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Abstract 
 

The success of recent 3-D stereoscopic movies such as Avatar has created a lot of attention for 3-D 

in the home.  Almost all major consumer electronics (CE) manufacturers have launched their 3-D 

stereoscopic displays in the market.  A problem with those solutions is that viewers have to wear 

glasses.  Glasses-free autostereoscopic 3-D displays typically use lenticular lenses or barriers to 

create multiple views.  However these displays suffer from a number of issues: inverted views at 

viewing cone transitions, cross-talk between views, and need for multi-view content.  As Philips 

Electronics research group, we believe that some of these issues can be reduced by using pupil 

tracking.  In the research process, we began with an extensive literature study on people detection 

and tracking techniques that helped us to understand the benefits and the shortcomings of different 

applications.  Addition to literature studies, we greatly benefited from constant experimentation 

with prototypes and the hands-on experience with variety of digital and optical components under 

different conditions.  As a result, we designed a multi-person infrared pupil tracker and multi-view 

renderer for 3D display to adapt the view rendering in real-time according to viewer’s position.  

Together with the integration of these two applications, the integrated 3D TV successfully adapts 

the center view according to position of the viewer and able to provide a smooth transition while 

the viewer actively changes her position from a notable distance under ambient illumination.  

However, even though the pupil tracker is implemented for multiple people, because of the time 

limitation and the complexity of the problem regarding multi-view renderer, the integrated system 

functions only for one person.  By exploring the employed technique, in-depth description and 

detailed illustration of designed applications and the conclusions drawn from the implemented 

system; we believe that this paper forms a substantial guidance and show-how source for further 

research in the field of 3D display and people tracking methods. 
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1. Introduction 

3-D displays and 3-D imaging technology have been around us for a long time.  In 1838, English 

scientist and inventor Sir Charles Wheatstone has explained Stereopsis, the process responsible 

for the perception of depth in our visual world, with stereoscopic drawings and the design of the 

first stereoscope.  Shortly after, David Brewster improved Wheatstone’s construction by using 

lenses rather than mirrors and presented its current form, which can be considered as the ancestor 

of the popular 3-D image displayer Gruber’s View-Master in the 70s (see Figure 1) [25][26][27].                

    

  With the recent advances in technology it is now possible to access a variety of contents in 3-D 

and to experience in many ways from wide theatrical screens down to the display of a cell phone.  

More importantly the use of 3-D technology is about to step up to next level where it addresses 

not only the entertainment industry but also other domains such as medical diagnostic tools, 

technical design, or several branches of multimedia business e.g. digital marketing in public 

spaces, video-sharing websites, virtual museums, educational purposes and even rehabilitation of 

elderly [1].  Nonetheless movie companies are still the primary supporter and motivation in the 

research of 3-D technology. 

 

  Along with the success of stereoscopic movies such as Avatar, Beowulf and many other 3-D 

movies and animations, home 3-D has attracted lot of attention.  Also with the standardization of 

stereoscopic 3-D in Blu-Ray Disc group, major studios will release 3-D titles for home cinema 

viewers.  Transition of the 3-D experience from movie theaters to living rooms also shapes the 

future of 3-D displays in consumer electronics.  

 

  The 3-D displays can be classified under two main classes: Stereoscopic and autostereoscopic.  

Stereoscopic displays create 3-D depth perception by presenting two different 2-D images 

separately to the left and right eye of the viewer that requires special glasses with filtering or 

polarization features.  On the other hand, autostereoscopic displays do not require viewers to 

Figure 1 - Design of Stereoscopes: Wheatstone, Brewster and Gruber [27] [33] 
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wear glasses.  Glasses-free displays create 3-D perception by either using a barrier plate or 

lenticular lenses.  Barrier plates only allow light to pass from a certain direction therefore each 

eye sees different pixels of the image, and lenticular lenses refracts the emitted light such that in 

certain positions (sweet spot) left eye sees only left image pixels and right sees only right image 

pixels.  In Chapter 5, 3-D displays and their technology are explained in detail. 

 

  From the perspective of human-computer interaction, 3D Display technology offers a promising 

future that brings innovation on the traditional and the contemporary areas of applications where 

the human-technology interaction and the user experience is essential.  In the following section, 

we’ll introduce some of the areas that employ autostereoscopic displays outside of the field of 3D 

cinema.   

1.1 Autostereoscopic Displays: Application Areas in HCI 

 

 Along with the rapidly branching information chunks in wide range of multimedia forms in our 

desktops and on the internet; researchers explore possibilities of new modalities in human-

computer interaction that allows users to browse through a large network of information rapidly, 

to achieve a successful exchange of data and complete digital tasks with ease and better user 

experience.  As an alternative to traditional 2D graphic user interface with mouse and keyboard, 

Heinrich-Hertz-Institute has developed a 3D PC (mUltimo3D) that provides a multimodal 

interaction by using an autostereoscopic display, multiple video trackers to sense user’s 

interaction with the PC and sensory components for speech recognition.  The project aims to 

create three-dimensional interaction environment where the interface agents watch and interpret 

user’s actions with regard to the task context, gather input from different interaction techniques 

and organize the interaction space accordingly.  Using a 3D user interface provides a spatially 

extended field for interaction and with the help of interface agents, user can place and scale all 

the visual elements required for specific tasks.  Additionally, mUltimo3D takes advantages from 

the human’s ability to focus discrete distances and depth layers; therefore the use of additional 

dimension can be associated with different tasks and features of the PC [28].  

 

Autostereoscopic displays also improve users’ ability to understand and comprehend the structure 

of complex physical and virtual environments.  For instance, 3D displays are employed in 

divergent medical practices such as surgical procedures which require accuracy and 

comprehension of the morphology of the patient’s pathology and contextual anatomy.  Zinger et 

al. introduced 3D displays to clinical settings that allow physicians to perceive depth in medical 

images.  It’s also stated that autostereoscopic visualization of the patient’s anatomy has the 

potential to be combined with augmented reality, which increases the surgical instrument 

placement accuracy.  Another benefit of autostereoscopic displays is the wide field of view and 

allowing multiple viewers to perceive the stereoscopic images, which becomes particularly 

important in operating rooms, where the observer is not fixed to a single spot.   Also, with the 

absence of goggles (normally surgeons use stereoscopic goggles during clinical procedures) 

sterility concerns of external attributes and the disturbance when clinician is not looking at the 

stereoscopic display will be eliminated [29].  
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In a similar model, Magalhães et al. points out that for medical imaging such as CR or MRI, 

autostereoscopic displays allow physicians to have a better spatial understanding of the anatomic 

structures and better perception of ambiguous anatomical structures such as detection of 

aneurysms or artier/venous problems [30].  Jiang and Mojon introduced the potential of 

autostereoscopic displays in ophthalmologic studies, which is a discipline that investigates 

human’s visual perception and disorders.  In ophthalmology, visual tests are typically done by 

cards or 2D displays with auxiliary aids and often requires verbal capabilities of the subjects 

tested.  For instance, random-dot stereotests use random-dot stereograms that provide no visual 

cues except random noise if seen monocular.  However if binocularly fused, it creates a sensation 

of depth thus it makes the test ideal for stereovision testing.  Yet these tests become troublesome 

when applied to infants and preverbal children, since it requires the verbal feedback of the 

subjects.  For that reason, an autostereoscopic display is developed, that allows random-dot test 

in natural viewing conditions with objective assessment of stimulus recognition.  In the 

experimental setup, an autostereoscopic monitor with a visual stimulus was placed in front of the 

subject and an infrared photo-oculography system was used to record the movements of the 

subject.  During the experiment, coordinates of the stimulus is changed continuously and then the 

displayed stimulus positions are compared to recorded eye movements of the test subject whether 

the subject can follow the positions successfully [31].  Given these points, we can imagine that 

3D technology will soon be part of our lives in the near future not only to entertain, but to 

enhance our abilities to be more productive and efficient in our working environment, and to 

create better and easier alternative solutions in human-computer interaction for challenging tasks 

on our daily lives.  

 

The remainder of this chapter is organized as follows.  First, Chapter 2 and then in Chapter 5 

crosstalk and rest of the issues are explored and discussed.  The applied methodology and the 

course of the research in this project are discussed in Chapter 3.  In Chapter 4, we introduce the 

key features of the eye for vision, an overview of related works and background of research done 

in pupil tracking.  Following sections of the Chapter 4, explains the implementation process of IR 

pupil tracking thoroughly starting from conceptual designs until results and recommendations. 

 In Chapter 5, autostereoscopic lenticular displays are explained in detail, drawbacks and issues 

of the implemented system are presented and finally the project report is concluded with the 

implementation of the integrated system and general recommendations for the future research. 

 

 

 

 

 

 

 



7 
 

2. Problem Definition & Research Question 

Autostereoscopic 3-D displays that do not require glasses often use lenticular lenses or barriers to 

create multiple views. These solutions currently suffer from several issues, such as inverted views 

at viewing cone transitions, cross-talk between views for certain viewing directions, reduced 

resolution and need for multi-view content.   

 

  In his studies, Jin et al. evaluates the qualitative user experiences with autostereoscopic displays 

and identify their potential shortcomings by testing specific user tasks and comparing 3D 

autostereoscopic display to flat 3D display (stereo disabled). During the study, participants are 

subjected to two tests; one is preliminary usability test which involves viewing static stereoscopic 

images and finding the “sweet spot” of the display while interacting with virtual reality scenario 

and latter is the usability test with stereoscopic user interface.  According to results of the tests, 

participants reported that stereo 3D provided strong depth feeling and stereo effect, and wider 

field of view as they feel immersed in the space.  It’s also noted that inter-crossed (X shaped) 

routes in the interactive scenario, which is two paths layered in depth, become easier to identify 

by the participants compared to flat 3D.  However, sweet-spot reviews showed that experienced 

users had better results on finding the sweet spot than first time users who doesn’t know where 

the sweet spot of the display is.  Additionally, in user reviews concerning comfort level of the 

display, participants reported that they suffered from eyestrain, dizziness, seeing multiple vertical 

lines or double images [32].   Encountered display problems and ill effects mentioned in Jin et 

al.’s study indicate the same issues that most autostereoscopic displays suffer from. 

