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The project started with a low level of prior knowledge within the area, where the 
challenge has been to both define and solve the problems without predetermined 
guidelines. This led to changes of the objective as the project proceeded. In spite of that, 
it has been very inspiring and instructive to work within a new field of subject.  
 
We hope that this report will increase the knowledge of optical distortion within the 
automotive industry, and that it will lead to an understanding of the importance of human 
perception in the product development process.  
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Abstract 
The glazing is today a part of the car design. The customer is more or less taking for 
granted that his or her view from inside the car is a direct mirror of the outside world. 
With more complex shapes, lower installation angles and thinner glass it is a great 
challenge to produce even better quality at a lower price. While the windscreen is 
regulated by law, the lack of well specified requirements for the optics in the backlight 
(rear window), together with the absence of direct customer complaints, is causing the 
optical quality of the backlight to decrease. The requirements and measuring methods 
used today are described in technical terms and do not correspond to the human 
perception of optical distortion. 
 
This report is a first step towards new technical requirements, for the optics of backlights, 
based on the driver’s perception of optical distortion. The knowledge of how optical 
transmission distortion occurs, how it should be measured and how it affects the driver, is 
essential in order to control it. 
 
Several databases were searched and contacts with experts were established, in order to 
gain knowledge. The connection between the technical requirements and the human 
perception of optical distortion in backlights was investigated by using psychophysical 
methods. A within factorial design was employed with two independent variables; 
viewing distance from backlight to tailing object and fixation time (viewing time). The 
result showed a significant difference in perception of optical distortion between 25 and 
75 metres. Moreover, optical distortion is, according to the test, more disturbing during 
free fixation time than for fixation times of about one second.  
 
The requirements often used for backlights today (12 ± 5 millimetres) allow distortions 
that 68 percent of the test subjects perceived as disturbing.  In order to please the test 
driver from Volvo the requirements need to be as high as 12 ± 2 millimetres, which 
correspond to the 96th percentile. Furthermore, the result confirms that dynamic 
measurements are needed to find a connection to human perception of optical distortion. 
The principles of a new measuring method that measures the deformation and the 
dynamic distortion were developed to show the possibilities of measuring what the driver 
perceives. 
  
Even if a good measuring method can help controlling the produced glazing it is not 
enough to optimize the quality of the production. More important is the choice of 
thickness and curvature of the glass, the installation angle and the manufacturing method. 
It is important to set about the origin of the problem and develop a good routine of how to 
work with optical distortions. Optical distortions in backlights, similar to the tested 
backlight, have a low probability to disturb the driver in such extent that it has an effect 
on the driving. Nevertheless, it is a source of irritation and discomfort, which do not 
belong in a premium car.  



 

 
 

vi



 

 
 

vii

Table of Contents 
1 INTRODUCTION................................................................................................................................1 

1.1 BACKGROUND...............................................................................................................................2 
1.1.1 Problem Statement ............................................................................................................. 2 

1.2 SCOPE ...........................................................................................................................................3 
2 PURPOSE AND RESEARCH QUESTIONS....................................................................................5 
3 WHAT IS DISTORTION?..................................................................................................................7 

3.1 OPTICAL DISTORTION IN AUTOMOTIVE GLAZING .........................................................................7 
3.2 TEST DRIVING A CAR WITH OPTICAL DISTORTION........................................................................8 

4 BENCHMARKING .............................................................................................................................9 
4.1 HOW IS DISTORTION MEASURED?.................................................................................................9 
4.2 REQUIREMENTS FOR THE AUTOMOTIVE GLASS INDUSTRY............................................................9 
4.3 METHODS USED IN THE AUTOMOTIVE GLASS INDUSTRY ............................................................11 

