to real-life measurements, using an actual ToF camera, in order to investigate and, if needed, 

improve the performance of the simulated model. Finally, using the simulated model, 

different algorithms designed to reduce stray light effects were adjusted and tested with the 

hope of improving the performance of the depth measurements. With a simulated model, any 

kind of observed scene can be designed, even one with only one active pixel. Also, noise 

won’t affect the results of the simulation. Without these problems, it might be possible to 

determine how the light will spread across the sensor and maybe find a way to reduce the 

stray light effects on the sensor.       

 

1.3 Restrictions 
 

This thesis work focuses on 3D ToF cameras operating with continuous wave modulation, 

which means that continuous waves are used as signals. There are ToF cameras using pulsed 

modulation in order to directly measure the time it takes for a modulated light pulse to travel 

to an object and return to the camera. However, pulsed modulation will not be examined 

further during this thesis.   

 

Since the stray light analysis will focus on light entering the camera, the simulated theoretical 

model has been simplified somewhat. Instead of letting a source of light, at the camera, shine 

on an object which reflects the light back into the camera, the objects are made as source 

objects themselves. This will simplify the simulations since the source objects can more easily 

be modified to generate rays that all reach the camera. This will cut down the amount of rays, 

and the amount of data that has to be stored, considerably. Also certain properties of the 

camera parts, like reflectivity of different parts of the lenses, might be hard to determine 

exactly, which leads to some testing and assumptions when creating the theoretical model. 

Due to simplifications, the simulated model might not be 100 % accurate, but still accurate 

enough to illustrate the effects of stray light, pinpointing parts of the system contributing the 

most to stray light effects and being useful for testing algorithms for reducing these effects. 

 

There are different types of ToF cameras, but this thesis will focus on the lens system of one 

particular camera: The Panasonic, thin-filter,     field of view camera.  
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2 Theory 
 

2.1 Time of flight 
 

2.1.1 The Time of Flight principle 
 

The time of flight principle is a well-known principle that can be used for determining the 

time it takes for a signal to travel a certain distance in a certain medium. For the ToF cameras 

the factor of interest is the distance traveled by the signal. Following the time of flight 

principle, a signal with known velocity   is emitted towards the object to which the distance 

is to be measured. At the object the signal will be reflected back to the source. By measuring 

the time,  , it takes for the signal to travel back and forth between the object and the source it 

is possible to determine the distance,  , between them using the relation 

 

 
  

  

 
  (2.1.1.1) 

 

Division by   in eq.(2.1.1.1) accounts for the fact that the signal travels the distance between 

the object and the source twice. 

 

Light signals are often used for measuring distances since it is possible to modulate light 

signals with the desired properties for the measurement. Examples are sinusoidal waves and 

square waves. Also the speed of light in vacuum has been accurately measured with the well-

known value            . When traveling through a medium with refractive index   the 

speed of light,        , will depend on   as   

 

         
 

 
  (2.1.1.2) 

 

Using           from eq.(2.1.1.2) in eq.(2.1.1.1) the optical path length,    , can be 

determined as 

    

 
        

  

 
  (2.1.1.3) 

If the modulated light signal has travelled a certain distance   within a medium with refractive 

index   from a certain starting point,    , then the optical path length can be determined 

using the phase shift  , compared to the phase of the modulated light signal at the starting 

point, as   

 

     
 

    
    (2.1.1.4) 

where    is the modulation frequency of the modulated light signal.   
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2.1.2 Continuous wave modulation 
 

Many ToF cameras use continuous wave modulation. See figure 2.1.2.1 below to view the 

working principle of a ToF camera using continuous wave modulation. 

 

 

Figure 2.1.2.1: The working principle of a ToF camera using continuous wave modulation. 

(International Electron Devices meeting Technical Digest pp. 1019-1022, 2007 [2]). 

 

 

The method works in the following way [3]: 
  

A continuous wave of light is emitted towards the scene of interest. The signal is reflected at 

the scene and returns to the camera. The lens system is used to focus the light signal onto a 

sensor (a CCD-chip or a CMOS-chip), placed within the camera, that registers the incoming 

light. The received light will be modulated in amplitude and phase, the later depending on the 

3D construction of the observed scene since the phase shift depends on how far the signal has 

traveled before reaching the sensor. The incoming (reflected) optical signal is then correlated 

(compared) with the modulated signal (correlation signal) that is emitted directly from the 

camera. This process is called cross correlation. The two signals will have the same 

modulation frequency    while the received input signal will be phase shifted. Using a 

sinusoidal signal and ignoring nonlinear effects, the reflected signal      and the correlation 

signal      can be described as 

 

                    , (2.1.2.1 a) 

 

             ,  (2.1.2.1 b) 

 

where   is the modulated amplitude,        is the angular frequency and   is the phase 

of the signal.  
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The result from the correlation, where the signals are shifted against each other by the time 

lag  , is the cross correlation function defined as 

 

 

                  
   

 

 
                

 
 
 

 
 
 

 

    
   

 

 
                                

 
 
 

 
 
 

 
 

 
            

 

(2.1.2.2) 

 

By evaluating the cross correlation function from eq.(2.1.2.2) at different times,       ,  
       ,          and         , the phase of the received signal can be determined. 

An offset constant   that includes background effects is also added to the measured cross 

correlation function. The result of evaluating the signal at different phases will be 

 

 

 
              

 

 
          

               
 

 
          

               
 

 
          

              
 

 
           

(2.1.2.3) 

 

From eq.(2.1.2.3) the phase shift   can be determined as 

 

 
        

           

           
   (2.1.2.4) 

                                                                                                        

as well as the amplitude 

 

 
  

                              

 
  (2.1.2.5) 

 

When the phase shift is known the distance,  , to the object can be obtained using  

 

   
 

    
 
 

 
  (2.1.2.6) 
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where   is the speed of light in vacuum and    is the modulation frequency of the signal. 

Division by the extra factor of   in eq.(2.1.2.6) accounts for the fact that the signal travels the 

distance between the object and the source twice. The phase shift lies between   and   , as 

long as the distance measured lies within the distance limit set by the modulation frequency. 

  



 

9 

2.2 The camera – How it works 
 

2.2.1 Components 
 

This section describes the different components that make the ToF camera work [4]. The main 

components are the following: 
 

 Signal emitter: Light source that emits light waves, normally in the infrared region, in 

order to illuminate the observed scene. The light source usually consists of laser 

diodes or LEDs (light emitting diodes). 

 

 Optical lens system: A lens or system of lenses gathers the reflected light onto a 

sensor. In order to make sure that only light with the same wavelength as emitted from 

the light source reaches the sensor an optical filter is normally used. 

 

 Image sensor: A CMOS/CCD-chip containing an array of pixels is used as a sensor. 

Each pixel obtains distance information from the reflected light incident on each pixel. 

 

 Electronics: The sensor and the light source need high speed circuits in order to 

obtain fast and accurate signals for high resolution. 
 

A picture of a Fotonic E-series ToF camera can be seen in figure 2.2.1.1 below. The specific 

camera studied during this thesis work is Panasonic, thin filter,     field of view ToF camera. 

This camera uses a CCD-chip as a sensor, with     (vertical)       (horizontal) pixels. The 

light emitted has a wavelength of       . 
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Figure 2.2.1.1: A Fotonic E-series ToF camera. (Fotonic, 2013 [5]). 
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2.2.2 The sensor 

 
The CCD-receptors 
 

The sensor consists of a CCD pixel array chip. The chip has an array of pixels where each one 

obtains distance information from the reflected light signal. The pixels of the CCD-chip 

consist of gated photo-diodes for measuring the amount of incoming light. Each pixel 

contains two receptors for collecting photoelectrons, the A-receptor and the B-receptor. The 

A-receptor is active when the source emitting the light signal is active and the B-receptor is 

active when the light source is not. If, for example, an object is put right next to the emitter, 

all the light will be collected by the A-receptor. As the object is moved further away from the 

emitter the amount of light collected by the A- and B-receptors will change (see figure 2.2.2.1 

on the next page). This means that the voltages at the two receptors depend on the distance 

traveled by the light signal. Thus the difference in voltage between the two receptors can be 

used in order to determine the phase shift of the incoming light signal.  
 

As described in section 2.1.2 the signal is to be evaluated at four different phases in order to 

determine the phase shift of the received signal compared to the original signal. For any pixel, 

the photoelectrons generated by the signal light can be integrated at different phases over the 

modulation period [2] (an example is seen in figure 2.2.2.2 below). Since, in practice, the 

voltage difference between receptor A and B will correspond to the phase shift of the 

incoming light signal, a different notation than the one in section 2.1.2 will be used and 

eq.(2.1.2.3) will be rewritten as  

 

 
     

 

 
          

       
 

 
          

        
 

 
          

       
 

 
          

(2.2.2.1) 

   

where     ,      ,        and        are the values obtained from the voltage 

differences when evaluating the incoming signal at phases   ,    ,      and      
respectively. Thus eq.(2.1.2.4), for calculating the phase shift φ, will be rewritten as 

 
 

 
        

            

           
   (2.2.2.2) 
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Figure 2.2.2.1: The working principle of the two receptors for the CCD-chip sensor pixels. a) 

The scene is placed “infinitely” close to the camera. All charge is collected by receptor A. b) 

The scene is placed farther away from the camera. The A- and B-receptors both collect 

charge. 

 

 

 

 

Figure 2.2.2.2: a) The photoelectrons are integrated at phase    of the incoming signal. b) 

The photoelectrons are integrated at phase      of the same incoming signal as in a). 
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The light detection process 
 

First the photoelectrons are integrated at phase    and      of the incoming signal. This 

demodulation process is repeated several thousands of times in order to get high accuracy for 

the distance measurement after which the integrated signals, referred to as      and       , 

are registered (see eq.(2.2.2.1)). Then the demodulation process is repeated, but the pixels 

integrate the incoming signal at     and      instead, resulting in the two read out signals 

      and        [2]. Using eq.(2.2.2.2) the phase shift introduced in the light signal as it 

propagates back and forth between the object and the camera can be determined and then the 

distance is determined by putting the phase shift in eq.(2.1.2.6). The distance is calculated at 

each pixel, corresponding to a certain part of the observed scene, meaning that light reflected 

from a specific part of the scene is meant to be focused by the lens system at a corresponding 

part of the sensor. Thus the image will contain distance data for the whole scene. However, 

since all light that reaches a CCD-chip pixel contributes to the calculated distance value at 

that pixel, the accuracy of the distance measurement is directly affected by unwanted light 

reaching the pixels due to stray light.  