 

  Prior to going any further detail, I would like to emphasize that the aim of this thesis research is 

not to provide a comparative study of 3D displays, rather its purpose is to explore and try to 

provide an alternative way of solution to current 3D display researches from a technical 

perspective in order to reduce the experienced issues of autostereoscopic displays.  Even though 

glasses-free 3D display technology hasn't been widely accepted yet, by addressing the 

fundamental shortcomings and pursuing the research towards better 3D experience, many 

application areas of human-computer interaction will benefit by these developments and it will 

open doors for new interaction paradigms between human and the digital world.  Consequently 

my research question is: “Is it possible to reduce the issues of glasses-free 3D displays and obtain 

better 3D experience by using pupil tracking?” 

 

  We believe that integration of a multi-person infrared (IR) pupil tracking system with the 

autostereoscopic display would help to reduce some of these issues. IR pupil tracking is a 

technique to measure the position of the pupils in space under infrared illumination. By using IR 

pupil tracking, it becomes possible to adapt the view rendering according to the position of the 

viewer, such that viewing cone can be directed towards user’s eye.  Viewing cone is defined as 

the multitude of directions from which the visual performance of a display can be seen without 

artifacts [3].  
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  In order to achieve this goal, firstly we need to design and develop an infrared pupil tracking 

system which allows multi-person tracking within the range of optimum viewing distance  which 

is typically three to four times of the diagonal length of the display. In our project, we used a 42 

inch (     ) autostereoscopic display therefore the optimum distance for pupil tracking is 

ranged within     to    .  It is also significant that the system works robust and fast enough in 

real-time.    

 

   After establishing a pupil tracking system, the second stage is to develop a solution for adapting 

the view rendering of autostereoscopic display with respect to the position of the user by using 

infrared pupil tracking.  A key challenge is not to introduce a noticeable lag between movements 

of the user and the adaptation of the view rendering, because occurrence of such a lag between 

the pupil tracking and the view rendering may result in crosstalk, inverted 3-D view or severe 

viewing discomfort because of the visible view transition. 

 

  Finally, integration of the pupil tracking system with the autostereoscopic display will be 

implemented successfully by the means of robust tracking, real-time performance in both 

systems, reduced cross-talk and comfortable view transitions and 3-D experience for viewers in 

any position.  

    

  The purpose of addressing these issues and targeting a possible solution for glasses-free 3D 

displays is ultimately to improve on the possibilities of better human-computer interaction, such 

as stated previously in the introduction to the thesis.   

3. Methodology 

The research project consists of three main parts: Design and implementation of IR pupil tracker, 

implementation of view renderer for autostereoscopic display, and integration of pupil tracker 

with view renderer so that 3-D display would able to adapt the viewing cone according to 

viewer’s position that is provided by the pupil tracker. 

 

  We started the first part of our research with a comparative literature study in which we 

analyzed people detection and tracking techniques that are used in consumer products and 

academic research fields.  There are several methods to detect people e.g. Face detection, blob 

detection, gaze tracking, and preceding pupil tracking methods.   Face detection is concerned 

with localization of human faces by detecting facial features in given images.  Blob detection is 

detection of points or region of an image with depending on particular criteria. And gaze tracking 

is interested on where the eyes are looking rather than their positions in space.  In Chapter 4.3, we 

explain why we choose IR pupil tracking over other people tracking methods.  In our opinion, 

review of different people tracking techniques and the current state-of-the-art on IR pupil 

tracking would give us a base for our research to start from and provide comparable discussion, 

as well as substantial technical input particularly for the hardware implementation of our IR pupil 

tracking.  
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  In hardware implementation, we aim to experiment as much as possible by designing functional 

high-fidelity prototypes with variety of component set.  With an extensive hands-on experience, 

we get to observe behavior of different components such as IR LEDs, beamsplitters and 

illumination methods. Then obtained results are compared with several requirements of the 

project e.g. being robust, performing in real-time, supporting multi-person tracking or working 

under ambient illumination in order to implement the final design of IR pupil tracker. 

 

    In the second and third part of the project, we benefit from the recent literature which is 

particularly focused on autostereoscopic displays and their issues such as cross-talk, low 

resolution or reduced brightness.  Nevertheless, for the interpretation of results most convenient 

and practical approach was to rely on our 3-D experiences especially for some cases such as 

observing the existence of a noticeable lag during view transition, brightness level of the 

displayed images or cross-talk.  Addition to these, we also applied diagnostic tests for each 

application, which give us accurate information about the performance of the implemented 

system i.e. frame rate test and delay test.  Finally, the attained results are reflected on evaluation 

and recommendations section of the report.  
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Figure 2 - Structure of eye [6] 

4. Infrared Pupil Tracking 

4.1 The Eye, Vision & Perception of Depth 

The eye is the peripheral organ of vision which carries most essential cues within its 

physiological structure.  The human eye consists of five main components that are essential in the 

process of sense of sight: the cornea, the iris, the pupil, the retina and the lens.  Figure 2 shows 

the main structures of the human eye, which is a nearly spherical, the inside surface is lined with 

photoreceptors from where impulses are sent to brain. 

 

The outer most layer of the eye is covered by a transparent membrane which is called the cornea. 

After the cornea, the incoming light enters to the pupil. The pupil is covered by a muscular 

diaphragm, which is called the iris. The function of the iris is to adjust the aperture of the pupil 

according to the level of light in the environment.  When the light passes through the lens, it 

approaches to the photoreceptor sheet, known as the retina. 

 

The retina contains photoreceptors that are sensitive to light.  This part also forms the first stage 

of visual perception.  The task of photoreceptors is to convert light energy to electrical impulses 

in order to stimulate visual centers of the brain. 

 

The eye allows us to perceive the world of objects with different sizes, shapes and colors.  

However in order to perceive the depth, the pupillary distance of the eyes becomes an important 

factor.  The distance between the two eyes is called inter pupillary distance (IPD) [5] [6] [4].  For 

adult humans, this distance varies 

approximately between 50mm to 70 mm. 

As a result of this distance, each eye has 

a slightly different view from each other.  

The difference of these two views is 

called binocular disparity, which creates 

the depth information for brain.  

Binocular disparity also constitutes the 

fundamental basis for perception of 

depth and the idea behind the 3-D 

display technology.  Currently, all 3-D 

displays create the illusion of depth by 

showing two slightly different images to 

each eye in order to compose stereo 

vision.  
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4.2 Eye Tracking Applications 

A wide variety of eye tracking applications exists, and they can be classified as diagnostic and 

interactive. In diagnostic role, the eye tracker provides quantitative evidence of the user’s visual 

and attentional processes and in the latter, eye tracker serves as an input device for visually 

mediated applications [6]. 

 

 In most cases, diagnostic applications record the eye movements of the user and map the pattern 

or path of the eye movements with the related content.  Analysis of visual scanning patterns, 

considered as diagnostic study, is used in the quantification of mood disorders, studies of 

perception, attention and learning disorders, driving research and safety, pilot training, 

ergonomics, marketing and advertisement.  

 

Interactive eye tracking systems especially play an important role in media and entertainment 

applications, human-machine interaction, attentive user interfaces and universal accessibility for 

handicapped [5].   

 

Although several applications of eye tracking that have made greater success such as usability 

studies of applications or multiparty communication systems, there are still opportunities for 

practices which can be improved by eye tracking.  We also believe that proving better 3-D 

experience for glasses-free displays is just one of them. 

4.3 Related Works on People Tracking  

In order to determine the position of the users, there are also other techniques than IR pupil 

tracking in the literature.  For that reason, different people tracking techniques and methods are 

explored in this section. 

 

Eveland, Socolinsky and Wolff, introducing tracking systems by using the thermal emission from 

human skin for the purpose of segmenting and detecting faces in IR imagery with a calibrated 

thermal IR camera.  The process of segmentation and tracking is based on the adaptable 

likelihood estimation and comparison of measured data with the pre-computed training densities 

for skin, clothing and background on a fixed population and environmental conditions [7].  

 

Yang and Waibel present a model to characterize skin-color distributions of human faces by 

using a workstation with a frame grabber and a Canon VC-CI camera.  Two methods can be used 

in this system; a general skin-color model based on prior information is used in the search 

process, then motion information is used to differentiate faces from skin-colored backgrounds.  

Once the tracker locates all moving objects, chooses the largest among all objects.  Second 

method is based on an interactive interface, which relies on the user control; basically a face is 

selected by the user, and then applies the same search process in the first method [8]. 

 

Birchfield uses the geometrical properties of human head, which is nearly rigid and roughly 

symmetrical about an axis parallel to the image plane.  A two dimensional model, namely an 
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Figure 3 - EOG Eye Movement Measurement and EOG Signal Illustration [12] [13] 

ellipse, is used to approximate the head contour and a local search determines the position and 

size of the best ellipse on the image [9]. Viola and Jones introduced an object detection 

framework that is capable of processing images in high detection rates.  Even though Viola-Jones 

algorithm can be trained for different objects, it is primarily considered as one of the popular face 

detection method.  This algorithm requires a large set of training objects, which consists of 

thousands of images with visual features of human face.  Although the detection is extremely 

rapid, training of large and complex data sets are difficult and time consuming, also it is not 

feasible in different illumination conditions [10].   

 

To sum up, represented techniques for people tracking demonstrate accurate and robust 

performance, yet they suffer from a common issue that is vital for our research, obtaining pupil 

positions.  In our project, position of the pupils is essential to adjust the view cone, however 

detection of the face or having the position of the viewer is insufficient for such purpose since it 

is primarily aimed to display different stereo images to each eye of the viewer, particularly from a 

certain distance in varied illumination conditions.  For these reasons, we choose IR pupil tracking 

rather than other people tracking techniques.    