4.3.1 Volvo Corporate Standard............................................................................................... 11 
4.3.2 Technical Regulation (Nr.01286306) for Backlights ....................................................... 12 
4.3.3 The Raster Method........................................................................................................... 13 
4.3.4 Using Grid and Distortion Angle..................................................................................... 15 
4.3.5 Moiré Distortiometry ....................................................................................................... 15 
4.3.6 Online Moiré-Technique.................................................................................................. 16 
4.3.7 SCREENSCAN-Faultfinder.............................................................................................. 16 
4.3.8 LABSCAN-Screen ............................................................................................................ 16 
4.3.9 PowerView....................................................................................................................... 17 
4.3.10 Ondulo ............................................................................................................................. 17 
4.3.11 DiopTRIX......................................................................................................................... 18 
4.3.12 Shadow-Graph ................................................................................................................. 18 
4.3.13 Ombroligne (LasorLine OM)........................................................................................... 18 
4.3.14 LasorLine 2f1................................................................................................................... 19 

5 THEORETICAL FRAME OF REFERENCE ................................................................................21 
5.1 GEOMETRICAL QUANTITIES ........................................................................................................21 
5.2 MANUFACTURING PROCESSES.....................................................................................................21 

5.2.1 Tempering ........................................................................................................................ 21 
5.2.2 Lamination ....................................................................................................................... 23 
5.2.3 Gravity Bending............................................................................................................... 24 
5.2.4 Press Bending .................................................................................................................. 24 
5.2.5 Computer Aided Design................................................................................................... 25 

5.3 THE HUMAN EYE AND VISUAL SENSE.........................................................................................25 
5.4 VISUAL PERCEPTION ...................................................................................................................26 
5.5 HUMAN PERCEPTION OF OPTICAL DISTORTION...........................................................................27 

5.5.1 Psychophysics .................................................................................................................. 27 
5.5.2 Static and Dynamic Distortion......................................................................................... 29 
5.5.3 Distance Perception......................................................................................................... 29 
5.5.4 Proximity.......................................................................................................................... 30 
5.5.5 Relative Motion................................................................................................................ 30 
5.5.6 Pattern/Similarity............................................................................................................. 30 
5.5.7 Visual Fixation Frequency............................................................................................... 31 
5.5.8 Visual Fixation Time........................................................................................................ 31 



 

 
 

viii

5.5.9 Environmental Factors .................................................................................................... 31 
5.5.10 Individual Factors............................................................................................................ 31 

5.6 HOW DOES DISTORTION OCCUR?................................................................................................32 
5.6.1 Shape/Curvature .............................................................................................................. 32 
5.6.2 Shaping ............................................................................................................................ 33 
5.6.3 Raw Glass Quality ........................................................................................................... 34 
5.6.4 Tempering ........................................................................................................................ 34 
5.6.5 Flatness............................................................................................................................ 34 
5.6.6 Black-print ....................................................................................................................... 34 
5.6.7 Thickness.......................................................................................................................... 35 
5.6.8 Glass Surface ................................................................................................................... 35 
5.6.9 Lamination ....................................................................................................................... 35 
5.6.10 Coating ............................................................................................................................ 36 
5.6.11 Heating Wires .................................................................................................................. 36 

5.7 MAGNIFIERS OF OPTICAL DISTORTION........................................................................................37 
5.7.1 Viewing Angle/Installation Angle .................................................................................... 37 
5.7.2 Distance to Glass/Object ................................................................................................. 40 
5.7.3 Index of Refraction........................................................................................................... 40 
5.7.4 Rear View Mirror............................................................................................................. 41 

6 METHOD ...........................................................................................................................................43 
6.1 SYSTEMATIC PROBLEM HANDLING .............................................................................................43 
6.2 BENCHMARKING .........................................................................................................................44 
6.3 SEARCHING FOR INFORMATION ...................................................................................................44 
6.4 PSYCHOPHYSICAL METHODS ......................................................................................................45 

6.4.1 Method of Constant Stimuli.............................................................................................. 45 
6.4.2 Method of Limits .............................................................................................................. 46 
6.4.3 Adaptive Testing .............................................................................................................. 46 