 

 

Determining the depth  

 

The distance determined from eq.(2.1.2.6) is the radial distance to the observed scene. The 

distance   is converted to depth   from 

 

   

             (2.2.2.3) 

where the angle   is different for each pixel and can be estimated during calibration of the 

camera, by measuring the distance to a plane object with a known depth from the camera (see 

figure 2.2.2.3).    

 

 
 

Figure 2.2.2.3: The depth,  , to a plane object where the radial distance   is related to the 

depth by the angle  .  
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2.2.3 Partial reflection  
 

This section describes the problem of partial reflection since this phenomenon is considered to 

be a primary cause for stray light within the camera.  

 

Cause and problem 

 

When light is incident on a surface some amount of the light will be transmitted through or 

reflected off the surface. The amount of light that is transmitted or reflected depends on the 

properties of the surface and the incident angle of the incoming light. This means that light 

can be reflected multiple times back and forth within an optical system, making it hard to 

predict the path of the reflected light. This phenomenon is called partial reflection and it is a 

problem for many optical systems, including the ToF cameras. When the modulated light 

signal emitted from the ToF camera is reflected at the objects of the observed scene and 

returns and enters the camera, it will become subject to multiple light reflections within the 

lens system. Other components of the camera such as the surface of the image sensor, the 

CCD chip, will also be a source of reflection. Due to these reflections some of the light will 

travel through the lens system in different ways than what was intended. This will affect the 

amount of light reaching the different pixels in the sensor, leading to inaccurate distance 

measurement data [1].  

 

The problem of partial reflection is increasingly apparent when there are objects placed close 

to the camera. This is because the intensity of the light reaching the sensor will be decreased 

when the distance between the sensor and the object is increased [6]. Thus, light from a 

nearby object that has been partially reflected multiple times within the camera might still 

have an intensity of the same order of magnitude as light coming directly from objects in the 

background. That way stray light, due to partial reflection, might reach several pixels across 

the CCD-chip sensor, resulting in significantly inaccurate distance measurements for objects 

in the background (see figure 2.2.3.1 below). This will result in an image where objects in the 

background appear to be much closer to the camera than they actually are (see figure 2.2.3.2), 

especially when it comes to less reflective, darker, areas. This is because less light will reach 

parts of the sensor that corresponds to the darker parts of the observed scene and thus stray 

light will affect these parts of the sensor to a greater degree. Even when there are no objects 

close to the camera, light coming from more reflective areas of the scene might significantly 

affect the distance measurement for less reflective (dark) areas of the scene.   
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Figure 2.2.3.1: Partial reflection affecting the received distance information reaching 

different pixels. If an object is close to the lens it will affect the distance measurements 

considerably for objects in the background. (Mure-Dubois, J. and Hügli, 

H. [1].)  

 

 

 
 

Figure 2.2.3.2: a) A “normal” picture of a scene. b) A ToF depth image of the same scene as 

in a), taken with a ToF camera. c) A ToF depth image where a person is close to the camera 

which affects the distance measurements considerably for objects in the background [1].  
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Partial reflection is thus a primary source of error, affecting the accuracy of ToF cameras 

considerably. This phenomenon is not only a problem for ToF cameras, but for several other 

optical systems as well, including regular cameras. When direct sunlight enters the lens 

system of a camera, stray light might reach different parts of the film or sensor. This stray 

light might decrease the performance of the imaging system, affecting the contrast of the 

image, making it look foggy. This effect is called veiling glare (see figure 2.2.3.3 below) [7]. 

Stray light might also cause bright streaks, called lens flares, to appear across the image [8].  

 

 

 

 
Figure 2.2.3.3:  a) and c) Pictures of a flat background with a covered circular opening, 

taken with a regular camera.  

b) and d) Pictures of a flat background with sunlight entering the circular opening, taken with 

a regular camera. Due to stray light, flares and veiling glare effects can be seen. 
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2.2.4 Other sources of error 
 

This section discusses some common sources of error affecting the accuracy of the distance 

measurements using the ToF camera. General methods for reducing these errors, if there are 

any, will also be mentioned.  

 

 

Crossreflections – Multiple light reception 

 

The signal might be reflected several times before even entering the camera. This is common 

when corners are present in the scene where the risk of multiple reflections is high. Because 

of crossreflections the corners in the image will look rounded [9].  

   

 

Ambient light 

 

Light from external sources in the background of the observed scene can cause extra charge in 

the CCD-chip pixels if the light has a wavelength in the same region as the light signal 

emitted from the camera [10]. Thus the error will be different for different scenes. The light 

emitted from the camera is in the infrared region. While most sources of light do not operate 

in the infrared region an important exception is the sun, making ambient light a problem when 

using the camera outdoors during day time. The effects of ambient light is partially dealt with 

through the cancellation of the   term from eq.(2.1.2.3) when calculating the phase using 

eq.(2.1.2.4). Additionally, a filter is sometimes used that only transmits light with the same 

wavelength as that of the light signal emitted from the light source at the camera. As an 

additional optical component a filter might contribute significantly to stray light effects. Some 

sensors measure the amount of light reaching the sensor when the light source at the camera is 

inactive in order to estimate the total contribution from ambient light and then subtract the 

same amount when the light signal is active.  

 

 

Motion artifacts 

 

When the phase data for the sensor pixels is extracted it is often the case that the algorithm 

used needs more than one frame for the calculations. If an observed object moves between 

frames some pixels will get continuously changing depth information resulting in unreliable 

data [10]. Since the object will appear in different places for different frames this will affect 

the edges of an object considerably which will look deformed in the resulting image. 

Observed scenes with moving objects will not be examined during this thesis work though, 

since motion artifacts is not necessarily a problem originating from stray light.  

   

 

Dark currents  

 

Even when the CCD-chip is not exposed to any light there will be a small off-set current at 

every pixel. While these currents might depend on temperature, they are independent of the 

modulation frequency of the light signal. Thus the error can be reduced by cancellation for 

modes of the camera that uses the same pixels several times. Even though dark currents only 

contribute a small off-set at every pixel its effect on the distance measurement might not be 
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negligible for pixels receiving a relatively small amount of light [10]. This can occur when the 

observed scene has areas with low reflectivity (dark areas). 

 

 

Amplitude-related errors 

 

If the exposure time is too long, if an object is very close to the camera or a lot of ambient 

light reaches the sensor, the detected signal measurements can become saturated. On the other 

hand, if some pixels don’t detect enough modulated light errors will dominate the results 

(ambient light, dark currents, etc.). It is important to adjust the shutter time correctly 

depending on the environmental circumstances [9]. 

 

 

Aliasing 

 

When determining the phase of the incoming light signal there is more than one distance that 

result in the same voltage difference between the A- and B-receptors (see figure 2.2.4.1 

below). This problem of not being able to distinguish between different signals is called 

aliasing. The problem can be solved by making a second measurement with a     phase 

change on the pixels [4]. Then the voltage difference between the two receptors won’t be the 

same anymore (see figure 2.2.4.2).  

 

Since the phase shift will lie between   and    (see section 2.1.2) the distance measurement is 

limited to the modulation frequency of the emitted signal. It will not be possible to distinguish 

between signals with phase shift   and     . This problem can be solved by making 

another measurement using a different modulation frequency and comparing the results. 
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Figure 2.2.4.1: Example of aliasing when two different incoming signals result in the same 

voltage difference between the A- and B-receptors.  

 

 

 

 

Figure 2.2.4.2: When two different incoming signals result in the same voltage difference 

between the A- and B-receptors it is possible to distinguish between the two signals by making 

a second measurement with a     phase change on the pixels. 
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3 Method  
 

3.1 General approach 
 

3.1.1 Running simulations 
 

In order to analyze the effects of stray light when using the ToF cameras a theoretical model 

was used as a basis in order to run simulations using computer software program Zemax. 

Zemax can be used to simulate rays of light traveling from a source through an optical system 

of several components of different size and shape. The program performs ray tracing in order 

to determine the path of every ray, or specifically chosen rays, propagating through the optical 

system. By arranging a model of the lens system using Zemax, several measurement situations 

could be simulated in order to investigate how the light travels through the camera. After 

performing tests with the theoretical model, the results were to be compared to real 

measurements using actual in-life equipment (a ToF camera). By arranging similar 

measurement situations as the ones considered during the simulations, the results would then 

be compared to ensure that the simulated model can be used to effectively illustrate stray light 

effects on the sensor pixels. Then the model could be used for aiding the development and 

testing of different algorithms for correcting those errors.  

The strength of such a model would be the possibility to create a scene consisting of only one 

reflective pixel, in order to estimate the contribution from a single pixel, the so called point 

spread function (PSF) of the optical system, something that is not possible to do in practice. 

Different types of noise, like dark currents, will not be a problem either, when using such a 

model. Instead the results will depend on the limitations of the simulation program (for 

example: maximum amount of rays, minimum relative ray intensity, etc.).  

 

During the simulations, rather than creating a source which illuminates the whole observed 

scene and letting the scene reflect the light back to the camera, the scene was created as a 

source object itself. This was done since the stray light analysis will focus on the how the 

light travels through the camera and by sending the light directly from the scene the number 

of simulated optical components needed, as well as the amount of data stored, was reduced. 

By carefully constructing the source objects they could still represent an object reflecting light 

in all possible directions. For example, in order to represent an object with highly reflective 

areas as well as less reflective (darker) areas, the different parts of the source could be set to 

emit rays of larger and smaller relative intensities respectively.  

 

Data from the ray tracing can be stored in a ZRD file of uncompressed full data format, which 

can be saved as a text file, after performing ray tracing in Zemax. This uncompressed file 

contains useful data from the ray trace, including the 3-dimensional coordinates of a ray at the 

end of each segment, the ray segment intensity and the accumulated total phase of the ray 

when reaching a detector surface [11]. The intensity is needed as a weighting factor to 

determine how much each ray that reaches a certain pixel contributes to the calculated phase- 

and distance value.  
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Data for every ray segment is stored in the uncompressed file, making the files rather large. A 

C++ script was written in order to read the uncompressed file from Zemax and print only the 

necessary data in a new text file. The programming language Matlab was then used for 

reading, treating and storing ray data from this new file. The C++ and Matlab code used for 

treating ray data can be found in appendix B.  

 

3.1.2 Treating data using Matlab 
 

This section briefly explains the main segments of the Matlab script used for treating ray 

tracing data from the simulations performed using Zemax. After the C++ script has been used 

to reduce the ray tracing data, what remains is a file with one row for each ray that reaches the 

detector. For each row there are four data values, the x-coordinate and y-coordinate of the ray 

at the detector, the phase of the ray and the intensity of the ray, in that order. First Matlab 

reads the file and stores the four different data values. The optical path length,    , is 

calculated for each ray, by putting the phase values obtained from the simulations into 

eq.(2.1.1.4). The initial wavelength of the light,       , which was used during the 

simulations in Zemax, was used for determining the optical path length with eq.(2.1.1.4), 

instead of the modulated wavelength,        (frequency       ). Also the intensities of all 

rays reaching each pixel are added, calculating the total intensity at each pixel. For each ray 

the x- and y-coordinates are used for determining where at the detector (what pixel number) 

the ray has hit. Then the optical path length and the modulation frequency,   , are used for 

evaluating the signal representing the ray of light at four different phases using eq.(2.2.2.1) at 

the time 

  

 
  

   

 
  (3.1.2.1) 

 
where            .  