4.4 Eye Tracking Techniques 

The measurement of eyes’ position and their movements is commonly known as eye tracking 

and, in general there are two types of eye movement monitoring techniques, one is measuring the 

position of the eye relative to the head, other is measuring the orientation of the eye in space or 

the point of gaze [11].  In this chapter, we briefly introduce and explain different eye tracking 

techniques and then discuss infrared pupil tracking in a broader scope.  We can categorize the eye 

tracking methodologies under four titles: Electro-OculoGraphy (EOG), Scleral contact 

lens/search coil, Photo/Video-OculoGraphy (POG/VOG) and video-based combined pupil and 

corneal reflection [5]. 

 

EOG has been applied for 40 years now, which relies on measurement of the skin’s electric 

potential differences by the electrodes places around the eye.  A picture of a subject, attached 

with EOG electrodes and illustration of the EOG signal generated by horizontal movements of 

the eye is shown in Figure 3. This technique measures only eye movements relative to the head 

unless position of the head is also measured [5]. 
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Figure 5 - Infrared limbus 

tracker apparatus [15] 

Figure 4 - Scleral suction ring insertion and magnetic field frames [5] [14] 

Using the scleral suction ring is known as one of the most precise eye movement measurement 

method.  In this method, the subject wears a contact lens, which has a mechanical or optical 

reference object mounted on it.  Then the subject’s head is fixed inside of magnetic field frame.  

The principle method employs a wire coil, which is then measured moving through an 

electromagnetic field [5]. 

Example of suction ring insertion and electromagnetic field frame for search coil eye movement 

measurement can be seen in Figure 4. Even though scleral search coil is the most precise eye 

tracking technique, it’s most uncomfortable and obtrusive one.  

 

Photo/Video OculoGraphy techniques are effective in measurement of distinguishable features of 

the eyes under rotation or translation such as apparent shapes of 

pupil, position of limbus and corneal reflection of a closely situated 

light source [5].  Figure 5 shows an infrared limbus tracker 

apparatus, which is fixed to the head of a subject. 

 

Finally, video-based combined pupil /corneal reflection are the most 

suitable and promising eye movement measurement technique for 

both interactive and diagnostic applications.  The use of pupil 

reflection, corneal reflection or combination of both provides 

sufficient information for gaze tracking and pupil tracking.  In 

addition to that, application of pupil or corneal reflection has an 

unobtrusive and less complex tracking procedure compared to above 

technique.  

In order to focus further on the concept of pupil tracking, it’s important to differentiate pupil 

tracking from gaze tracking at this point.  For that reason, we primarily introduce the 

fundamentals of gaze tracking.      
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Figure 7 – Relative positions of pupil and 

1
st
 Purkinje images [5] 

Figure 6 - Purkinje images and pupil & corneal reflection illustration [16] [17] [18] 

  The corneal reflection of the light source is measured relative to the location of the pupil center.  

Corneal reflections are known as the Purkinje reflections.  Due to the construction of the eye, 

four Purkinje reflections are formed (see Figure 6 - 1
st
 Image).  Two points of reference on the 

eye are need to separate eye movements from head movements.  The positional difference 

between the pupil center and corneal reflection changes with pure eye rotation, but remains 

relatively constant with minor head movements 

(see Figure 6 - 2
st
, 3

rd
 Images). Since the infrared 

light is usually places at some fixed position 

relative to the eye, the Purkinje image is 

relatively stable whereas the eyeball, and hence 

the pupil, rotates in its orbit (see Figure 7).  

After obtaining the Purkinje image (glint) and 

pupil reflection, proper calibration is achieved 

through linear mapping between the gaze 

tracking positions in the camera image of face 

with the coordinates of the particular gaze 

position of the calibration image in the display 

[5].  
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Figure 8 - Dark & bright pupil effect 

Figure 9 - Bright, Dark and Difference Image Samples and Pixel Distributions 

4.5 Pupil tracking using active IR illumination  

 

In pupil tracking, there are different ways of using retroreflective property of the eye.  When the 

eye or any retroreflective object is illuminated with a light, the light reflects back towards to the 

light source.   This physical phenomenon is defined as “retroreflectivity”.   

   

Infrared light is invisible to human eye but 

not for digital cameras, therefore if an 

infrared light source is placed coaxially with 

the optical path of a digital imaging device, 

the reflected light will create the “bright 

pupil” effect, on the other hand if the 

infrared light source is off-axis with the 

optical path, the light will be reflected away 

from the camera, creating the “dark pupil” 

effect (see Figure 8).  One can choose to use 

bright pupil, dark pupil or both for pupil 

tracking. 

   

In our project, we planned to benefit from both effects since intensity difference between the 

bright and dark pupil effect is maximal, which allowing for robust and efficient pupil tracking for 
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Figure 10 - Side view of vertical 

rotations a) looking at the lower part 

of the screen b) looking at the upper 

part of the screen [19] 

dimmed or ambient light environment.  The reason of the robustness is; subtraction of dark and 

bright pupil effects captured in the same environment eliminates most of the noise in the 

background therefore regardless of the conditions, subtracted image of the pupils will stand out.    

In Figure 9, the pixel distribution of the lines from each effect is shown.  In Figure 9-d), the 

highest peak represents the bright pupil and in Figure 9-e) minimum value represents the dark 

pupil.  From these distribution figures, both effects stand out from the rest of the image by either 

being brighter or darker. When dark pupil is subtracted from bright pupil, the difference image 

gives more contrast difference between the pupil and the background (Figure 9-f), which 

provides more recognizable feature for image processing. 

 

The bright pupil image has a larger influence on the 

difference image (see Figure 9-e, 9-f).  Therefore if we 

can increase the quality of the bright pupil effect, 

extraction of the pupil reflections would become less 

complex.  We can point out certain conditions that 

affect the results of difference image such as: direction 

of gaze, pupil area, amount of infrared irradiated to the 

eye, vision quality of eye.  To briefly mention, 

according to Agustin’s research[19];  vertical gaze 

direction affects the brightness of the pupil meaning 

that when the light is directed to a thicker layer of the 

eye, effective light intensity will be decreased, which 

produces a stronger reflection and brighter pupil 

(Figure 10).  We can also imagine that if we increase 

the intensity of infrared light, the reflected amount will 

also increase proportionally. In addition, Ebisawa and Nguyen [20, 21] both states that there is a 

proportional relationship between size of the pupil area and pupil brightness.  Also ambient 

lighting has an indirect affect on brightness since the pupil area is getting smaller or larger 

according the brightness of the environment.  To sum up, in our design we especially considered: 

the position of the setup in respect to gaze direction, power of the infrared LEDs and ambient 

lighting in order to achieve better difference image. 

4.6 Hardware Implementation 

In this chapter, we will explain the design process of the hardware implementation of pupil 

tracker that is adapted according to satisfy the experimental environment for a multi-person pupil 

tracking and eventually lead for a fully functioning system.  

 

Firstly, we started with an overview of the state-of-the-art systems in the market and the 

literature, which has similar goals as eye tracking.  Through the research, we considered the 

applications according to their key features such as: pupil tracking distance, freedom of head 

movement, emitted radiant power by illumination units, illumination techniques, ambient factors, 

frame frequency of such systems in order to have a baseline for our hardware setup.  



17 
 

Figure 11 – On & off axis illumination - conceptual design 

Figure 12 - Pupil tracking - IR Illumination Panel a) Off-axis illumination b) Coaxial 

Illumination c) Camera Lens 

4.6.1 Conceptual Design 
 

Prior to the final implementation of IR pupil tracker, we first proceed to conceptual design of 

pupil tracker.  In Figure 11, you can notice that infrared LEDs are spread over the illumination 

panel in a circular fashion with adjustable range to the lens.  By that we intend to fit the camera 

into the centre of panel therefore we would able to determine the distance of LEDs from camera 

lens where the optimum bright pupil effect is observed.  

The reason of our design decision is that, big portion of the eye tracking applications are based on 

the traditional on and off-axis infrared illumination, which provided us a reference point to start 

with and to identify the possible advantages, drawbacks or necessary improvements for our 

proposed pupil tracking system. 

 

4.6.2 High Fidelity Prototypes  
 

In our research, we built two working prototypes, which allow us to experiment with on & off 

axis illumination. In these prototypes, we used infrared LEDs for illumination, a CMOS 

monochrome camera for imaging and an Arduino microcontroller to drive and control both LEDs 

and camera.  In Figure 12, the alignment of the infrared LEDs on the panel of our two prototypes 
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Figure 13 - a) Second Prototype b) Trigger Circuitry 

is slightly different from each other in order to see the effect of different illumination settings.   

 

Our first setup is shown on the left, which is built in a similar fashion to the second one, except 

the use of different type of LEDs and the alignment of LEDs in a smaller surface.  In the first 

prototype we used nine identical collimated infrared LEDs (CQY49C-AU3) with        

wavelength, which can handle        forward current (  ).  Six of the LEDs are placed around 

the edges of the panel for off-axis illumination (Figure 12-a) and three of them around the camera 

lens for coaxial illumination (Figure 12-b). For imaging, we used      (UI-1220SE-M)      

CMOS sensor camera with resolution            (Figure 12-c).  Standing features of the 

camera are:        in freerun, binning mode, digital trigger and flash control, adjustable 

parameters for exposure time, frame rate.  

 

In the early steps of our 

project, we initially 

focused on to achieve 

successful real-time 

image acquisition and 

frame subtraction at a 

modest frame rate in.  