6.5 SENSORY EVALUATION OF OPTICAL DISTORTION .......................................................................49 
6.5.1 Participants...................................................................................................................... 50 
6.5.2 Test Setup......................................................................................................................... 50 
6.5.3 Design .............................................................................................................................. 51 
6.5.4 Procedure......................................................................................................................... 52 

6.6 ANALYSIS OF VARIANCE (ANOVA) ...........................................................................................53 
6.7 ANALYSIS OF TODAY’S REQUIREMENTS .....................................................................................54 
6.8 TOWARDS NEW REQUIREMENTS .................................................................................................54 

7 RESULTS ...........................................................................................................................................57 
7.1 SENSORY EVALUATION OF OPTICAL DISTORTION .......................................................................57 
7.2 ANALYSIS OF VARIANCE (ANOVA) ...........................................................................................60 
7.3 CONNECTION TO THE ZEBRA METHOD........................................................................................61 
7.4 ALTERNATIVE MEASURING METHOD FOR BACKLIGHTS .............................................................63 

7.4.1 Chess board ..................................................................................................................... 63 
7.4.2 Glass ................................................................................................................................ 63 
7.4.3 Camera ............................................................................................................................ 64 
7.4.4 Analysis Software............................................................................................................. 64 
7.4.5 Result Analysis ................................................................................................................. 65 
7.4.6 Costs ................................................................................................................................ 66 

7.5 USING THE CHESS METHOD ........................................................................................................66 
8 DISCUSSION .....................................................................................................................................69 

8.1 A SMALL FEASIBILITY STUDY.....................................................................................................69 
8.2 THE HUMAN PERCEPTION OF OPTICAL DISTORTION ...................................................................69 
8.3 MEASURING OPTICAL DISTORTION .............................................................................................70 
8.4 THE SENSORY EVALUATION OF OPTICAL DISTORTION................................................................72 



 

 
 

ix

9 CONCLUSIONS AND RECOMMENDATIONS ...........................................................................75 
9.1 FUTURE WORK AND DEVELOPMENT ...........................................................................................77 

REFERENCES ............................................................................................................................................79 
APPENDIX A QUESTIONNAIRE................................................................................................. A-1 
APPENDIX B MATLAB FUNCTION CODE ...............................................................................B-1 
APPENDIX C ANSWERS FROM THE QUESTIONNAIRE...................................................... C-1 
APPENDIX D CUMULATIVE DISTRIBUTION FUNCTIONS ................................................ D-1 
APPENDIX E GRADES FOR EACH ANGLE ..............................................................................E-1 
 



 

 
 

x 



 

 
 