 
After evaluating the signal at different times, the     , values are acquired (see eq.(2.2.2.1)), 

where   is the phase          or     . Using the      values for all rays reaching a 

specific pixel, the effective      value, denoted         is determined for the pixel as  

 

                (3.1.2.2) 

  

he phase and then the distance value at each pixel is then determined by using eq.(2.2.2.2) 

and eq.(2.1.2.6) respectively. The resulting images are then displayed as color images in the 

same way as real ToF images, taken with an actual ToF camera.  
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3.1.3 Creating a source file 
 

Unless enough rays reach the detector the resulting image will not be useful for comparing 

with real ToF images. There is a limit to how many rays Zemax can trace in one run [11]. 

Even when the amount of rays reaches this limit most of the rays might miss the objective 

unless the source is moved very close to the camera. The more rays that are generated, the 

longer the time for the ray tracing is required. One effective way of creating ray sources that 

only generate rays that aim for objective is to write a source file. In a source file the user can 

specify the number of rays, the starting position of every ray, its intensity at the pupil and the 

angle of the ray in relation to the principal axis of the optical system.  

The source files used during this thesis work were created using a Matlab script. The 

generated sources were made quite simple, mainly rectangular surfaces of any size and at any 

distance from the camera. The Matlab script can be found in appendix B: Matlab – Ray 

creator.  

 

The script is designed as follows.  

First the number of rays, the z-distance between the source and the objective and the range in 

x- and y-directions are specified. Then every ray, in turn, is given a starting x- and y-position 

chosen randomly within the specified range. When a starting position is given, the script 

determines the smallest and largest possible angles the ray can be given without letting the ray 

miss the objective (see figure 3.1.3.1). This is done for both the x- and y-directions.  

 

 

 
 

Figure 3.1.3.1: The ray source created using Matlab where the allowed range of angles 

between        and        for a certain starting position in the x-direction is shown. The 

pupil entrance radius at the objective is denoted as  . 

 

 

The angles are calculated as 
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(3.1.3.1) 

 

where   is the starting position in the x-direction,   is the radius of the entrance pupil at the 

objective and   is the z-distance between the source and the objective. The allowed range for 

the angles in the y-direction is calculated in the same way. By randomly selecting an angle in 

the interval between        and        the generated ray will be aimed at the objective. The 

rays are given a relative intensity,  , which will be proportional to the angle the ray makes 

with the principal z-axis as  

 

            (3.1.3.2) 

 

following the relative illumination cosine
4
 law. One cosine arises from the obliquity of the 

beam with the pupil, one from the obliquity with the object and two from the square of the 

reciprocal distance [6]. 
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3.2 Comparing simulations with measurements. 
 

In order to test the performance of the simulated model, a ToF camera was used to take 

pictures (referred to as real ToF images) of simple measurement situations where stray light 

effects are prominent. Then the same measurement situations were simulated with Zemax and 

compared to the real images.  Images showing the distance data as well as images showing the 

intensity distribution over the CCD-chip were analyzed. Then the simulated model was 

adjusted in order to better represent the real case by adjusting the properties of the source 

object (appearance, intensity distribution) as well as the properties of the lens system 

(coatings).  

 

3.2.1 Measurement situations 
  

The camera was positioned at a distance of     away from a plane white wall. For a 

completely white wall, without surface edges or curvatures, the ToF camera can depict the 

image quite well. The point of imaging such a simple scene is to be able to easily compare the 

image with the case when the scene is modified, which is done by adding dark areas and 

placing objects close to the camera in order to make the effects of partial reflection apparent 

(see section 2.2.3). It will also be relatively easy to estimate to what degree stray light will 

affect the image (or parts of the image). A dark surface, a square of size            was 

placed at different positions on the wall. Three different squares where used during the 

measurements, ranging from black to gray. Additionally, a white paper was moved close to 

the camera, resulting in an image where the background wall is measured to be closer to the 

camera even though the camera is still positioned 1 m from the wall (see explanation and an 

example of this effect in figures 2.2.3.1-2.2.3.2). Using the images of the intensity distribution, 

the relative difference in reflectivity for the wall and the dark areas could be estimated in 

order to be able to recreate the scenes as accurately as possible using Zemax. After the 

simulated model has been confirmed to accurately depict the effects of stray light compared to 

the images taken with an actual ToF camera, the model can be used to depict other less simple 

measurement situations in the future. Furthermore, when the effects of stray light are apparent 

when using the simulated model, in accordance with measurements performed using a ToF 

camera, the data retrieved could be used for developing and investigating different algorithms 

designed to correct the errors caused by stray light. Examples of correction algorithms will be 

discussed in the later sections below.  

  



 

26 

3.3 Optical system analysis 
 

The lens system of the Panasonic, thin filter,     field of view ToF camera was studied during 

this thesis work. A model of this lens system was simulated in Zemax. Other than the lenses 

of the optical system there are two apertures that limit the range of which the light can spread 

within the camera and still reach the sensor. This is one way to decrease stray light effects. 

Other components include the reflective surface of the CCD-chip and the camera housing 

itself. Sometimes a band-pass filter is added to the camera lens system, in order to ensure that 

the light entering the camera is of the same wavelength as the light signal emitted from the 

camera and filters light from external sources (not used during the practical measurements for 

this project). All the components of the optical system affect how light travels through the 

system meaning that all components are sources of stray light, but to different degrees. Using 

the simulated model it is easy to modify the properties of the components of the optical 

system. Therefore an analysis of the optical system was made to investigate to what how 

certain components contribute to stray light effects. For this thesis, focus was put on the 

components considered to contribute the most to stray light related errors.  

 

The components considered for the stray light analysis were the following: 

 

1. The sensor pixels are protected by a thin glass with one surface of     reflectivity and 

the other surface of       reflectivity. These reflective surfaces were made transparent 

and the resulting simulations were compared to the results obtained when taking the 

reflective surfaces into account.   

2. The band-pass filter. The results obtained when adding the filter were compared to the 

case when it was not included in the optical system. 

3. The camera housing. The reflectivity of the camera housing was adjusted, ranging 

from   to       reflectivity. 

 

 

When investigating how different optical components contribute to stray light induced errors, 

both the resulting distance and intensity images were used. The intensity images allows for 

examining directly how the light is distributed over the sensor. This is done by creating a 

small source object in front of the camera, while all other points in the observed scene emit or 

reflect no light at all. While most of the light will focus at the point at the sensor 

corresponding to the position of the source object, the rest of the pixels, that gather little or no 

light directly from the source, will then display the amount of stray light reaching these pixels. 

The optical components of interest are then added, removed or adjusted, in order to 

investigate one component at a time and then compare the results. Distance images of scenes, 

where all points in the scene do emit light, were examined for determining how much the 

actual distance measurement is affected by certain optical components. 
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3.4 Correction Algorithms 
 
The distance images obtained using the ToF cameras are the result of a combination of light 

coming directly from the observed scene and scattered stray light, primarily due to partial 

reflection, which reaches the sensor. In order to improve the performance of the ToF cameras, 

there are methods focusing on developing algorithms for extracting the unwanted distance 

data added by stray light at the sensor pixels from the distance data from the real observed 

scene. Implementing such an algorithm for this purpose makes it possible to improve the 

performance of ToF cameras, without having to manufacture new parts for the camera.  

During this thesis work, two different algorithms were tested to investigate the performance 

of each approach.     

 

3.4.1 Subtracting the contribution from the AB-values. 
 

This approach describes the measured readout signal,               , as 

 

                                      (3.4.1.1) 

 

where              is the original, ideal (useful), signal that correctly describes the 

observed scene and the contribution from partial reflection,        , is a perturbation added 

to the original signal. Here m and n are pixel numbers of the sensor and   is the phase at 

which the signal is evaluated (         or     ). The problem is to estimate unwanted 

signal,        , in order to subtract its contribution from the measured signal at every pixel. 

It is also important to consider that even though partial reflection affects the whole picture it 

affects different parts of the scene differently. As described in section 2.2.3, the effects of 

partial reflection are significantly apparent when light from internal reflections within the 

camera reaches parts of the sensor that does not detect enough light directly from the observed 

scene. At the same time, this means that if the detected signal at every pixel is subtracted by a 

constant value it will affect pixels receiving less light more than others. One choice is to 

subtract the contribution from stray light for the different                value at each pixel 

(see eq.(3.1.2.2)). The idea is to use the obtained data from the incoming signal, for the whole 

image, to determine a suitable value for the subtraction factor. This could be done by adding 

all                values for every pixel and multiply with a weighting factor  , 

determining the partial reflection contribution as  

 

                           
   

 (3.4.1.2) 

   
Since the lens system of different ToF cameras differ greatly from each other it is to be 

expected that the weighting factor   will be different as well and has to be determined 

through optimization.  
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3.4.2  Deconvolution problem 

 
There is a method that uses models for how the stray light is scattered across the sensor in 

order to filter the signal and get rid of the contribution from stray light. The method is 

described as follows [1]: 

 

 The signal received at each pixel (m,n) can be described as a complex signal 

 

                             (3.4.2.1) 

 

where        is the amplitude of the signal and        is the phase shift. Again the stray 

light contribution is described as a perturbation,          , added to the original signal 

which gives the resulting measured signal                as    

 

                                 (3.4.2.2) 

 

By assuming that the scattering effects are linear and similar for each point on the sensor, the 

perturbation may be expressed as a convolution of the ideal signal and a certain point spread 

function as  

 

                          (3.4.2.3) 

 

where         is the point spread function (PSF). In this way the useful signal can be 

described as 

 

                                        (3.4.2.4) 

 

where   is a constant element with respect to the convolution, which was set to a value of   

during the tests for this project. The original signal is then obtained by applying an inverse 

filter   on the measured signal at every point of the image. Thus the original signal   is 

obtained by  

 

              

                           
(3.4.2.5) 

 

where      is the Fourier transform of the signal   and the filter   is defined as  

 

           
 

       
   (3.4.2.6) 

 

The point spread function    can be chosen to represent the way the stray light is believed to 

spread across the sensor. For example, a sum of   Gaussian functions can be used for this 

purpose, where   is an integer number.    can then be defined as 
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  (3.4.2.7) 

    

where      is scalar weighting factor while    and    are 1D horizontal and vertical 

Gaussian kernels defined as 

 

        
 

        
    

  

   
    

   

        
 

        
    

  

       
   

(3.4.2.8) 

 

with the standard deviations    and    respectively. However, during this thesis only one 

Gaussian function at a time was used for approximating   , (so    ), with different    and 

   chosen for different tests. 