For this, we had to 

capture each 

consecutive frame, 

which has either bright 

pupil or dark pupil in 

its content and then 

subtraction will be 

applied to consecutive 

identified frames.  At 

the end of the 

operation, resulting image will be saved on a hard drive or displayed on a separate window. The 

important operation in here is to capture each pupil effect in each successive frame so that one 

frame should have dark pupil and other should have bright pupil or vice versa.  To do that, we 

needed to trigger the camera and capture each frame simultaneously while the infrared LEDs turn 

on and off.  Therefore we build a circuitry that drives on-axis and off-axis LEDs separately and 

trigger the camera at the same time, communicating through the Arduino board.      

                                       

In Figure 13-a),  you can see the trigger circuitry connected to the infrared illumination panel and 

Figure 13-b) shows the trigger circuitry which is controlled by the Arduino board.  We believe 

that describing the overview of the system to the reader, would give an idea about how the 

system works before going to further details. 
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In our prototype, we used three fundamental hardware components: Camera, Arduino board and 

IR LEDs attached to the trigger circuitry.  As it’s also illustrated in Figure 14,  after initialization 

of the system, arduino board starts to control the LEDs and trigger the camera synchronously 

through the trigger circuitry.  A single image is captured by each trigger signal sent to the camera, 

then the captured image is transmitted to operator computer for image processing.   

 

 

 

In order to program digital I/O pins, the flash rate of LEDs and frequency of the camera trigger, 

we used Arduino IDE for implementation.  For image acquisition and establish communication 

between the camera and the computer, we modified      open source framework, which is 

provided with the camera.  Finally when the frames are received, we implemented the necessary 

image processing for pupil extraction by using OpenCV library.  

Figure 14 - Overview of the System & Application Flow Diagram 
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Figure 16 - Trigger Timing 

In Figure 14, application flow diagram and corresponding part of the system is represented in the 

same color.  First we initialize the camera and set the camera mode from freerun to continuous 

trigger mode.  By doing this, we command the camera to wait on standby until there’s a 

triggering signal.  After the initialization, we can turn on the Arduino board, which is 

programmed for activating defined I/O pins sequentially in certain time intervals.  In order to turn 

on the corresponding LEDs in the maximum current and send the trigger signal to the camera, we 

have built a control circuitry. 

  

  Figure 15 - Trigger Circuitry Schematic  

As shown in Figure 15, each switching transistor (PH2369) acts as a gate between power supply 

and each LED.  When HIGH (1) signal is sent from Arduino to the pin of the corresponding 

group of LEDs, transistors closes (complete) the circuit and feed the LEDs from power supply so 

that we achieve the maximum current that LEDs can hold.  Each LED can hold       , 

therefore we placed      (ohm) resistance between the power supply (  ) and the LEDs 

( 
 

 
   

  

   
            ).  We also connected the camera trigger in the same way, so in 

total we used three digital I/O pins.  

   

When we trigger the camera, two 

synchronized events occur, first on-axis 

LEDs turn on, and then an image is 

captured.  After retrieving the image, its 

average of pixel intensity is calculated.  

Then same operations repeat for off-axis 

illumination.  The average values of 

images are compared with each other and 

the highest average value defines the bright 
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Figure 17 - Coaxial Illumination with Cube Beamsplitter 

pupil frame, and other is the dark pupil frame.  After the verification of each sequential effect, we 

subtract dark pupil frame from bright pupil frame in order to extract the pupils. 

 

 In order to get the optimum speed while extracting the pupils, timing between LED triggers and 

camera trigger should be as precise as possible.  Therefore we encapsulated the capture event by 

infrared illumination events in terms of timing.  The timing intervals of a complete operation are 

shown in Figure 16.  For each frame, triggers begin successively and stay active      in order to 

capture a full bright or dark pupil effect.  Then we provide      for rest of the operations.  In 

total, capturing and processing operation of a single frame costs     , hereby we can conclude 

that the system works in       (                               ).   

4.6.3 Evaluation and Lessons Learned 
 

Throughout the development of pupil tracking system, we tried to practice all possible 

approaches in order to get better results, and from those attempts we gained important cues for 

our final design.  In this chapter, we’ll explain our reasoning for the decisions that we’ve made 

and required improvements for the final setup. 

 

In our first prototype, we used        wavelength LEDs for illumination, but the effectiveness 

of the IR reflections were below our expectations.  The reason was that above      , camera’s 

sensor sensitivity approaches to the lowest level; therefore we changed the LEDs (         

 to        wavelength (          ), which is in between the range of camera’s sensitivity.  

  

Another issue that should be considered is the alignment, power and quantity of the infrared 

LEDs.  In previous chapters, we explained that bright pupil effect is possible when the light 

source is coaxial with the imaging device hence in our prototypes we tried to have an on axis 

illumination by putting the LEDs around the camera lens as close as possible.  Even though we 

were able to get the bright pupils out, one can argue that alignment of LEDs is close to on axis 
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illumination but not exactly the same.  Considering this fact, we decided to remove the entire 

coaxial LEDs and instead we put a beamsplitter in front of the lens and create coaxial 

illumination by refracting the light on the optical path of camera.  While choosing the 

beamsplitter, we considered three types of beamsplitters; cube, plate and pellicle beamsplitters.  

From these beamsplitters, we learned that cube and plate beamsplitters suffers from ghost images 

and undesirable second reflections because of their two layer structures, therefore we decided on 

using a pellicle beamsplitter for our final setup, which provides neither ghost images nor second 

reflection because of its very thin membrane structure.  In Figure 17, an application of cube 

beamsplitter with coaxial LEDs is shown.  The number of LEDs is also increased for coaxial 

illumination; this is because one of our goals is to track pupils from at least     range of 

distance.  LEDs should be able to emit enough light for the necessary illumination, but in our 

case emitted light from a single LED is able to illuminate up to 1 meter so we increased the 

number of LEDs. By doing this, actually we only increased the amount of irradiated light but not 

the range.  Considering these limitations of regular infrared LEDs, we proposed using a single 

high power infrared LED for both on and off axis illuminations thus we can maintain a long 

range and homogeneous illumination area.    

 

In pupil tracking, ambient lighting of the environment should be also paid attention as well as 

active infrared illumination.  Since part of the requirement is to have a tracking system, which 

works in ambient light, then we should expect possible interference of the external light sources 

besides the infrared light we provide. We suggest using a long pass filter, which will eliminate 

the lights below certain wavelength. 

 

Finally, we believe that using an Arduino board provided us a great deal of time advantage in 

prototyping phase so that we were able to realize several hi-fi prototypes straight ahead from 

conceptual designs, however the frame rate of the algorithm running with Arduino was 

approximately 30 fps, which is far below for a real-time performance.  Although its performance 

is merely sufficient for early stages, using a driver component synchronized with the camera 

would provide much faster image acquisition hence the system achieves higher frame rate for a 

real-time performance at the further stages of pupil tracking.  As a result of these evaluations, we 

decided to implement a new setup described thoroughly in section 4.6.4. 

4.6.4 Final Design 
 

According to our results from experiments with functioning prototypes, we decided on building 

more rigid hardware as seen in Figure 18.  In this design, we intent to keep our final hardware 

setup more flexible, in case of any necessary adjustment.  Further parts of this chapter, we 

explained some part of setup with visual illustrations and figures in detail which has essential 

function in the system.  
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Figure 18 - Illustration of Final Design 

Figure 19 - Front view of final pupil tracking system 

On & Off Axis IR LEDs 

Result of our experiments with prototypes (see subsection 4.6.2) indicated that using multiple 

infrared light sources with low emittance power, is not enough to generate bright pupil effect for 

long distances (        ).  Moreover, since they are not aligned or collimated, each LED 

forms its own pattern on the illuminated area, which creates a non-uniform intensity distribution 

over the face and the pupils. In off-axis illumination, we preferred using two high power infrared 

LED for uniform and long range illumination (see Figure 19).  

 

From those conclusions, we chose using only one collimated high power infrared LED 

(        ) rather than multiple low power LEDs (Figure 19- a, b) for coaxial illumination and 
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two non-collimated LEDs to each side of the off-axis illumination.  High power LED,        

wavelength with active chip area      , emitting from        up to        power with 

forward current   . This provided our pupil tracker a long distance range and wide angle 

illumination.  

Pellicle Beamsplitter 

As we mentioned in chapter 4.2.2, the quality of the coaxial illumination is crucial in pupil 

tracking.  Considering the drawbacks of the cube and plate beamsplitters in our prototypes such 

as ghost images or second surface reflections of the refracted light beam, we decided to use 

another type of beamsplitter “pellicle beamsplitter”. 

 

Pellicle beamsplitters are made of extremely thin (    ) nitrocellulose membrane and due to its 

thinness, ghost images are eliminated and the second surface reflection superimposes on the first 

surface reflection. 

   Figure 20 - Illustration of IR illumination 

For our project, we chose coated pellicle beamsplitter for the range of               

wavelength with       reflectance and transmittance split ratio.  We positioned the beamsplitter 

in a way that coaxial infrared rays refracted centric with the optical path of the camera, which 

prevents the captured image from glare (Figure 19-c).  One easy way to find the right angle is, 
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you should able to see the center of the camera and the LED in the same axis, then you can do 

fine-adjustments.  It should be noted that extra care has to be taken when handling the 

beamsplitter due to its fragile structure. 

 

 Figure 21 - Top view of final pupil tracking system 

Flip/Flop LED Switch 

At the prototype stage, we were using the Arduino board as an external switch mechanism in 

order to turn on the LEDs and trigger the camera at the same time.  Even though it was 

functional and was able to run both camera and LEDs, the time delay between the LEDs and the 

camera trigger, was causing significant drop offs in the frame rate that the camera provides in 

freerun.  We needed to achieve camera’s freerun-continuous- frame rate performance, while still 

able to trigger the LEDs simultaneously.   