xi

Table of Figures 
FIGURE 1.1: CORNERSTONES FOR WELL SPECIFIED REQUIREMENTS..................................................................2 
FIGURE 3.1: FISHEYE DISTORTION ....................................................................................................................7 
FIGURE 3.2: EXAMPLES ON HOW DISTORTION MAY APPEAR IN A BACKLIGHT ...................................................8 
FIGURE 4.1: VIEWING ZONES A, B AND C FOR WINDSCREENS, SIDELIGHTS AND BACKLIGHTS [11] ................10 
FIGURE 4.2: TYPICAL GAZE DIRECTIONS ........................................................................................................10 
FIGURE 4.3: TESTING SIDELIGHTS FOR DISTORTION [11] ................................................................................11 
FIGURE 4.4: MEASURING LINES WITH A SLIDING CALLIPER ............................................................................12 
FIGURE 4.5: USING THE ZEBRA METHOD ON A BACKLIGHT ............................................................................12 
FIGURE 4.6: USING THE TECHNICAL REGULATION ..........................................................................................13 
FIGURE 4.7: REQUIREMENTS FOR THE TECHNICAL REGULATION [14].............................................................13 
FIGURE 4.8: THE SETUP FOR THE RASTER METHOD [15] .................................................................................14 
FIGURE 4.9: PROJECTED ARRAY OF BRIGHT CIRCULAR SHAPES ON DARK BACKGROUND [15].........................14 
FIGURE 4.10: EXAMPLES OF DEFORMATIONS [15] ..........................................................................................14 
FIGURE 4.11: REQUIREMENTS FOR SECONDARY IMAGE SEPARATION [15] ......................................................15 
FIGURE 4.12: THE DEFINED DISTORTION ANGLE WHEN USING A GRID [12] .....................................................15 
FIGURE 4.13: THE MOIRÉ DISTORTIOMETRY SYSTEM [16] (LEFT), AND THE MOIRÉ-EFFECT [17] (RIGHT) ....16 
FIGURE 4.14: SCREENSCAN-FAULTFINDER [18].........................................................................................16 
FIGURE 4.15: POWERVIEW OFFLINE MEASUREMENT RESULT [19] ..................................................................17 
FIGURE 4.16: MEASURING TRANSMISSION WITH A CCD CAMERA [20]...........................................................17 
FIGURE 4.17: WINDSCREEN MOUNTED IN THE SUPPORT FRAME FOR THE DIOPTRIX METHOD [21]................18 
FIGURE 4.18: SIMPLE PLY AND LAMINATION IN SHADOW-GRAPH [13] ...........................................................18 
FIGURE 4.19: SIMPLIFIED VERSION OF MANUAL EVALUATION ONLINE [22]....................................................19 
FIGURE 4.20: MEASURING PRINCIPLE OF LASORLINE [23] .............................................................................19 
FIGURE 5.1: GEOMETRICAL QUANTITIES, SEEN FROM ABOVE (LEFT) AND FROM SIDE (RIGHT)........................21 
FIGURE 5.2: STRESSES IN TEMPERED GLASS [16]...........................................................................................22 
FIGURE 5.3: A VARIANT OF THE TEMPERING PROCESS ....................................................................................22 
FIGURE 5.4: A VARIANT OF THE LAMINATING PROCESS ..................................................................................24 
FIGURE 5.5: HORIZONTAL SECTION THROUGH RIGHT EYE [28].......................................................................25 
FIGURE 5.6: IDEAL PSYCHOMETRIC FUNCTION [32] ........................................................................................28 
FIGURE 5.7: ILLUSTRATION OF RELATIVE DISTANCE ......................................................................................30 
FIGURE 5.8: OPTICAL BEHAVIOUR DUE TO CURVATURE [16]..........................................................................32 
FIGURE 5.9: UNIFORM DEVIATION..................................................................................................................32 
FIGURE 5.10: NON-UNIFORM DEVIATION........................................................................................................33 
FIGURE 5.11: CROSS-SECTION OF GRAVITY BENDING .....................................................................................34 
FIGURE 5.12: HOW LAMINATION MAY AFFECT THE TRANSMITTED DISTORTION [40]......................................36 
FIGURE 5.13: MEASUREMENT OF A BACKLIGHT WITH MASKED HEATING WIRES [3] .......................................37 
FIGURE 5.14: THE EFFECT OF CHANGING THE INSTALLATION ANGLE [15] ......................................................38 
FIGURE 5.15: MAGNIFICATION FACTOR BETWEEN AN ANGLED PANE AND THE HORIZONTAL [15] ..................38 
FIGURE 5.16: DRAW LINES IN SIDELIGHTS ......................................................................................................39 
FIGURE 5.17: DRAW LINES IN BACKLIGHTS AND WINDSCREENS .....................................................................39 
FIGURE 5.18: HOW DISTANCE AFFECT REFLECTION DISTORTION ....................................................................40 
FIGURE 6.1: A SCHEMATIC VIEW OF SYSTEMATIC PROBLEM HANDLING [44] ..................................................43 
FIGURE 6.2: A PLAUSIBLE RESULT FOR A PSYCHOPHYSICAL METHOD [32] .....................................................45 
FIGURE 6.3: THE STAIRCASE METHOD [46].....................................................................................................47 
FIGURE 6.4: THE RANDOM STAIRCASE METHOD WITH DOUBLE SERIES [46]....................................................48 
FIGURE 6.5: CALCULATING THE THRESHOLD VALUES FOR THE STAIRCASE METHOD......................................49 
FIGURE 6.6: TESTING THE BACKLIGHT AT 25 METRES ....................................................................................49 
FIGURE 6.7: THE TEST SETUP..........................................................................................................................50 
FIGURE 6.8: TABLES USED IN THE TEST ..........................................................................................................52 