 

The PSF of the lens system is approximated, in this case as having a Gaussian distribution, 

due to the fact that in practice it is not possible to directly measure how the light reflected (or 

emitted) from one single point will spread across the sensor. There are two reasons for this. 

One reason is the fact that in practice noise will always affect the measurements. The second 

reason is that it is practically impossible to look at an observed scene of only one pixel, where 

the other pixels don’t contribute to the measurement. For the simulated model, however, it is 

possible to overcome these problems and estimate the PSF for the lens system of the camera.   

 

 

3.4.3  Adding noise 
 

 

In practice, when performing distance measurements using a ToF camera, the results will be 

subject to noise to some degree (due to dark currents for instance). This is not a problem for 

the simulated model. However, after testing the performance of the correction algorithms on 

regular simulated ToF distance images, a random noise factor was added to the signal. This 

was done in order to see if the resulting corrected images would be distinguishable from an 

uncorrected, regular, ToF image when noise is taken into consideration. The noise factor was 

added to the           values for a simulated ToF image of a completely white wall,     

from the camera. Looking at the deviation of the distance values from the values for the same 

image, using no noise, the noise factor could be determined by trial and error until the 

deviation was around the estimated accuracy for the real in-life camera during ideal 

conditions (      ). The noise factor was added as 

 

 

           

              

                                    

                                      
(3.4.3.1) 

 

where      is equal to a random number between   and  . 
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4 Results 
 

For the results, the simulated ToF images were obtained by running simulations with Zemax 

and treating the ray tracing data with Matlab as explained in section 3.1.2. These images 

display the distance information for the whole observed scene. Also images showing the total 

intensity gathered at each pixel, referred to as intensity images, have been examined. In order 

to more easily examine differences in the distance data (or intensity data) for different cases, 

2-dimensional plots have been drawn, showing the vertical pixel number vs distance/intensity 

at certain horizontal pixel numbers. In the 2-D plots, the distance/intensity values are the 

average values for every corresponding vertical pixel number taken over    different 

horizontal pixel numbers. That is, displaying the values across a certain part of the images, for 

example the middle (horizontal pixel number    to   ), as is shown below. Images that are 

referred to as real ToF images (or just ToF images) are images taken with an actual ToF 

camera, while ToF images created with the data from the Zemax simulations are referred to as 

simulated ToF images. 

        

4.1 Comparing simulations with measurements. 
 

4.1.1 White wall 
 
 

The resulting ToF image of a plane white wall, at     from the camera, together with a 

simulated ToF picture of the same situation can be seen in figure 4.1.1.1 below.  

 

 
 

Figure 4.1.1.1: ToF images of a white wall, at a distance of     from the camera.  

a) ToF image showing the depth information of the observed scene, determined from the 

radial distance. b) Simulated ToF image showing the radial distance information of the 

observed scene. 
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As can be seen in figure 4.1.1.1 the images differ, most notably around the edges. This is 

because the depth of the image, determined from the radial distance (eq.(2.2.2.3)), has been 

calculated for the real ToF image taken with a ToF camera, while for the simulated image the 

radial distance is shown.  

 

Also, 2D-plots have been drawn, showing the vertical pixel number vs depth/distance through 

the middle of the image. The resulting plots can be viewed in figure 4.1.1.2 below. The farther 

from the middle section of the image the more the two images differ from each other. There is 

a difference of        at the center of the images where the average depth for the real image 

is          and the average distance for the simulated image is         . These results will 

later be used for comparison with measurement situations where stray light effects are 

apparent.   

 

 
 

Figure 4.1.1.2: ToF images of a white wall,      from the camera.  

Plots showing the vertical pixel number vs depth/distance through the middle of the image for 

a) ToF image (depth). b) Simulated ToF image (distance). 
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4.1.2 Partial reflection affecting dark areas 
 

A dark square of            was positioned at a white wall,     from the camera, in the 

middle of the ToF cameras field of view. The resulting images of the depth information and 

the intensity distribution over the sensor can be seen in figure 4.1.2.1. 
 

The relative intensity of the dark area is about        of the intensity from the rest of the 

white wall, shown in figure 4.1.2.1. This scene was reconstructed in Zemax, using same 

dimensions and relative intensity values for the different parts of the scene. The resulting 

simulated image can be seen, together with the original ToF image, in figure 4.1.2.2 below. 

Also, 2D plots through the middle of each image were plotted (see figure 4.1.2.3). When 

comparing figure 4.1.2.3 to figure 4.1.1.2, it can be seen that the middle section of the scene 

(which has changed in reflectivity between the two figures) has moved further away from the 

camera an average distance of         for the real ToF image and         for the simulated 

image. 
 

 
Figure 4.1.2.1: ToF images of a white wall,     from the camera. a) ToF image showing the 

intensity distribution at the camera sensor. The relative intensity for the darker            

area in the middle is        of the surrounding white wall parts. b) ToF image showing the 

depth information of the observed scene. 
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Figure 4.1.2.2: ToF images of a white wall, with an            area in the middle with a 

reflectivity factor of        compared to the wall, at     from the camera. a) ToF depth 

image. b) Simulated ToF distance image. 

 

 

 
 

Figure 4.1.2.3: ToF images of a white wall, with a centered            area with reflectivity 

of        compared to the rest of the wall,     from the camera. Vertical pixel number vs 

depth/distance through the center of the image for a) ToF image. b) Simulated ToF image. 
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4.1.3 Object close to the camera 
 

In addition to adding a dark square of            in the middle of the white wall     from 

the camera, a white paper was placed        from the camera. The resulting images, showing 

the distance information and the intensity distribution over the sensor, using a real ToF 

camera and for a simulation of the same situation, can be seen in figure 4.1.3.1. 

 

 
 

Figure 4.1.3.1: ToF images of a white wall, with an            area in the middle with a 

reflectivity factor of        compared to the wall, positioned     from the camera. 

Additionally, a white paper has been placed        from the camera. a) ToF intensity image. 

b) ToF depth image. c) Simulated ToF intensity image. d) Simulated ToF distance image.  
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With the addition of the white paper placed close to the camera, the whole scene has moved 

closer to the camera, for both the real and simulated ToF images. Particularly the darker area 

in the middle of the scene has been affected by the inclusion of the white paper. By 

comparing the case of a plane white wall (see figure 4.1.1.2), figure 4.1.3.2 below shows that 

for the real ToF image the whole scene has moved an average distance of ca         closer 

to the camera, except for the added darker area which has been moved approximately 

        closer to the camera than the corresponding part of the scene for a completely white 

wall. For the simulated ToF image, the scene has moved an average distance         closer 

and the darker area has moved about         closer to the camera. Both the results for the 

real and simulated cases are in accordance with the theory of the effects of partial reflection, 

described in section 2.2.3. 

 

 
 

Figure 4.1.3.2: ToF images of a white wall, with a centered            area with reflectivity 

of        compared to the rest of the wall,     from the camera. Additionally, a white paper 

has been placed        from the camera. Vertical pixel number vs depth/distance through the 

center of the image was plotted for a) ToF image. b) Simulated ToF image. 
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One of the tests were to place   squares, both          , at the white wall     from the 

camera. The two squares had a reflectivity of        and      of the reflectivity of the white 

wall, respectively. A white paper was once again positioned at        from the camera. This 

case was recreated using simulations as well. The resulting ToF images can be seen in figure 

4.1.3.3 below. Again, the distance values for the images are decreased. The two darker areas 

have moved far closer to the camera than the actual case, with the less reflective of the two 

areas has moved farther than the other.   

 

 
  

Figure 4.1.3.3: ToF images of a white wall, with two            areas with reflectivity 

factors of         and       respectively compared to the wall, positioned     from the 

camera. Additionally, a white paper has been placed         from the camera. a) ToF depth 

image. b) Simulated ToF distance image. Vertical pixel number vs depth/distance through the 

center of the image was plotted for c) ToF image. d) Simulated ToF image. 
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4.2 Optical system analysis  
 

4.2.1 Stray light contribution from the optical components 
 

A                object was placed     from the camera objective. A CAD-file of the 

camera housing was then applied to the lens system in Zemax. The reflective properties of the 

inner parts of the housing were initially set to     reflectivity. No filter was used. The sensor 

pixels are protected by a thin glass with one surface of     reflectivity and the other surface 

of       reflectivity. After running the simulations, the resulting intensity images were 

compared with the images of the same scene, were the reflectivity of the glass at the sensor 

was set to     (figure 4.2.1.1). 

 

 The amount of stray light spreading over the sensor is reduced considerably when the sensor 

surface is not reflective. Instead of being almost uniformly distributed over the sensor, the 

stray light only reaches certain points at the sensor. The remaining stray light across the 

sensor has decreased with an order of magnitude        (from      to              ). 

In figure 4.1.3.1c, it can be seen that the intensity level is around      for the white wall and 

          for an area of reflectivity       . With this difference in intensity between the 

wall and the dark area, it is clear that the stray light would affect the measurement for the less 

reflective area to a greater degree than for the white wall.  

 

 

 
Figure 4.2.1.1: Simulated intensity images of a                object positioned     from 

the camera objective. Absorbing surfaces of the camera housing and no filter were used. a) 

Reflective surfaces at the sensor. b) No reflection at the sensor. c) Image b) rescaled. 

 

 

To see directly how this affected the distance measurement, simulated ToF images were made 

depicting a white wall, with a centered dark area with reflectivity of       ,     from the 

camera and adding a white paper        from the camera. The resulting images can be seen 

in figure 4.2.1.2 below. As can be seen in the 2-D plot (figure 4.2.1.2d), when the sensor 

surface is       transmitting, the average distance measured at the wall is ca         and at 

the centered dark area it is        . Comparing this with the case with reflection at the sensor 

(figure 4.2.1.2c), as well as the results of a plane white wall, with no dark areas or objects 

close to the camera (figure 4.1.1.2b), it is evident that the stray light effects have been reduced 

considerably. Even the darker area is relatively unaffected by the presence of the white paper. 
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Figure 4.2.1.2: Simulated ToF distance images of a white wall, with a centered            

dark area with reflectivity of        compared to the rest of the wall,     from the camera. 