 

As a solution, we proposed using camera’s flash output instead of an external trigger (Figure 21-

a).  In this way, the camera will be running in continuous mode and be able to trigger the LEDs 

– like a camera flash – as well.   Since the flash time is adjustable, we only needed to provide a 

component to switch between LEDs when each time flash signal is sent.  Thus we used a 

flip/flop switch circuitry for on & off axis illuminations, which triggers the LED drivers in 

sequence by each frame captured.  
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Figure 22 –Infrared filter transmission 

curve [34] 

 

  LED Driver 

In order to control the intensity of the LEDs, we chose a single channel controller for each LED 

(Figure 21-b). LED driver provides current up t0       with different mode options like 

continuous wave mode, trigger mode, and modulation mode.  In our project, we certainly benefit 

from adjustable LED intensity and trigger mode.  

 

Camera Lens 

We used a      focal length lens with       aperture in order to benefit from wide angle and 

obtain light as much as possible even in poor lighting conditions (Figure 21-c). 

 

Infrared Filter 

In our early experiments, we noticed that ambient 

lighting of the environment – such as fluorescent 

lambs, sun shine or any other light source - has 

undesirable affect on the resulting images by 

merging with the reflected IR light from pupil 

(Figure 20).  For that reason, we placed a 

      long pass filter (Figure 21-d) between the 

beamsplitter and the camera lens, which blocks 

the shorter wavelengths.  The cut-off range and 

the transmission percentage of the filter are shown 

in Figure 22.  By using such filter, we are able to 

perform pupil tracking in day light or ambient 

lighting of a regular living room.   
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4.7 Software Implementation 

In this chapter, we explain the software implementation of the multi-person pupil tracking 

system.  Pupil tracking system consists of three stages: Image acquisition, pupil extraction and 

pupil tracking.  First section explores how frames are captured and which parameters need to be 

paid attention to in order to gain more speed and quality.  Second section discusses the 

implementation of necessary operations to extract the features of the frames that are valuable for 

pupil tracking and the identification of pupil candidates.  Last section explains the algorithm of 

pupil tracking stage for a multi-person application.   

4.7.1 Image Acquisition 

In the software part of our system, we integrated our implementations into an open source 

framework called uEye
1
, which provided us a library for the camera operations and easy access 

to camera setting with GUI.  Before moving into implementation, we will mention a few camera 

options need to be activated and adjusted for continuous image capture synchronized with 

infrared LEDs. 

 

There are two essential points: camera mode and settings, and image quality and size.  As 

mentioned in section 4.3.4, we intend to use the LEDs with flash output thus camera will be the 

one controlling the LEDs, not the external trigger. And the sequential switches between the 

LEDs will be possible with flip/flop switch by repetitive flash signals.  In the beginning of 

initialization, we set the flash high active mode on, and adjust the flash delay as small as 

possible: in our case it’s       and the exposure time is approximately        .  There are 

several parameters can affect the frame rate of the camera in freerun and based on our 

experiments, approximately 10ms is enough to capture the data that is required for processing.  

If we increase the exposure time, the data readout and transfer time spreads over a longer time 

interval so the speed of the camera slows down. 

 

Second point is to increase the quality of the image while keeping the frame rate on a higher 

level therefore we applied binning operation on the captured images.  Normally there’s a random 

amount of noise generated while reading the chip and transferring that data, so we can tell that 

each pixel consist of some noise and signal with the ratio of              .  By applying 

binning, we combine the data in adjacent pixels and create a single superpixel; consequently we 

read adjacent pixels like they’re one and receive one pixel worth of noise so we get same 

amount of data but less noise.  For our system, we chose to apply 2x2 binning, which lead to a 

decrease on the resolution of the images from                          but since we are 

working in a certain distance and searching for a certain effect, we trade off the image resolution 

with higher imaging rate and less noise.   

 

Aim of this part of the system is to capture images and send them to pupil extraction stage.  In 

Figure 23, implementation of image acquisition is represented in a flowchart diagram. As an 

initial point, we modified the video capture function, which basically retrieves each image data 

                                                            
1 “IDS Imaging Development Systems Gmbh”, (http://www.ids-imaging.com) 

http://www.ids-imaging.com/
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from image buffer and writes them back into a video buffer in the requested format.  We 

modified the function so that each time when there’s an image data in the buffer, we retrieve it 

and wait until the next data stacked in the buffer.  By this way, we establish to retrieve two 

consecutive image data, where one is dark pupil effect and other is bright pupil, then we call 

pupil extraction function in order to identify the frames and search for features of pupil 

candidates. 

 

 

 

 

 

 

Figure 23 - Image acquisition flowchart diagram 
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4.7.2 Pupil Extraction 

 

When two successive frames are retrieved, they go through various image processing operations 

for feature selection.  In Figure 24, the implementation of pupil extraction is represented in a 

flowchart diagram. Firstly, the average pixel value of each frame is calculated in order to 

determine which frame has bright pupil or dark pupil effect because we expect to have a higher 

average value in bright pupil for the simple reason that reflected infrared light increases the 

white color intensity than dark pupil effect.  After identification, to get the difference image we 

subtract dark pupil frame from bright pupil.  In some cases the reflections are formed smaller 

than expected or partially visible in the subtracted frames because of either variable reflectance 

property of the subjects’ eye or illumination conditions of the environment.  For such cases, we 

apply dilation operation on the image where the values of pixels are determined according to 

maximum of neighborhood pixels which are superimposed by the specified structuring element.   

 

Figure 24 – Pupil extraction flowchart diagram 

 



30 
 

Dilating provides a larger pixel distribution of the reflected pupil area for better feature selection  

in the frame.  For our case, we applied 3x3 rectangular shaped structures on gray scaled images. 

 

When the subtracted image has sufficient quality for feature selection, we calculate the 

confidence value of each pixel in the image whether they can form a possible pupil candidate or 

not.  In this process, firstly we define a dynamic threshold value, which is the 70 percent of the 

maximum pixel value in the image, in order to eliminate the false reflections and speed up the 

process. If the pixel value is higher than the threshold, we calculate the confidence of this certain 

pixel according to neighborhood pixels. With this calculation, the pixels which are surrounded by 

higher pixel values, has higher likelihood of being a pupil candidate.  After scanning the pixels 

through the image area, we collect the candidate pixels in a sufficiently large sample set (80 

samples) with their pixel positions and corresponding confidence values.  Then we sort candidate 

pixels according to their confidence values in descending order and filter 50 percent of the 

candidates for selection of pupil pairs. 

 

Filtering criteria for identification of pupil pairs is mainly based on the physiological features of 

the pupil pairs.  As a result of our experiments, we decided to keep the inter pupillary distance of 

the pupils between 20px to 40px, which approximately corresponds to physical distance of two 

pupils from each other (50mm-80mm) and considering the possibility of subjects’ head tilted 

position during the tracking, we give a freedom of tilt range up to approximately 27 degrees 

which corresponds to 10px difference between y-axis of two pupils.  In this stage of the 

implementation, we compared each candidate pixel within each other and the ones that are 

qualified as pupil pair are stored in a pupil set.  Furthermore, since we’re dealing with multiple 

pixel couples that might be representing the same pair of pupils, we defined a search window 

which is updated according to appearance of a new pupil in the frame.  Search window is 

defined such that it surrounds the identified pupil pairs within a rectangular shaped form with a 

15pixels of gab from each side of the pairs thus we avoid the reoccurrence of same pairs more 

than once.  Throughout the filtering procedures, we also identify the left and right pupils by 

simply comparing their position coordinates and we store the coordinate of the left pupil and the 

distance between left and right pupil for the tracking and drawing operations.   

4.7.3 Pupil Tracking 

 

In tracking stage, firstly we retrieve each pupil pairs that are stored in the previous stage, and 

display them as a feedback for the user.  We have to mention that screening process of pupils for 

the user is not necessary when the pupil tracking system and autostereoscopic display is coupled.  

In order to control the existence same amount of pupil pairs, we keep the total number of the 

pairs after each retrieval from pupil extraction stage.  We also store the position and pupillary 

distance of each displayed pair in an array for the retrieval procedure in case of erroneous pupil 

extraction (see Figure 25 for flowchart representation of pupil tracking implementation). 
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Figure 25 – Pupil tracking flowchart diagram 

Our pupil tracking system relies on the speed and agility of image acquisition and pupil     

extraction stages.  Nonetheless, there are two cases where we need to retrieve previous pairs and 

secure the continuity of the tracking process.   

 

First case is the highly probable situation, in which the user naturally blinks her eyes or rotates 

her head to another side besides pupil tracking setup.  Second is the user(s) actually goes out of 

the tracking area.  Considering        image acquisition rate of the pupil tracking system, when 

there is a loss of pupils, immediately previous successful pairs are recovered for the certain 

frame and re-check every loop until they are visible again in the system.  There’s a time limit for 

lost pairs, in our system if there’s not any activity more than         , the system assumes that 

there’s no user in the tracking range and passes to passive mode.   
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5. Autostereoscopic Displays 

 In Chapter 5, we concentrate on the autostereoscopic lenticular displays and the implementation  

of the View Renderer.  The following two sub-chapters explain the autostereoscopic displays 

and their technology with an overview of 3-D display techniques and introduction of the 

technology that is used in the current autostereoscopic displays.  In Chapter 5.3, we discuss the 

limitations of the autostereoscopic lenticular displays and their effects on the 3-D experience.  

Lastly, we explain the View Renderer that generates the multiple 3-D views for the 

autostereoscopic display with regard to pupil positions of the viewer.   

5.1 Introduction 

Over the years, many scientists have been working in the cause of providing more vivid and life 

like 3-D experience for a broad set of domains such as healthcare, many educational or 

entertaining computer applications and especially motion pictures industry. Since the first 3-D 

movie “Power of Love” is shown to paying customers in 1922, 3-D technology has traveled over 

a long distance to its current state [22].  

  

There are two core techniques to create 3-D perception on displays; stereoscopic and 

autostereoscopic. One of the earliest methods to display stereoscopic content is using anaglyph 

which consists of two superimposed images, which are color filtered differently.  By using a 

glass typically with red (left) and cyan (right) filters for each eye, filtered colors are canceled out 

and allows each eye to see a different image.  Another method is projecting two images 

superimposed into the same screen with different polarizing filters. Similar to anaglyph glasses, 

each polarizing filter blocks the different polarized light therefore each eye see different images. 