 

 
 

xii

FIGURE 6.9: SETUP OF CAMERA, BACKLIGHT IN FIXTURE AND CHESS PATTERN ..............................................56 
FIGURE 6.10: PICTURE OF THE CHESS PATTERN THROUGH THE BACKLIGHT....................................................56 
FIGURE 7.1: BOX PLOT FOR THE RESULTS.......................................................................................................57 
FIGURE 7.2: DISTURBING DISTORTION AT GLANCE 75 M ...............................................................................58 
FIGURE 7.3: DISTURBING LEVEL OF DISTORTION ............................................................................................59 
FIGURE 7.4: DETECTION LEVEL OF DISTORTION .............................................................................................59 
FIGURE 7.5: LINEAR-IN-THE-PARAMETERS REGRESSION FOR THE ZEBRA METHOD ........................................61 
FIGURE 7.6: CONNECTION BETWEEN TODAY’S REQUIREMENTS AND THE PERCENTILE ...................................62 
FIGURE 7.7: THE ARRANGEMENT OF THE PROPOSED METHOD ........................................................................63 
FIGURE 7.8: A ROUGH SKETCH OF THE INTERFACE, WITH A LOT OF POSSIBILITIES..........................................64 
FIGURE 7.9: THE GRADIENT CAN BE CALCULATED ON THE LINES BETWEEN THE POINTS OF INTERSECTION ....65 
FIGURE 7.10: THE DISTORTION ANGLE IS MEASURED BETWEEN THE POINTS OF INTERSECTION ......................65 
FIGURE 7.11: POINTS OF INTERSECTION IN THE CHESS PATTERN.....................................................................66 
FIGURE 7.12: LINEAR-IN-THE-PARAMETERS REGRESSION FOR THE NEW METHOD ..........................................67 
FIGURE 7.13: PICTURES FROM THE SECOND (LEFT) AND THIRD (RIGHT) SERIES ..............................................68 
FIGURE 7.14: LINEAR-IN-THE-PARAMETERS REGRESSION FOR THE DYNAMIC DISTORTION.............................68 
FIGURE 8.1: PATTERNS USED IN THE FEASIBILITY STUDY ...............................................................................69 
FIGURE 8.2: CLOSE-UP OF THE POINTS OF INTERSECTION ...............................................................................71 
 



 

 
 

xiii

List of Tables 
TABLE 5.1: EFFECTS OF DISTANCE [4] ............................................................................................................40 
TABLE 7.1: ANGULAR GRADES FROM THE SENSORY EVALUATION .................................................................60 
TABLE 7.2: NUMBER OF GRADES PER ANGLE, A TOTAL OF 1,718 GRADES ......................................................60 
TABLE 7.3: THE ANOVA TABLE FOR THE DISTURBING LEVEL OF DISTORTION ..............................................60 
TABLE 7.4: SEPARATELY ANALYSED PICTURES TO FIND MAX AND MIN DISTORTION ......................................66 
TABLE 7.5: COMPARISON OF THREE SERIES TO FIND THE DYNAMIC DISTORTION............................................67 
 



 

 
 

xiv

 
 



 

 
 

1

1 Introduction 
The car design today becomes more extreme and the automotive glazing, which from the 
beginning only had the purpose of protecting the people in the car from wind and dirt, is 
today an important element in the design process. The designers tend to use the glass in a 
more extended way to create the illusion of an open car. The glazing areas become larger 
and more complex with smaller installation angles. The function of the glass is no longer 
just to protect the driver and passengers. New technology gives the glass multipurpose, 
containing antennas and rain detectors. As the technique improves, the customers become 
more aware of the small problems and the manufacturers are under pressure to maintain, 
or in many ways improve the optical quality despite a more complex product. 
 