Additionally a white paper was placed        from the camera. a) Reflective surfaces at the 

sensor. b) No reflection at the sensor. Plots showing vertical pixel number vs distance at the 

center of the image c) Reflective surfaces at the sensor. d) No reflection at the sensor.      
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Then the reflectivity of the sensor was set to    . New simulations were run for   different 

cases: a) Reflectivity at the sensor. b) Band-pass filter was used. c) Reflectivity of the camera 

housing was set to     and d)      before running the simulation. Intensity images were 

investigated for each case and 2_D plots showing the vertical pixel number vs distance were 

drawn (see figure 4.2.1.3 and 4.2.1.4 below).  

 

 
Figure 4.2.1.3: Simulated intensity images of a                object positioned     from 

the camera objective. a) Reflectivity at the sensor. b) Band-pass filter was used. c) The 

reflectivity of the camera housing surfaces was set to     d)     . 
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Figure 4.2.1.4: Simulated intensity images of a                object positioned     from 

the camera objective. Vertical pixel number vs distance is shown for the case with a) 

Reflectivity at the sensor. b) Band-pass filter was used. c) The reflectivity of the camera 

housing surfaces was set to     d)     . 

 

 

The light spreads over the sensor differently for the different cases. For each specific case 

however, the light distribution seems to be the same for every radial direction travelled across 

the sensor from the source point in the center. From the 2-D plots in figure 4.2.1.4 it seems 

that the average intensity level over the sensor (not counting the center of the image that 

useful light reaches) is of the same order of magnitude for the different cases. However, while 

the case with reflectivity at the sensor shows a very even distribution for a certain radius 

across the sensor, the other cases show more of the light gathering closer to the center pixels, 

affecting that area more. This is seen particularly for the case using the band-pass filter. For 

the case with the different reflectivity factors of the camera housing the amount of stray light 

does increase with increasing reflectivity, with the case with reflectivity of     having the 

lowest average intensity out of all   cases. 

  

The resulting distance images when adding filter and adjusting the reflectivity of the surfaces 

of the camera housing, can be found in Appendix A.  
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4.3 Testing Algorithms 
 

4.3.1 Subtracting the contribution from the AB-values. 
 

This section analyzes the algorithm which performs direct subtraction of an approximated 

correction factor from the              values, using a weighting factor   (eq.(3.4.1.2)). The 

first case considered was a white wall, with a dark area (reflectivity of        compared to 

the rest of the wall) in the center,     from the camera. Figure 4.3.1.1 below shows the 

resulting simulated images before and after the algorithm was used to correct the distance 

data, using          chosen by trial and error. While the full image is affected by the 

algorithm, moving an average distance of         , the darker area is affected more 

drastically, about        . The distance image is now closer to resembling a plane wall     

away, without stray light affecting the centered dark area.  

 

 
 

Figure 4.3.1.1: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. Subtraction 

from the              values was used as correction, with          . a) The uncorrected 

distance image. b) Corrected distance image. Vertical pixel number vs distance through the 

center of the image for c) uncorrected image d) corrected image. 
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Using the same weighting factor of         , 2-D plots of the simulated distance images 

were drawn, giving the center area a reflectivity of a)      , b)     , c)       , and d)     

(see figure 4.3.1.2). The results show that the darker part of the wall is clearly more affected 

by the algorithm. While the white parts of the wall barely move (about        ), the darker 

part moves an average distance of          and         for cases b) and c). This does bring 

the resulting distance values closer to the actual distance of     for the middle section of the 

image. The choice of   does not work quite as well when the reflectivity decreases further 

from       . For case d) the distance measurements have at certain points become 

significantly erroneous with some points moving closer to the camera and other points are 

moved farther away. For the 2-D images, the green and black (solid) lines correspond to the 

distance values after the algorithm has been used to correct stray light errors, where the black 

part represents the darker area at the wall. The blue and red (dotted) lines refer to the initial 

uncorrected distance values before the algorithm was used, where the red part corresponds to 

the distance values for the darker area at the wall.  

 

 

 
 

Figure 4.3.1.2: Simulated ToF images of a white wall,     from the camera. The plots show 

vertical pixel number vs distance through the center of the image. The blue and red dotted 

lines correspond to the uncorrected image and the green and black solid lines to the corrected 

image. Subtraction from the              values was used for correction, with         . 

a) Completely white wall. b) Center area (          ) reflectivity:     . c)       . d)    .         
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2-D plots of simulated distance images were drawn, for different reflectivity factors at the 

center area, in a similar way as before as in figure 4.3.1.2, only this time a white paper was 

placed close to the wall. Both the corrected and uncorrected images were examined, using 

         (see Appendix A, figure A.2.1). Once again it can be seen that the background of 

the image is changing, moving approximately         away from the camera. The less 

reflective areas are, again, affected to a greater degree:         for      reflectivity 

and         for        reflectivity. When the reflectivity of the scene goes to    , the 

choice of   no longer seems to be appropriate. Also, the corrected images still differ from the 

actual observed scene. 

 

More tests, using different values of   were performed and the results are displayed in figure 

4.3.1.3 below. The results show how the choice of   (ranging from      to       ) affect 

the image. The image is visibly affected at        and at          the whole image 

has moved too far from the camera instead of being too close (particularly the darker area).  

    

 

 
   

Figure 4.3.1.3: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. A white 

paper was placed        from the camera. The plots show vertical pixel number vs distance 

through the center of the image. The red and blue dotted lines show the uncorrected distance 

values, while the green and black solid lines show the corrected distance. Subtraction from 

the              values was performed using   equal to a)     . b)       . c)       . d) 

      . 
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4.3.2 Deconvolution 

 
This section analyzes the algorithm the second algorithm to be tested (section 3.4.2). For this 

algorithm, a filter is designed, using approximations for how the light is distributed over the 

sensor. In figure 4.2.1.1a, it seems as the distribution of light from an observed scene 

consisting of one small point spreads out somewhat uniformly over the sensor. This 

distribution can be used for designing a point spread function and creating the inverse filter   
for reducing the stray light contribution (see eq.(3.4.2.5-3.4.2.6)). As it happens, a similar 

uniform distribution can also be obtained by building a very thick Gaussian function using 

eq.(3.4.2.7), choosing the same value for    and    to make the distribution uniform. The 

weighting factor      was set to  . As for the previous algorithm, tests were performed for 

the simulated observed scene of a white wall with a centered, darker, area (       

reflectivity). The algorithm was applied, building a Gaussian function, using            

(figure 4.3.2.1), where             means           .    
 

 

 
 

Figure 4.3.2.1: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. Filtering, 

assuming Gaussian distribution of the light with           , was used for the correction. 

a) The uncorrected distance image. b) Corrected distance image.  
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To make it easier to see to what degree the algorithm changes the images, 2-D plots were 

drawn for the simulated image in figure 4.3.2.1b. Three other images were also considered: 

reflectivity of the darker area set to    ,      and       (completely white wall). The 

results can be seen in figure 4.3.2.2 below. Like the case for the previous algorithm, the 

filtering algorithm improves the images somewhat when the reflectivity of the darker area is 

       or     , moving an average distance of         and        , respectively. When 

the reflectivity is     some distance values become even more erroneous than for the 

uncorrected image for this choice of    and   .  

 

 

 

 
 

Figure 4.3.2.2: Simulated ToF images of a white wall,     from the camera. The plots show 

vertical pixel number vs distance through the center of the image. The red and blue dotted 

lines show the uncorrected distance values, while the green and black solid lines show the 

corrected distance. Filtering, assuming Gaussian distribution of the light with           , 

was used for the correction. a) Completely white wall. A            dark area at the center 

of the wall was added, with reflectivity of b)     . c)       . d)    .         
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An additional white surface was placed        from to the wall, before running the 

simulation again. The 2_D plots of the corrected and uncorrected images can be seen in figure 

A.2.2 in Appendix A. Figure A.2.2 shows that the wall is moving approximately         

away from the camera (similar to the results using the subtraction algorithm). The less 

reflective areas have moved         for      reflectivity and         for        

reflectivity. Once again the image of a plane white wall barely changes (ca         at the 

center) and for the case with 1 % reflectivity at the center, the distance measurement starts to 

drift away from the camera at certain points.  

 

More tests, using different filters (different values for      ), were performed and the results 

are displayed in figure 4.3.2.3 below. Similar to the subtraction algorithm, the results show 

how the choice of    and    (ranging from        to     ) affect the image from 

increasingly improved, to increasingly erroneous. At            the whole image has 

moved too far from the camera instead of being too close (particularly the darker area).  

 

 

 
 

Figure 4.3.2.3: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. A white 

paper was placed        from the camera. The plots show vertical pixel number vs distance 

through the center of the image. The red and blue dotted lines show the uncorrected distance 

values, while the green and black solid lines show the corrected distance. Filtered image, 

assuming Gaussian distribution of the light with the values of       equal to a)       . b) 

    . c)     . d)     . 
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Using the simulated model to create a point source aiming at the objective, the way the light is 

distributed over the sensor (the PSF of the system) could be seen in the resulting intensity 

images. The corresponding 2-D plot of the distance image, using the deconvolution method 

and using a filter based on this distribution, as well as the intensity distribution over the sensor 

can be seen in figure 4.3.2.4 below. In this figure, only a slight correction can be seen, with 

the corrected distance moving away from the camera. Still, this correction can be obtained 

(and improved) using a suitable Gaussian function as well (figure 4.3.2.3).    

 

 

 
 

Figure 4.3.2.4: a) Simulated intensity image of a                object positioned     

from the camera objective. b)  Simulated ToF image of a white wall, with a centered     
       dark area with reflectivity of        compared to the rest of the wall,     from the 

camera. A white paper was placed        from the camera. The plots show vertical pixel 

number vs distance through the center of the image. The red and blue dotted lines show the 

uncorrected distance values, while the green and black solid lines show the corrected 

distance. The image is filtered, using the PSF shown in a).   
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4.3.3 Adding noise 
 

Subtraction from the AB-values 

 

When treating the ray tracing data a random noise factor was added to the computation of the 

signal at each pixel. Once again, the simple case of a small dark area (       reflectivity) 

positioned at a white wall     from the camera, was simulated. The corrected and 

uncorrected simulated ToF distance images, as well as a 2-D plot of the corrected distance 

together with the uncorrected distance, can be seen in figure 4.3.3.1 below.  

  

 

 
 

Figure 4.3.3.1: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. Subtraction 

from the              values was used as correction, with         . Noise was induced. 

a) The uncorrected distance image. b) The corrected distance image. c) Vertical pixel number 

vs distance through the center of the image. The blue and red dotted lines correspond to the 

uncorrected image and the green and black solid lines to the corrected image. 
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When noise is added, the effects of using the correction algorithm are not as apparent. For the 

center part of the image (dark area) the average distance values for the corrected image are 

still closer to the true value of 1 m than for the uncorrected image. However, the distance does 

still vary at each point, sometimes diverting as much as the uncorrected values distance 

values. When an object is placed close to the camera, the whole image is affected to such a 

degree that the inclusion of a random noise factor is hard to notice (see figure 4.3.3.2).  