Nowadays, polarization method is highly popular in theatrical displays to show 3-D movies. 

Finally, shutter glasses uses eclipse method, which consist of a display synchronized with 

special shutter glass that opens and closes the shutters according to the left or right image shown 

in the display.  Shutter glasses especially address individual 3-D experience in home cinema 

systems.   

 

When these methods are compared; anaglyph glasses are cheap, accessible and it’s easy to 

produce 3-D content but the biggest drawback is lack of color palette since red and cyan or red 

and blue is cancelled out by the filters of the glasses.  Even though polarization is the current 

technology implemented in many 3-D cinema theaters, setting up such a system in home space 

Figure 26 - Glasses for Stereo Displays a) Anaglyph b) RealD Polarized c) Philips 3D Shutter 
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requires excessive expense and multiple devices such as 3-D projector, silver screen to preserve 

polarization of reflected light.  In order to use shutter glasses which is also called active shutters, 

the user must have a particular glass for a particular 3-D display, which is also quite expensive 

compared the passive 3-D glasses such as polarized and anaglyph. 

 

Beyond the technical and the financial drawbacks of stereoscopic displays, one obvious 

disadvantage comes forward, user discomfort.  Nowadays, all the 3-D movies shown in movie 

theaters are also released as cutting edge optical discs in the market such as high definition 

DVDs and Blu-Ray Discs.  Moreover number of international sport channels is about to launch 

3-D broadcasting such as; Eurosport 3D in United Kingdom and ESPN in United States. The 

common purpose of these improvements is to allow viewers to experience 3-D in their living 

rooms because living rooms mean comfort.  We believe that autostereoscopic displays free 

viewers from wearing glasses and offers comfortable 3-D experience. 

5.2 Autostereoscopic Display Technology 

There are two technologies commonly used in autostereoscopic displays that do not require 

users to wear 3D glasses; Parallax Barrier and Lenticular Lenses.  In parallax barriers, a layer of 

material with narrow horizontal gabs are placed in front of the liquid crystal display (LCD), 

which blocks the certain set of pixels and allows each eye to see different views and creates 3D 

experience.  The disadvantage of using barriers is poor brightness since the barrier blocks a 

major part of the emitted light (see Figure 27). 

In our project, we used a nine-view autostereoscopic display built with lenticular lens 

technology.  The display consists of a LCD panel, backlighting unit and a lenticular lens plate.  

Lenticular plate consists of array of cylindrical lenses placed in front of the LCD, which refracts 

the lights coming from alternate pixel columns towards the viewer (Figure 27).  This lenticular 

plate fixated on a LCD panel such that each cylindrical lens overlaps 4.5 subpixels sending the 

light different directions and by repeating the lenses over the display, it is able to achieve 

multiple views (see Figure 28). 

Figure 27 – Autostereoscopic display techniques [35] 
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Figure 28 – a) Design of lenticular lens b) Real effect of slanted lens [23] 

In lenticular lenses, there is less loss of brightness unlike the barrier technology since all the 

incoming light is accepted by the lenses.  Yet both technologies have a common limitation, 

which is lack of resolution because of the way lenses are aligned vertically on the surface of the 

LCD.  For that reason, the display that we used has a slant angle of            vertically in 

order to distribute the loss of resolution into two directions [23] and create more alive visual 

experience.  In Figure 28, it’s possible to observe the effect of the slant angle and distribution of 

different views over the users’ visual field.   
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5.3 Limitations of Current Autostereoscopic Lenticular Displays 

Autostereoscopic displays allow viewers to experience 3-D without wearing glasses by the state 

of the art display technology however there are still common drawbacks in these 3-D displays.  

In his 2010 publication, Woods focuses on crosstalk and similar imaging issues such as contrast, 

brightness and depth perception in stereoscopic and autostereoscopic displays.  His investigation 

shows that autostereoscopic displays suffers from these problems: Ghosting or interchangeably 

crosstalk, loss of contrast, loss of 3-D perception and viewer’s visual discomfort because of the 

relation between the physical size and quality of lenticular lenses, the way of lenses are aligned 

over the sub-pixels and position of the viewer in front of the display [2]. 

Having these critiques in mind after the implementation of view renderer for 9-view 

autostereoscopic display, we started to observe the quality and the behavior of the displayed 

stereo images in order to draw conclusions from our 3-D experiences. 

In order to make a clear judgment about the quality of the 3-D effect, first we found the 

optimum viewing distance and position aka “sweet spot” from where a viewer can see an 

adequate amount of 3-D effect without any sort of discomfort or ill effect.   

Since our images are rendered for a 9-view display, first thing we notice is that when the viewer 

moves his head starting from the sweet spot to the parallel direction of the display; the 3-D 

effect starts to decrease, scene gets blurry until the viewer enters to next view.  The reason of 

such effect is result of the crosstalk between left and right images for certain position.  Same 

false effect also occurs when the viewer changes vertical position of her head because the 

lenticular lenses are slanted slightly to distribute loss of resolution therefore optimum viewing 

position always changes respect to vertical and horizontal position of the viewer. 

Freedom of movement is one of the priorities for autostereoscopic displays, which means the 

viewer should able to move her head within a certain field of view or able to change her position 

around the display and still able to see 3-D.  Although it’s possible to see 3-D from different 

positions, if the viewer changes her position while following the scene on the display same time, 

existence of a semi-transparent stripe will be noticed, shifting in same the direction of the 

viewers’ movement and this stripe might become more visible proportional to the amount depth 

on the scene in other words, the amount of binocular disparity between left and right images.  In 

design principle to reduce the contrast between the stereo images and to prevent the crosstalk 

artifacts between the view transitions, a black image is placed in the center view to provide 

smoother and more natural transition among the views.  One disadvantage of this method is by 

using a black image in the center view; we reduce the brightness of 3-D images and cause a 

probable discomfort for the viewer. 

In conclusion, the 3-D autostereoscopic displays have certain limitations and drawbacks that are: 

Crosstalk between the views, occurrence of inverted views during the viewing cone transition, 

reduced resolution and brightness and the viewer discomfort as a result of mentioned 

disadvantages.    
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5.4 Software Implementation of View Renderer 

The design of the lenticular lens of an autostereoscopic displays allows creating multiple views.  

The lenses are placed at or close to the pixel such that light from the pixel is collimated towards 

the user in different directions.  The number of views of a display is equal to the ratio between 

the lens pitch and the sub-pixel pitch.  For instance, if the lens pitch is nine times of a sub-pixel 

pitch, then nine views are generated.  A problem however is that the vertical alignment of the 

lenticular decreases the horizontal resolution of the original image as a factor of number of 

views.  In order to distribute the loss of resolution in both directions, the lenses are slanted at a 

small angle in the vertical axis of the display.  The resulting resolution loss is the square root of 

the number of views.  The structure of the sub-pixels on a slanted layer is shown in Figure 29.    

In our project, we used an autostereoscopic display with the slant angle atan (1/6), allowing us to 

render nine different views.  The way of rendering of nine views is called “Variable Baseline 

Stereo”, which consists of only left and right stereo images on the left and right views in groups 

of four and a black mask image on to center view, mimicking stereo glasses.  The disparity 

difference between left and right images determines the amount of depth that the viewer is able 

to see.  The benefit of the black mask in the center view is to reduce the cross-talk or the leakage 

between the left and right views.   

In Chapter 5.2, we point out one of the advantages of using a lenticular display, which is the 

conservation of most of the brightness because of the lens design; however the use of black 

mask in the center view generates an artificial “dimming” affect, where the intended 3-D view is 

seen considerably darker then it is supposed to be.  Additionally during the transition of the 

Figure 29 - Pixel structure of a nine-view display [24] 
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center view towards the viewer, the discrete views with the black mask create semi-visible 

flicker effect which causes an unpleasant viewing experience. 

For that reason, we proposed a different rendering approach similar to “Stereo + Motion 

Parallax”.  This method distributes the total disparity of an original stereo image on to 

intermediate images.  For instance, if there is a 32px disparity difference between the left and the 

right images, that difference is distributed linearly on to sub-views, which are originating from 

the left image (see Figure 30).   

The use of sub-view fragmentation eliminates the need of a black mask in the center view 

because the difference between the views is reduced and also the amount of cross-talk visible to 

the viewer.  The rendered images are also seen brighter than the Variable Baseline Stereo 

rendering without a black mask.  In addition, this approach is more convenient for adaptive view 

rendering with pupil tracking as discussed in Chapter 6. 

Integration of the view renderer with the pupil tracking allows viewers to see 3-D from different 

positions by adapting the view cone towards the viewer’s position.  In this operation, each time 

the viewer changes her position; all the nine images are also rendered as well in order to display 

the correct view for a particular position.  Considering the fps results and the behavior of the 

integrated system (see Chapter 7), there was a noticeable lag between the change of the viewer’s 

position and the response of the view cone transition.  Therefore we suggested pre-rendering all 

images for nine different viewing positions in the initialization of the system.  Such that the 

system does not need to render images each time when a view position is changed and the real-

time performance is achieved without a noticeable lag. 

 

Figure 30 – Illustration of the difference between Variable Baseline Stereo and Sub-View 

Rendering 
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6. Integration of IR Pupil Tracking with View Renderer 

6.1 Communication of IR Pupil Tracker and View Renderer 

In the initial stage of integration process, the aim was to have a hint about the applicability of 

such integration between two distinct applications and still able to control the functions of the 

pupil tracker via GUI support in an iterative experimental manner.   

The software of the camera (uEye) is designed in a way that all the operations are optimized so 

critical for its own purpose, so that attachment of a separate application directly increases the 

internal complexity, which makes it harder to observe the real behavior of the implemented 

system and even less reliable for a performance oriented future development.   

In order to adapt the viewing cone according to the user’s position, the view renderer requires 

the pixel position of the both left and right pupils. And since pupil tracker and view renderer is 

integrated as a single application, which means output of each function becomes input for the 

next called function; it would be one of the main causes of the lag that is experienced during the 

tracking and rendering of the views.   

In a real-time application, it’s expected from pupil tracker to send pupil positions regardless 

rendering of the images on the display and vice versa, which allows us to completely separate 

the eye tracking and view rendering. 

Consequently, we implemented an eye tracking application which uses uEye library only for 

frame acquisition, and the rest is separated completely from the uEye software.  We also decided 

on implementing “User Datagram Protocol” (UDP) socket connection via local host for the data 

transfer between eye tracker and view renderer, so that both applications will able to run 

independently regardless of each others’ performance. 

UDP is a network protocol for internet, which is commonly used in real time applications such 

as video and audio streams or online games that requires rapid data transmission.  Compared to 

another popular network protocol “Transmission Control Protocol” (TCP), UDP is a 

connectionless protocol, which is faster than TCP data transmission and does not require 

implicit handshake but the downside; UDP is less reliable in data integrity.  Even though, UDP 

does not provide safety and control procedures such as packet control, retransmission of loss 

packets or congestion control, it’s still a favored choice for our real-time application. 

Reasons behind the decision of UDP protocol are: First, a real-time system cannot tolerate 

redundant delays such as checking data integrity or waiting for a missing packet in a stream of 

data unless it’s crucial.  Second, communication between eye tracker and view renderer is 

always one-way, which means the data (pupil positions in our case) is sent to certain IP and port 

continuously without expecting a reply or return.  Lastly, the data stream sent from the pupil 

tracker is so dense that loss or duplication of a packet is negligible considering the gain of speed 

in exchange. Also UDP connection is established on a local host, so that the data is not 
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Figure 31 – Before & after illustration of application communication 

transmitted through external routers but internally, which reduces the possibility of loss of 

packets. 

Both ends of the applications’ UDP protocols, sender (Pupil Tracker) and the receiver (View 

Rendered), is implemented with “Simple Directmedia Layer” (SDL) library, which is a cross-

platform multimedia library frequently used in development of computer games and multimedia 

applications.  In Figure 31, you can see the difference between the previous system (integrated 

uEye software) and the recent system (with UDP protocol connection).   

   

Pupil tracker firstly registers one of the unallocated ports and starts to send qualified pupil 

positions in the local host without knowing the receiver. In the meantime, view renderer listens 

the same port and tries to grab each packet coming from the port without knowing sender.  After 

a data packet is successfully received, it’s parsed according to the format we decided and each 

pupil value is assigned to a variable to be used further in adapting the view cone.  Data 

transmission on both applications is carried on until they are terminated. 

 

 

 

 

Pupil Positions 

Pupil   Position 

Pupil Positions 
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6.2 Calibration of Optimal Viewing Distance  

Apart from the existence of “sweet spots”, autostereoscopic displays also exhibit “bad spots”.  

These are due to the fact that a cone of multiple views repeats under different angles.  As a result 

of this behavior, during the transition from one cone to another, the viewer sees 3-D effect 

inverse where her left eye sees the right image and right eye sees the left image.  However the 

angles of a view cone, hence the location of “bad” spots is controllable during the rendering of 

stereo images. 

One of the solutions to reduce the occurrence of bad spots and to prevent the viewer from such 

effect is to adjust the angle of the center view according to the centre position of the viewer’s 

pupils thus the viewer is always situated within the center view where the left and right images 

are displayed to viewer’s eyes correctly.     

In order to adjust the center view, we need to find the relation between the angle of the center 

view and the position of the viewer’s pupils at a particular viewing distance so that when the 

viewer changes her position, the view renderer would able to shift the center view towards the 

viewer’s position. This relation also gives the base equation for the calibration of the view 

renderer with respect to pupil positions. 

In order to derive the mathematical representation of this relation; we first need to find the 

representation of the center view as a function of pixel coordinates in the pupil tracking images.  

By doing so, we would able to estimate the position of the center view with regard to the centre 

position of the pupils.   

As is shown in Figure 32, to find the sweet spot in the optimum viewing distance, which is also 

the center view of the display.  We first mark an arbitrary point in the corresponding center 

view, and mark a second point on the next immediate center view.  Even though these two 

points are in different positions, they still represent the same view number as a result of 

Figure 32 – A demonstration of the left, right and center views on calibration images 
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reoccurring cones. Therefore the two marked points represents the points of a straight line on a 

plane, which can be described with a linear equation as: 

                        

(1) 

An example set of calibration images is shown in Figure 33, where several calibration points are 

marked to increase the precision of the estimate equation because center view not only consists 

of a single view point but also covers a certain field of view.  After collecting a number of 

calibration points, the pixel coordinates (x, y) of the each mark point on a line is obtained from 

the pupil tracking application.   

Since the coordinate values (x, y) and the view numbers (u) are known, coefficients of the 

Equation 1 can be found as:  

      

 

      (2) 

         

Figure 33 –Calibration of pupil tracking output images  
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where A is a      solution matrix with two variables   and  , x is a       column matrix 

with coefficients  , , and   and b is a     column matrix with constant center view values (u) 

  and   .  Corresponding center view number of a 9-view display should be  

 u          = 4      (3) 

Therefore, the general equation for adapting view cone can be expressed as: 

    (4) 

The obtained coefficient values ( ,   ) in Equation 2, can be placed in general Equation 3. The 

adjusted view center with respect to retrieved pupil positions is derived as: 

 

 

                (5) 

 

 

where coefficient   is (- 0.0359),   is (0.0072),   is (16.0545) and addition of (0.5) is for 

rounding the resulting value to the nearest integer.  

By using the calculations in Equation 3, view rendering application is able to adjust the view 

cone towards the viewer’s position where the 3-D effect can be experienced with the same 

“sweet spot” quality from different positions in the optimum distance. 
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7. Results 

This section presents the results of IR pupil tracking and adaptable view rendering applications, 

encountered issues, and limitations of the overall system with supporting output data. 

In Chapter 4.7, we explain the software implementation of the multi person IR pupil tracking 

application. Pupil tracking consists of three stages: Image acquisition, pupil extraction and pupil 

tracking.  Even though each stage handles key tasks, we believe that pupil extraction is the most 

vital in our pupil tracking implementation.  The reason is that, differentiation of bright and dark 

pupil effects, post-processing of subtracted images, feature extraction of candidate pupils, and 

identification of pupil pairs are performed in pupil extraction stage.  In the course of the 

implementation, several requirements are also taken into consideration such as; support of multi 

person tracking, stable real-time performance, and being capable of working under ambient 

illumination. 

A sample set of pupil tracking images is shown in Figure 34.  Each image sequence consists of 

five main operations that are applied while pupil tracking.  First row represents bright pupil 

effect, in which pupils of the viewer are distinctly bright; however there is also certain amount 

of glare in the image.  Such undesirable glare may be result of two causes; either the IR light 

reflected from the surfaces surrounding the pupil tracking setup or the IR light directly scattered 

towards to the infrared filter during the coaxial illumination.  Second row of the sample set is the 

dark pupil effect where the pupils have slightly lower pixel values compared to the background. 

Third row shows the subtraction of the bright and the dark pupil images.  In Chapter 4.5, active 

IR illumination and the pixel distribution of bright, dark and subtraction images are explained in 

detail.  Pupil candidates acquired from the subtraction image are shown in the fourth row.  In 

these images, certain pixels are marked explicitly brighter than the rest, including the pupils and 

some pixels in the background.  After the qualification of candidates, each pupil of the same pair 

is connected by a straight line or a square depending on the angle between the pupils.  As it is 

shown in fifth row, in some cases pupil tracking identifies false pupils such as the false pupil 

pair in the last frame.  These false pupils occur mostly as a result of the individual glares left from 

the subtraction image or the retroreflection of other objects in the environment bypassing the 

filtering criteria by exhibiting pupil-like behavior. 
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As a part of the requirements of our project, pupil tracking application should also be able to 

support multi-person tracking.  In Figure 35, a frame sequence from the demonstration of two 

persons tracking is shown.  In this example, each person is identified by the pupil tracking is 

marked by a square, and the size of the square is determined by the distance and the angle 

between the each pupil pair.  In Section 4.7.2, the IPD is defined between 20px to 40px and the 

corresponding angle between the pupils should be no larger than approximately 27 degrees, 

which is almost 10px difference between the vertical axes of pupils.  For example, last two 

images of both rows in Figure 35, each viewer is tilted their heads exceeding the limits of 

convenient 3-D viewing position therefore they are ignored by the pupil tracking.  In addition, a 

bright reflective object (door knob or a key chain) appears between the viewers, which is also 

eliminated in filtering stage. 

Figure 34- Sample set of pupil tracking output data.  
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In pupil tracking application, size of the sample set for candidate pupils are defined up to 80 

pupils, and the half of these candidates are chosen for final filtering and identification of pupil 

pairs.  Even if all the chosen candidates make their ways for pupil pairs, in physical space there 

is a certain amount of people, who can actually fit within the camera’s field of view (FOV).  In 

our project, the horizontal FOV is approximately 120cm when the focus point is on the optimum 

viewing distance.  For that reason, we were able to track maximum three persons that are shown 

in Figure 36. However if the FOV is large enough, pupil tracking is able to handle more than 

three persons.  We believe that it is a physical limitation rather than a software related issue.  In 

Figure 36, three viewers are positioned horizontally along the optimum viewing distance with 

approximately 20cm vertically away from each other, in which the pupils are marked as in 

previous examples. 

 We need to mention that these sample images are captured in order to illustrate the output data 

for the readers and to make a visual observation of the system behavior, in fact multi-person 

pupil tracking application does not display any visual data but transfers pupil coordinates to 

view rendering.   