 

 

 
 

Figure 4.3.3.2: 2-D plots of simulated ToF images of a white wall, with a centered     
       dark area with reflectivity of      compared to the rest of the wall,     from the 

camera. Additionally, a white paper was positioned        from the camera.  Subtraction 

from the              values was used as correction, with         . Vertical pixel 

number vs distance through the center of the image for a) No noise induced. b) Noise induced. 

The blue and red dotted lines correspond to the uncorrected image and the green and black 

solid lines to the corrected image. 
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Deconvolution 

 

For the deconvolution algorithm, the same observed scenes were used as for the tests using 

the AB-values subtraction method. The resulting corrected and uncorrected simulated ToF 

images and corresponding 2-D plots can be seen in figure 4.3.3.3, for the wall with a dark 

spot. Just like when using the subtraction algorithm, there might be little difference between 

the corrected and uncorrected values when noise is affecting the measurement. In figure 

4.3.3.4, 2-D plots are displayed for the same case, but with an object added close to the 

camera. Because of the degree of change in the distance measurement for the whole image, 

the uncorrected image does still clearly differ from the uncorrected values, when an object is 

placed close to the camera. At the same time it is harder to tell if the image has been affected 

by noise for this case, compared to when there is no object positioned close to the camera. 

 

   

 
 

Figure 4.3.3.3: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. Filtering, 

assuming Gaussian distribution of the light with           , was used for the correction. 

Noise was induced. a) The uncorrected distance image. b) The corrected distance image. c) 

Vertical pixel number vs distance through the center of the image. The blue and red dotted 

lines correspond to the uncorrected image and the green and black solid lines to the corrected 

image. 
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Figure 4.3.3.4: 2-D plots of simulated ToF images of a white wall, with a centered     
       dark area with reflectivity of      compared to the rest of the wall,     from the 

camera. Additionally, a white paper was positioned        from the camera. Filtering, 

assuming Gaussian distribution of the light with           , was used for the correction. 

Vertical pixel number vs distance through the center of the image for a) No noise induced. b) 

Noise induced. The blue and red dotted lines correspond to the uncorrected image and the 

green and black solid lines to the corrected image. 

 

 

 

In Appendix A, corrected simulated ToF distance images can be found. Including images 

corrected using the subtraction algorithm, for different values for   as well as the 

deconvolution method, using different values for      .    
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5   Discussion and conclusions 
 

5.1 The model 
 

The simulated model of the lens system, used for obtaining the data needed to create 

simulated ToF images, followed the design of the actual camera lens system carefully for the 

shapes and sizes of the different lenses and apertures. The reflective properties of each lens 

were added as described by earlier documentations from the manufacturer. For the simulated 

Zemax-model, adjusting the properties of the optical components can be done with great 

precision, since the indices of refraction as well as the thickness and shape of every lens are 

exactly defined in the program. In reality, inaccuracies in the design can occur when making 

the lenses and the reflective properties for each lens do differ somewhat from the 

approximated data from the documentations. Also the CAD-file, as well as the band-pass 

filter, was quite simple in the design used in the model and might be less accurate than the 

other components of the optical system. Thus in some ways, the model will differ somewhat 

from the real life situation. Also Zemax does have a limit on how many rays that can be 

generated and traced, making it impossible to describe reality up to      .  

 

Still, the goal has been to design the lens system as accurately as possible and the resulting 

images obtained using the model have been shown to be comparable to real ToF images taken 

with an actual ToF camera. The problems of partial reflection apparent for real ToF images is 

reflected in the same way for the simulated images, as has been shown in the results section 

(see chapter 4.1.2-4.1.3). Thus, the simulated model might be used for obtaining useful 

information for the lens system which can be used to improve the performance of the ToF 

cameras. The practical problems concerning noise and the difficulty of looking at the stray 

light contribution from one single point in the observed scene without other points 

contributing to the distance measurement, can both be overcome using the simulated model. 

Differences between the simulated ToF images and real ToF images might be explained by 

the way the calibration of the camera is done. Also, when the camera was used in practice, the 

exact distance between the camera and the scene will be affected by measurement errors when 

physically, using a measuring tape, measuring the distance. The estimated accuracy of this 

direct measurement is about       . The significance of these errors are less important 

since the simulated ToF images still depict the problems of partial reflection quite well and 

the improvements made for the simulated model might still prove useful for ToF cameras. 
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5.2 Optical system analysis 
 
The three components investigated for the lens system were believed to contribute 

considerably to stray light effects. The results confirmed that changing the properties of these 

three components can improve the performance of the ToF cameras. The errors caused by 

internal reflections at the surfaces of the camera housing have been shown to be noticeably 

increasing with increasing reflectivity at the surfaces. A change in the intensity distribution 

over the sensor could be seen even when changing the reflectivity with only    . Making 

sure that the coating at the walls of the camera housing result in as low reflectivity as possible 

in order to decrease stray light is strongly suggested.  

 

The band-pass filter does seemingly affect the ToF images very strongly. Fixing this problem 

is not trivial, since the filter, when used, will be an additional component to the optical system 

that all light must pass. There are methods being developed for estimating and subtracting the 

measured amount of background light, which might serve as an alternative to the band-pass 

filter [2]. Since very few external sources, except the sun, emit infrared light, the filter should 

not be used unless the distance measurements are performed for an observed scene where 

direct sunlight might enter the camera (for instance when performing distance measurements 

outdoors).  

 

Even without the band-pass filter and accounting for the reflectivity of the camera housing, 

the reflective surfaces of the glass covering the sensor pixels are a major source of stray light. 

Completely reducing the reflectivity at the sensor might not be practically possible. However, 

the analysis using the simulated model indicates that by doing this, as well as reducing the 

reflectivity of the inner camera housing, can significantly reduce stray light effects, even 

when objects are placed close to the camera (see figure 4.2.1.2).  

 

   

5.3 Algorithms evaluation 
 
Both algorithms did yield similar results. When stray light effects are apparent in an image, 

the effects of the algorithms were clearly noticeable. When only a part of the image is 

noticeably affected by stray light, like dark areas, the rest of the image is affected to a far less 

degree by the algorithms (see figure 4.3.1.2 and 4.3.2.2). When an object is placed close to 

the camera, stray light noticeably changes the whole image, not just the darker area, even 

though this area is changed to a greater degree. For this case, the effects of the algorithms 

could be clearly seen for the whole image (see figure 4.3.1.3 and 4.3.2.3). This indicates that 

both algorithms, in a sense, do work as intended, where stray light effects are reduced.  

 

This seems to be the case for using both algorithms, but only for certain values of the   factor 

for the subtraction algorithm, or the       for the deconvolution algorithm. For instance, 

        , works well for the case with a wall with a dark area, unless the reflectivity of 

the area is very small (see figure 4.3.1.2). For the tests with an object placed close to the 

camera, the distance measurement start to become increasingly erroneous at the darker area 

for as small values as          (see figure 4.3.1.3 ). The same thing can be noticed for 
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the deconvolution algorithm for values of       ranging from        down to      (see 

figure 4.3.2.3).  

 

Thus, while both algorithms show promise, their performance, at best, only reduces stray light 

effects to a certain degree. The mm-precision the ToF cameras can perform under regular 

circumstances is not achieved for the cases where stray light effects are significantly apparent 

(for instance, objects close to the camera), even when applying the algorithms. There are still 

problems that need to be considered. The optimization of the  factor for the subtraction 

algorithm, and       for the deconvolution algorithm, need to be optimized, or else the 

algorithm might make the distance measurement more erroneous for certain parts of the 

observed scene.  

As it is currently designed, the subtraction algorithm only has one factor to optimize. The 

results do however indicate that for this algorithm has its limits and in order to work well, 

some alterations might need to be added to the algorithm before it should be used in practice. 

The same thing could be said about the deconvolution algorithm. For this algorithm, however, 

there is more than one factor that needs to be optimized. While the point spread function for 

the optical system was estimated, the deconvolution algorithm still showed better 

performance simply by testing different values for      . However, the Gaussian functions 

that did give the best performance, were very wide, resembling the uniform distribution seen 

in figure 4.3.2.4, indicating that the actual point spread function of the optical system might 

resemble the same distribution. If this method is implemented in the future, the shape of the 

Gaussian functions should be optimized by using measurements and testing the algorithm for 

the ToF camera, since the model is, after all, a somewhat simple theoretical model and reality 

can be relatively different.    

 

The results also show that when noise affects the measurement, the correction made by the 

algorithm might not be noticeable (see figures 4.3.3.1 and 4.3.3.3). For the extreme case with 

objects close to the camera, the effects of the algorithm are still noticeable (see figure 4.3.3.2 

and 4.3.3.4). From these results it can be deemed wise to perform the optimization process for 

this extreme case, rather than the situation where no objects are close to the camera.        

 

 

5.4 What now 
 
While the stray light effects contributed from the camera housing, the band-pass filter and the 

reflective surface at the sensor, have been investigated, the contribution from other 

components, like the lenses, is still relevant to consider. The software program Zemax is a 

useful tool for performing optical system analysis and using this program for this purpose is 

recommend.  

The algorithms tested during this thesis, while not ready to be implemented in practice yet, do 

show some promise and can be worth to investigate and develop further. The first step would 

be to try and optimize the algorithms for cases where stray light effects are apparent the most. 

Since the deconvolution algorithm is based on designing a filter, from the approximated point 

spread function of the stray light, there are still many different ways the filter could be 

designed. The potential using this method is thus, in a way, more promising than for the 

subtraction algorithm, even though it might require a lot of work.         
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Appendix A 
 

Stray light contribution from the optical components 

 

 
 

Figure A.1.1: Simulated ToF images of a white wall, with a            area in the middle 

with a reflectivity factor of        compared to the wall, positioned     from the camera. 

Additionally, a white paper has been placed        from the camera. a) Reflectivity at the 

sensor. b) Band-pass filter was used. c) The reflectivity of the camera housing surfaces was 

set to     d)     . 

 

 

 

  



 

63 

Testing algorithms 

 

 

 
 

Figure A.2.1: Simulations of a white wall,     from the camera. The plots show vertical pixel 

number vs distance through the center of the image. The blue and red dotted lines correspond 

to the uncorrected image and the green and black solid lines to the corrected image. 

Subtraction of AB-values was used for correction, with         . a) Completely white 

wall.  