To sum up, the implemented pupil tracking application supports multi-person tracking at the 

optimum viewing distance of a 42inch autostereoscopic display, under ambient illumination 

Figure 35 – Output sample of two-person pupil tracking 

Figure 36 - Output sample of three-person pupil tracking 
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with real-time performance.  Additionally, at the end of this chapter, and in the following 

Chapter 8, we will talk about the performance of overall system and the recommendations 

regarding the noteworthy features of the system and possible improvements.  

In Chapter 5.3, we discuss the limitations of autostereoscopic lenticular displays such as cross-

talk, loss of contrast, loss of 3-D perception and viewer discomfort.  In order to reduce these 

reoccurring effects, we introduced a solution which is a combination of sub-view rendering and 

adapted view cone transition. 

Variable baseline stereo rendering in autostereoscopic display is to assign left and right images 

as discrete views therefore the viewer experiences more 3-D depth however encounters more 

cross-talk and less brightness.  The implemented solution is to render stereo images as sub-views 

instead discrete views, meaning that view renderer distributes the total depth into each view in 

small fragments, which reduces the amount of cross-talk and still preserves the brightness of the 

original images.  In addition to depth fragmentation, we also suggest pre-rendering of sub-views 

in the initialization of the system, so that the occurring lag during the rendering of images 

according to adaption view cone, is reduced dramatically.  One of the shortcomings of this 

solution is reduced 3-D depth, which is a side effect of distribution of depth in to sub-views. 

In Chapter 6.2, we explain the adaption of the centre view cone according to position of the 

viewer and the calibration of the system.  By using pupil tracking, view renderer receives the 

pupil coordinates of the viewer, and then the centre view is adjusted towards the viewer 

therefore the experienced discomfort caused by the inverted views is avoided hence freedom of 

viewer’s movement is achieved. 

Implementation of adapted view cone should able to satisfy two vital requirements.  One is; the 

adaption of the view cone should be accurate, and the second is the integrated system should 

operate in real-time performance.  Accuracy of the view cone transition is highly dependent on 

the calibration of the center views with respect to centre of pupil positions, otherwise viewers 

experience either intense flicker effect because of discrete rendering or unstable view cone 

transitions of sub-views.  In order to achieve real-time performance, optimization of pupil 

tracking and view rendering becomes so critical.  One of the simplest ways to increase the 

performance is to get rid of unnecessary operations such as frequent file access like loading or 

capturing images, redundant use of memory space, or feedback display operations. 
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As we mentioned, performance of the integrated system has significant effect on the quality of 

the 3-D experience.  Current autostereoscopic displays have 60Hz refresh rate, which means that 

in order to assure the same quality without a noticeable lag, our system should also able to run at 

least 60 Hz or 60 fps real-time performance. 

Redundant Functions ON ON ON ON ON ON ON OFF 

Display Window ON ON ON ON OFF OFF OFF OFF 

File Access ON ON OFF ON OFF OFF OFF OFF 

 Save Images ON ON OFF OFF OFF OFF OFF OFF 

View Renderer ON OFF OFF OFF ON OFF ON ON 

Pupil Tracker ON ON ON ON ON ON OFF ON 

         Pupil Tracker (fps) 29.7982 30.3495 32.0006 32.0086 43.7917 45.8377 N/A ~75 

         View Renderer (fps) 21.1015 N/A N/A N/A 21.0963 N/A 22.0892 ~166 

Table 2 – Performance rates of overall system for different cases 

In Table-2, several implementation conditions are considered in order to identify the redundant 

operations, which are affecting the system performance.  Last column of the table shows the 

final performance results of the current implementation.  Previous columns show the 

performance of view rendering with discrete views and the bulky version of pupil tracking 

without UDP socket connection. 

According to frame rate tests, it is proved that several operations such as file access, capturing 

images, display of output data or implementation of unnecessary functions causes drops on 

frame rate of the pupil tracking application.  However, aside from these redundant operations, 

the major increase of the frame rate is achieved after the implementation of a pupil tracking with 

simpler complexity and integration of view rendering with socket connection.  On the other 

hand, view renderer demonstrates almost constant performance regardless from the 

improvements of the pupil tracker until the pupil tracker is separated from view rendering and 

sub-views are pre-rendered only once and before the execution of view cone adaption 

operations.  Since each application runs separately, the overall system performance can be also 

derived by treating pupil tracking and view rendering individually, in which pupil tracking 

application runs approximately 75 fps and view renderer runs nearly 166 fps. 

As a conclusion, a multi-person pupil tracking application and an adaptable view rendering 

application is implemented; finally these two applications are integrated with an 

autostereoscopic lenticular display in order to resolve the limitations of the displays and enhance 

the 3-D experience without glasses.   
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8. Discussion & Recommendations 

In this section, results of the implemented system will be discussed.  Moreover we will present 

recommendations for further development of the work, highlight the key points of the system 

that needs to be paid attention. 

In our project, we first designed an active IR illumination setup and implemented software for 

multi-person pupil tracking.  Second, an adaptable multi-view stereo image rendering 

application was implemented for creating an output image suitable for the autostereoscopic 

lenticular display.  Finally we integrated both applications with the autostereoscopic display, 

which is able to adapt the viewing cone according to the position of the viewer. 

Due to the fact that autostereoscopic displays mainly address home cinema viewers, it is 

required that the system operates properly under ambient illumination such as the lighting 

conditions of a living room.  For that reason, we particularly pay attention to the illumination 

and make sure that IR pupil tracking works in ambient lighting.  As we explained in Chapter 

4.5, the pupil tracking application fundamentally relies on the amount of IR light retro reflected 

from the pupils of the viewer; naturally amount of IR light is also affected indirectly by ambient 

illumination since the pupil either shrinks or dilates according to amount of light in the 

environment.  It is possible to overcome this issue by either increasing the intensity of the IR 

light, or adjusting the parameters of the operations in the pupil selection stage, which is shown 

in Figure 24.  In our system we defined a dynamic, yet simple threshold limit to adapt the pupil 

selection criteria; and it can be improved by an additional sensor that measures the amount of 

light in the environment.  Although application of such method might be helpful, we also should 

keep in mind that pupil size is just one of the effecting factors among the rest such as: iris color, 

head position and gaze point of the viewer, physiologic eye size, IR light intensity et cetera. 

Another issue related to hardware implementation of IR pupil tracker is, the field of view (FOV) 

of the camera, affecting the number of people that system can track.  In Chapter 7, we stated that 

three is the number of peoples that can fit in the FOV.  We believe that it is directly related to 

the lens of the camera since the focal length of a lens is inversely proportional with the FOV 

such that the shorter focal length, the larger FOV gets.  We used a 16mm focal length lens 

focusing at 3m distance, which covers 120cm of horizontal area therefore we can cover a wider 

area by changing the lens consequently system can track more than three person. 

The design of the pupil tracking setup, which is shown in Figure 21, is constructed in such a 

way that it gives flexibility to experiment with different illumination methods and makes it 

easier to change components when necessary.  In spite of having these advantages, one of the 

issues of the setup is being vulnerable to the outside conditions such as ambient lighting, direct 

sunlight, IR light emitting other objects e.g. remote controller, dust formation on the lens or 

pellicle beamsplitter or most importantly scattered or reflected IR light from the setup.  Even 

though current pupil tracking setup covers a large space, we may assume that the setup can be 

designed more compact and light proof such that it can be built-into the 3-D display.  In this 
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way it may be possible to prevent the camera from scattered IR light or undesirable glares 

affecting the camera. 

Under certain conditions, the pupil tracking application identifies certain objects as false pupils, 

such as in the example at Figure 34.  Possible causes of such behavior are either subtraction 

image of scattered IR light or appearance of a retroreflective object in the background.  In our 

project, although we do not use any face detection algorithm, such implementation would be an 

assistive tool to reduce the amount of false positives by verifying whether identified pupil pairs 

belong to people or to the other objects by defining a field of region around the face and making 

a comparison if the pupil coordinates are within these borders. 

In Chapter 5.3 and later in Chapter 7, we explained our solution to reduce cross-talk in 

autostereoscopic display and present the results of such implementation.  In order to reduce the 

effect of cross-talk, the variable baseline stereo method is to place a black mask to the centre 

view between the left and right views so that the mask overlaps with the leakage from the stereo 

image thereby the effect of cross-talk will be reduced.  Application of such method however 

reduces the brightness of the stereo image while preserving the depth of perceived 3-D effect.  

Our solution is to distribute the total depth into each view in small fragments therefore the 

amount of cross-talk will be reduced without losing the brightness.  Although the cross-talk is 

reduced significantly, the fragmentation of depth in to sub-views reduces the perceived depth by 

the viewers.   

When we take the two methods into consideration; using the black mask method causes a  

noticeable and uncomfortable flicker affect when the viewer changes position.  However with 

the proposed method, the flicker effect is avoided substantially and the transition of views 

becomes smoother.  In addition, Woods suggests a direct approach to cancel cross-talk, which 

might be implemented as a future work.  His solution for cross-talk issue is to calculate the 

amount of leakage (unintended distortion) between the images when they are rendered, and then 

remove the intended distortion from the images, so that next time when modified images are 

rendered, the unintended distortion will actually display the original image without cross-talk 

[2]. 

The adaption of the views according to the pupil positions and the comfort level of the display 

are also related to accuracy of the calibration between the IR pupil tracker and the view 

renderer.  In our project, we benefit from certain set of calibration points; however it is possible 

to increase the size of calibration point set and also the accuracy of the adaption of the views.  

Additionally the calibration is implemented for the optimum viewing distance therefore if the 

distance between the viewer and the display changes, the calculated view transition will be 

erroneous and also the experienced 3-D affect.  Another suggestion would be to calibrate the 

display with a remote device, which marks the center view of two different positions and applies 

the corresponding calculations in Chapter 6.2 for this particular distance.  For instance, in a 

living room environment, the distance between a sofa and the display in front of it can be 

calibrated with such device.     
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