Additionally, a white paper was positioned        from the camera. b) Center area (    
      ) reflectivity:     . c)       . d)    .         
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Figure A.2.2: Simulations of a white wall,     from the camera. The plots show vertical pixel 

number vs distance through the center of the image. The blue and red dotted lines correspond 

to the uncorrected image and the green and black solid lines to the corrected image. 

Filtering, assuming Gaussian distribution of the light with           , was used for the 

correction. a) Completely white wall.  

Additionally, a white paper was positioned        from the camera. b) Center area (    
      ) reflectivity:     . c)       . d)    .         
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Figure A.2.3: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of      compared to the rest of the wall,     from the camera. A white 

paper was positioned        from the camera. Filtering, assuming Gaussian distribution of 

the light with           , was used for the correction. a) The uncorrected distance image. 

b) Corrected distance image. Vertical pixel number vs distance for horizontal pixel number 

      was plotted for the c) uncorrected image (blue and red dotted line) and the corrected 

image (green and black solid line). 
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Figure A.2.4: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. A white 

paper was placed        from the camera. Subtraction from the              values was 

used with   equal to a)     . b)       . c)       . d)       . 
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Figure A.2.5: Simulated ToF images of a white wall, with a centered            dark area 

with reflectivity of        compared to the rest of the wall,     from the camera. A white 

paper was placed        from the camera. Filtered images, assuming Gaussian distribution 

of the light with the values of       equal to a)       . b)     . c)     . d)     . 
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Appendix B  

 
%%%%%%% C++ scripts for shortening the uncompressed Zemax files %%%%%%%%%%% 

% This script reads an uncompressed Zemax file, containing rows of each ray  

% segment. This code finds the rows for which the phase value is non-zero   

% (when the ray has reached a sensor in Zemax, and  

% stores the X- and Y-coordinates, phase value and intensity value of the  

% ray segment.  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

% Includes header files used.  

 
#include "stdafx.h" 
#include <iostream> 
#include <fstream> 
#include <string> 
#include <cstdint> 
 
using namespace std; 
 
int main() 
{ 

% This part defines the place and name for the output file to be  

% written, ZemaxOutSorted_test.txt, using data from the text- 

% file DEFAULT.txt. 

  
 ofstream outFile ("ZemaxOutSorted_test.txt"); 
 size_t foundFirst; 
 size_t foundLast; 
 size_t found; 
     string STRING; 
 string STRINGout; 
     ifstream infile; 
     infile.open ("DEFAULT.txt"); 
 
 % The value set to find non-zero phase values for each row is  

% stringComp. 

 
 string stringComp; 
 string stringTemp; 
     stringComp = "0.000000000E+000"; 
 
 
 % This loop finds the non-zero phase values and retrieves wanted  

  % data from that ray segment and writes this in the output file. 

 
 int ok = 1; 
 
 while(!infile.eof()) 
 { 
  % Looks for an empty line. That is where the next ray  

% data starts. Three rows needs to be script to reach  

% the ray segment lines. 

  getline(infile,STRING); 
   
  if(STRING == "") 
  { 
   % Skips three rows in each segment. 
   getline(infile,STRING); 
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   getline(infile,STRING); 
   getline(infile,STRING); 
   
   int seq = 1; 
   while(seq) 
   { 
   
    getline(infile,STRING); 
     
    % If final line, which is empty,  

% is reached, the loop ends.  
    if(STRING.length() < 5) 
    { 
     getline(infile,STRING); 

    
  if (STRING.length() < 5){ 

     seq=0; 
    } 
     getline(infile,STRING); 
     getline(infile,STRING); 
 
    } else  
    { 
     
    % Finds the phase data and  

% checks  

% if it is non-zero. If it is,  

% then wanted data is stored and  

% written in the output file. 
    stringTemp =… 

STRING.substr(116,(132-116)); 
 

    if (stringTemp.compare(stringComp)… 
!= 0) 

    { 
     outFile <<… 

  STRING.substr(43,79-43)… 
<<- STRING.substr(115,… 
(150-115)) << endl ; 

       
    } 
 
    }  
   } 
  } 
 } 
 % Closes output file. 
 outFile.close(); 
     infile.close(); 
 
 
 return 0; 
} 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% END %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Zemax2Matlab %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% File for reading Uncompressed data ZRD files from Zemax that have been  

% shortened using a C++ script. Thus the code reads a data file consisting 

% of lines of four data values: x-coordinate, y-coordinate, phase,  

% intensity of each ray reaching the sensor. The phase and intensity values  

% are used for determining the radial distance value at every sensor pixel.  

% The x- and y-coordinates are used for determining the pixel number  

% of the pixels different rays hit. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
% Opens a file of the specified format and determines the number of rows in  

% the file. The number of pixels are set as well. The file is closed. 

 
fid=fopen('ZemaxOutSorted_50Watt_darkest_sq_part_ref_17cm_10mil_1m_... 

10mil.txt','r'); 
 

C=textscan(fid, '%f'); 
A=size(C{1}()); 
num_y=120; 
num_x=160; 

  
fclose(fid); 
 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part reads the data from the loaded file and stores the first string  

% in each row as x-coordinate, X, the second as y-coordinate, Y, the  

% third as the phase, Phase, and the fourth as the intensity, Intensity.   

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 
wavel=0.00000085; 
f = 44000000; 
Par={}; 
t=cputime; 
OPL=zeros(A(1)./4,1); 
X=C{1}(1:4:end); 
Y=C{1}(2:4:end); 
Phase=C{1}(3:4:end); 
Intensity=C{1}(4:4:end); 
Pixelintensity=zeros(1,num_y*num_x);   

 

% In this loop the optical path length is determined from the phase values.  

% The pixel number is determined, using the x- and y-coordinates, and the  

% intensity for each ray reaching a certain pixel is added to determine the  

% total intensity reaching every pixel. These values are stored in the  

% variable Pixelintensity.  

  
for k=1:1:length(X)  

     
           OPL(k)=(-1).*Phase(k).*wavel./(2.*pi); 
           go_x=ceil((X(k)+1.920)./0.024); 
           go_y=ceil((Y(k)+1.44)./0.024); 

  
          Pixelintensity((go_y-1).*num_x+go_x)=… 

Pixelintensity((go_y-1).*num_x+go_x)+Intensity(k); 

  
end             
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part of the code calls the function calcPhase2, which receives a  

% value for the optical path length and the intensity of a ray and returns  

% the determined AB-values at phases 0º, 90º, 180º and 270º. The x- and y- 

% coordinates are used for determining the pixel number each ray reaches  

% and adds the AB-values for every ray to the corresponding pixel. Thus the 

% total AB-values for every pixel are stored in str.AB_0, str.AB_90,  

% str.AB_180 and str.AB_270.  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
str=struct('AB_0',zeros(1,num_y*num_x),'AB_90',zeros(1,num_y*num_x)… 

,'AB_180',zeros(1,num_y*num_x),'AB_270',zeros(1,num_y*num_x)); 

  
a0=zeros(1,length(Intensity)); 
a90=zeros(1,length(Intensity)); 
a180=zeros(1,length(Intensity));  
a270=zeros(1,length(Intensity)); 

  
for i = 1:length(OPL)  

  
[a0(i) a90(i) a180(i) a270(i)] =… 

calcPhase2(OPL(i),Intensity(i),f);     

           
           go_x=ceil((X(i)+1.920)./0.024); 
          go_y=ceil((Y(i)+1.44)./0.024); 
          Pixelnum=((go_y-1).*num_x+go_x); 

              
           str.AB_0(Pixelnum)=str.AB_0(Pixelnum)+a0(i); 
           str.AB_90(Pixelnum)=str.AB_90(Pixelnum)+a90(i); 
           str.AB_180(Pixelnum)=str.AB_180(Pixelnum)+a180(i); 
           str.AB_270(Pixelnum)=str.AB_270(Pixelnum)+a270(i); 

            
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part stores the AB-values in Matrices, of size 120*160, Matrix0,  

% Matrix90, Matrix180 and  

% Matrix270. The total intensity values are also stored in a 120*160  

% matrix, Matrix_Int.   

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
phase=zeros(length(num_y.*num_x)); 
Z_M=zeros(120,160); 

 
p=1; 
u=1; 

  
Matrix270=zeros(120,160); 
Matrix180=zeros(120,160); 
Matrix90=zeros(120,160); 
Matrix0=zeros(120,160); 
Matrix_Int=zeros(120,160); 

  
for i=1:1:length(str.AB_270) 

    
    Matrix270(p,u)=str.AB_270(i); 
    Matrix180(p,u)=str.AB_180(i); 
    Matrix90(p,u)=str.AB_90(i); 
    Matrix0(p,u)=str.AB_0(i); 
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    Matrix_Int(p,u)=Pixelintensity(i); 

         
    u=u+1; 
    if u==161 
      u=1; 
        p=p+1; 
    end 

     
end 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part calculates the phase values, using the AB-values, for every  

% sensor pixel. The phase values are used for determining the distance the  

% ray has traveled, stored in 120*160 matrix Z_M. 

% The amplitude, stored in the 120*160 matrix A_M, is also  

% determined using the phase. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
A_M=zeros(120,160); 

  
for k=1:1:120 

 
    for k2=1:1:160  

     

         
     phase(k3)= atan2((Matrix270(k,k2) - Matrix90(k,k2)),… 

(Matrix0(k,k2) -  Matrix180(k,k2))); 

         phase(k3)=(-1).*phase(k3); 

         
        if phase(k3)<0 
            phase(k3)=phase(k3)+(2.*pi); 
        end 

 
         Z_M(k,k2)=(phase(k3).*(300000000./(2.*pi.*f)))-0.0436622; 

A_M(k,k2)=sqrt(((abs(New_AB_270(k,k2)… 

-New_AB_90(k,k2)))^2)+(abs(New_AB_0(k,k2)-

New_AB_180(k,k2)))^2)/2; 
           k3=k3+1; 
    end 

     
end 
       

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part plots the intensity images from Matrix_Int and the distance  

% values for every pixel from the matrix Z_M. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
figure (1), imagesc(Matrix3); title('Total intensity value (in Watts) at 

every sensor pixel'); xlabel('Horizontal pixel number'); ylabel('Vertical 

pixel number'); 
axis image; 
colormap(jet); 
colorbar; 
caxis([10^-9 10^-8]);  

     

    
figure (2), imagesc(Z_M); title('Distance value (in meters) at every sensor 

pixel'); xlabel('Horizontal pixel number'); ylabel('Vertical pixel 

number'); 
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axis image; 
colormap(jet); 
colorbar; 
caxis([0.5 1.2]);  

  
fprintf('End\n'); 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% End of code %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% CalcPhase2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This code receives the optical path length, signal strength  

% (Amplitude) % and the modulated frequency of the light. Then the AB- 

% values are determined by evaluating the signal at different phases phi0,  

% phi90, phi180 and phi270. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

function [AB_0 AB_90 AB_180 AB_270] = calcPhase2( O,S,f ) 

    
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% O: double that specifies the optical Path 
% S: The signal strength of the sensor incidental ray. 
% f: frequency use 
% wavelength = ((3*10^8)/f); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 

c = 3*10^8; 

 
phi0 = 0; 
phi90 = (1/4)*2*pi; 

phi180 = (2/4)*2*pi; 

phi270 = (3/4)*2*pi; 
 

AB_0 = S * cos(2*pi*f*(O/c)-phi0); 

  
AB_90 = S * cos(2*pi*f*(O/c)-phi90); 

  
AB_180 = S * cos(2*pi*f*(O/c)-phi180); 

  
AB_270 = S * cos(2*pi*f*(O/c)-phi270); 

 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% End %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

  



 

74 

%%%%%%%%%%%%%%%%%%%% Deconvolution Algorithm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This code receives a distance image and an intensity image and stores  

% these in matrices of size 120*160. This data is used for describing a  

% signal received at the sensor pixels for a ToF camera. Then an inverse  

% filter is made for filtering the signal in order to reduce the  

% contribution from stray light. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
function [Z D_M]=algorithm4(Depth_matrix, Signal_Amplitude_matrix) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This part converts the distance data to phase data in order to determine  

% the complex signal S as Signal_matrix=Amplitude*exp(i*phase). 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
f = 44000000; 
phase_matrix=Depth_matrix*(2.*pi.*f)./(300000000); 
Signal_matrix=zeros(120,160); 

  
for k=1:1:120 
    for k2=1:1:160 

 
Signal_matrix(k,k2)=... 

Signal_Amplitude_matrix(k,k2).*exp(1i*phase_matrix(k,k2)); 

       
    end 
end 

  
S_M = Signal_matrix; 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Horizontal and vertical standard deviation values as well as weighting  

% factor w=1 are chosen for building a Gaussian function, delta_h. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  

 
sigma_h=5000; 
sigma_v=5000; 
w = 1; 
delta_h=ones(512,512); 
middle = size(delta_h,1)/2; % Moves the Gaussian to the center of the      

% image. 
 

% In these loops the point spread function is defined as a gaussian.   

 

for ii=1:size(delta_h,1) 
    for jj=1:size(delta_h,2) 

        
Hh=(1/((sqrt(2.*pi)).*sigma_h)).*… 
exp(-((ii-   middle)^2)./(2.*sigma_h.*sigma_h)); 

 

Hv=(1/((sqrt(2.*pi)).*sigma_v)).*… 

exp(-((jj-middle)^2)./(2.*sigma_v.*sigma_v)); 
          

delta_h(ii,jj)=w.*Hv.*Hh; 
    end 
end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part arranges the inverse filter using the Fourier transform  

% (filter: I_tilde in frequency space) which is used for filtering the  

% signal S.   

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
H = fftshift((fft2(delta_h))); 

 
my = 1; 

 
I_tilde = 1./(H+my); 

  
S_M_tilde = fftshift(fft2(S_M)); 
  

% I_tilde is resized and multiplied by the Fourier transform of signal S.  

% Then the inverse Fourier transform returns the filtered signal S.  

 
S_tilde = S_M_tilde.*I_tilde(257-60:257+59,257-80:257+79);  

  
S = ifft2(fftshift(S_tilde)); 
 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% In this part the phase and then the distance values, Z, are determined  

% from the filtered signal S. The resulting Z values are then plotted. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

phase=angle((S)); 

 
Z=phase.*(300000000./(2.*pi.*f)); 

  
figure, imagesc(Z); title('Distance value (in meters) at every sensor 

pixel'); xlabel('Horizontal pixel number'); ylabel('Vertical pixel 

number'); 
axis image; 
colormap(jet); 
colorbar; 
caxis([0.5 1.2]); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% End %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Ray creator %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This code creates a source file (binary file) for Zemax to implement as a  

% ray source. The code creates a 2x*2y surface which emits rays that are  

% aimed towards the objective of the camera. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

% Specifies where the source file will be saved. 

 
Name='C:\Users\adskjho\Documents\Zemax\Objects\Sources\Source… 

Files\L1000_x0.5_y0.5_1mil.DAT'; 
 

% The new file is opened and ready to receive information. 

 

fid=fopen(Name,'w'); 
  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part specifies the number of rays, n, to be generated, the size of  

% the source in x- and y-direction, the diameter of the objective, s, and  

% the distance between the objective and the source. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
nray=1000000; 
s=7.873; 
L=1000; 
half_width_x=0.5; 
half_width_y=0.5; 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part writes the data to the source file in binary format.  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
a=[1010]; 
fwrite(fid,a,'int32'); 
a=nray; 
fwrite(fid,a,'uint32'); 
b=' '; 
for ii=1:100 
    fwrite(fid,b,'char'); 
end 
a=1; 
fwrite(fid,a,'float32'); 
a=1; 
fwrite(fid,a,'float32'); 
a=1; 
fwrite(fid,a,'float32'); 
a=[1,1]; 
fwrite(fid,a,'float32'); 
a=[1,1]; 
fwrite(fid,a,'float32'); 
a=4; 
fwrite(fid,a,'long'); 
a=[1,1,1]; 
fwrite(fid,a,'float32'); 
a=[1,1,1]; 
fwrite(fid,a,'float32'); 
a=[1,1,1]; 
fwrite(fid,a,'float32'); 
a=[1,1,1,1]; 
fwrite(fid,a,'float32'); 
a=[0,0]; 
fwrite(fid,a,'uint32'); 
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a=[0,0]; 
fwrite(fid,a,'uint32'); 

  
disp('--- START ---') 
  

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This part produces random points within the given x- and y-ranges. The  

% minimum and maximum angles for which the ray will hit within the diameter  

% of the objective in both x- and y-direction are determined. A random  

% angle between the maximum and minimum angles are calculated. The x- and 

% y-coordinates of the ray and its cosines are calculated and then stored  

% in the source file.  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
for i=1:nray 
     

 % The x- and y-coordinates are randomly selected. 

 
Points_up_x=rand*half_width_x; 
Points_up_y=rand*half_width_y; 

    

% The maximum and minimum angles for which the ray hits the         

% objective are determined where 1/4 of the total number of rays 

% are placed in each quadrant. 

 
 if i<nray/4  
     if s >= Points_up_x 

        
      alpha_min_x=(-1)*atan((s-Points_up_x)/L); 
      alpha_max_x=atan((Points_up_x+s)/L); 
     else 
            alpha_min_x=atan((Points_up_x-s)/L); 
            alpha_max_x=atan((Points_up_x+s)/L); 
     end 

  
     if s >= Points_up_y 

        
      alpha_min_y=(-1)*atan((s-Points_up_y)/L); 
      alpha_max_y=atan((Points_up_y+s)/L); 
     else 
            alpha_min_y=atan((Points_up_y-s)/L); 
            alpha_max_y=atan((Points_up_y+s)/L); 
     end 
     

 px=Points_up_x;  
     py=Points_up_y; 
 

elseif nray/4<i<2*nray/4 

 

if s >= Points_down_x 

        
alpha_min_x=atan((s-Points_down_x)/L); 

      alpha_max_x=(-… 

   1)*atan((Points_down_x+s)/L); 
     else 
            alpha_min_x=(-1)*atan((Points_down_x-… 

   s)/L); 
            alpha_max_x=(-… 

   1)*atan((Points_down_x+s)/L); 
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     end 

    
     if s >= Points_up_y 

        
      alpha_min_y=(-1)*atan((s-Points_up_y)/L); 
      alpha_max_y=atan((Points_up_y+s)/L); 
     else 
            alpha_min_y=atan((Points_up_y-s)/L); 
            alpha_max_y=atan((Points_up_y+s)/L); 
     end 

    
px=(-1)*Points_down_x;  

     py=Points_up_y; 
 

elseif 2*nray/4<i<3*nray/4 

 

if s >= Points_down_x 

        
      alpha_min_x=atan((s-Points_down_x)/L); 
      alpha_max_x=(-… 

   1)*atan((Points_down_x+s)/L); 
     else 
            alpha_min_x=(-1)*atan((Points_down_x-… 

   s)/L); 
            alpha_max_x=(-… 

   1)*atan((Points_down_x+s)/L); 
     end 

  
     if s >= Points_down_y 

        
      alpha_min_y=atan((s-Points_down_y)/L); 
      alpha_max_y=(-… 

   1)*atan((Points_down_y+s)/L); 
     else 
            alpha_min_y=(-1)*atan((Points_down_y-… 

   s)/L); 
            alpha_max_y=(-… 

   1)*atan((Points_down_y+s)/L); 
     end 

    
     px=(-1)*Points_down_x;  
     py=(-1)*Points_down_y; 

 

 

else  

 
     if s >= Points_up_x 

        
      alpha_min_x=(-1)*atan((s-Points_up_x)/L); 
      alpha_max_x=atan((Points_up_x+s)/L); 
     

else 
            alpha_min_x=atan((Points_up_x-s)/L); 
            alpha_max_x=atan((Points_up_x+s)/L); 
    end 

    
     if s >= Points_down_y 

        
      alpha_min_y=atan((s-Points_down_y)/L); 
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      alpha_max_y=(-… 

   1)*atan((Points_down_y+s)/L); 
     else 
          alpha_min_y=(-1)*atan((Points_down_y-… 

   s)/L); 
            alpha_max_y=(-… 

   1)*atan((Points_down_y+s)/L); 
     end 

    

    
     px=Points_up_x;  
     py=(-1)*Points_down_y; 
  

 end 

 

    x=px; 
    y=py; 
    z=0; 
    n=1; 

    
% A random angle between the maximum and minimum angles  

% for which the ray hits the objective is chosen. 

 

 

alpha_x=rand*(alpha_max_x-alpha_min_x)+alpha_min_x; 
alpha_y=rand*(alpha_max_y-alpha_min_y)+alpha_min_y; 

      
l=-tan(alpha_x); 
m=-tan(alpha_y); 

        

 
% The distance r from the source point of the ray to the  

% objective is determined and used for estimating the relative  

% intensity of the ray from the cosine^4 rule. 

 
   Diff_x=L*tan(alpha_x); 
     Diff_y=L*tan(alpha_y); 
        r=sqrt(((Diff_y)^2)+((Diff_x)^2)); 
        weight=atan(r/L); 
        nyrad=[x,y,z,l,m,n,(cos(weight))^4]; 
 

       

        % The ray data is written in the source file.          

 
        fwrite(fid,nyrad,'float32'); 

  
end 
  

% The file is closed.  

 
fclose(fid) 
disp('---- END -----') 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% End %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 