When it comes to the important issue of safe driving the visual sense is irreplaceable. Of 
all necessary information for safe driving 90 percent is noticed visually [1]. A general 
requirement of visual ergonomics is that the driver should be able to gather all 
information needed for driving from the visual field [2]. 
 
It is a struggle to create automotive glazing with high complexity and modern design that 
allows the driver to see the real world as if there were no glazing. However, physical laws 
limit or even preclude such performance. The driver’s visual impression is a measure of 
the glazing quality. He or she can directly, without closer investigations, evaluate how the 
glazing is affecting the view of the outside world. The customers’ eyes are the final and 
most important judge of the quality of the automotive glazing. [1] 
 
Customer demands are today much higher than the quality that the existing regulations 
can provide. It has led to a growing gap between the increasing quality demands and the 
existing requirements. [1] Empirical tests have shown that bad parts, pointed out by 
humans, are sometimes within the tolerances. Except higher quality there is also a 
pressure to reduce the costs, which leaves the manufacturers in a difficult situation. [3] 
To be able to satisfy the increasing quality demand it is necessary to establish if such 
quality is physically possible to manufacture, and to a reasonable price [4]. 
 
Automotive glazing is today tested in different ways in order to guarantee a high quality. 
Light transmission measurements, and controls of secondary image separation and 
distortion in defined zones, are often specified and regulated, which underlies the 
importance of safe driving. [1] 
 
Instead of opposing the fundamentals of physics and in specifications demand the glass to 
be free of distortion, understanding the principals of optical distortion, knowledge about 
correct choice of manufacturing method, installation details and the human perception of 
optical distortion is needed. These are important factors for creating a product where all 
parties involved are pleased. 
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Well specified requirements for automotive glazing should be based on visual 
ergonomics, quality and safety (see Figure 1.1), all important issues within the 
automotive industry. It is all a matter of customer satisfaction and the image of the car. If 
the intention of a car is to be placed in the premium class, it should also be reflected in 
the requirements. 

Technical
Requirements

Visual Ergonomics

QualitySafety  
Figure 1.1: Cornerstones for well specified requirements 

1.1 Background 
This project is made in collaboration with Volvo Car Corporation in Gothenburg. 
Volvo is Latin for “I Roll” and is often associated with safe family cars. Since the first 
Volvo car was born in 1927 over 14 million cars have been produced, and sold in more 
than 100 countries. Volvo is today a part of the Ford Group and is placed in the Premier 
Automotive Group. Safety, environment and quality are core values at Volvo Car 
Corporation, as well as comfort, driving properties and usability. The company’s mission 
is according to themselves to “create the safest most exciting car experience for modern 
families”. The long-term sales goal is 600,000 cars a year and the vision is “to be the 
worlds most desirable and successful premium car brand”. [5] 
 
The problems of optical distortion has always been present, but has now received a lot of 
attention as the design becomes more extreme. So far customer complaints have been the 
only reason not to sacrifice the optical quality in advantage for low weight and cost. 
Since there are very few customer complaints on bad optical quality, the optics 
department has had a hard time arguing about improving the optics. The question is how 
far it can go and still be acceptable in a premium car. Known measuring methods for 
optical distortion do not always correspond to what the human eye perceives. Subjective 
evaluations and vague requirements are therefore often used in this area. The lack of well 
specified requirements causes unacceptable parts to pass the tests. 

1.1.1 Problem Statement 
In general, optical distortion in cars is a rather unknown concept. Often it is first when the 
problem is pointed out that people become aware of it. Sometimes a feeling of discomfort 
is present without knowing why. The first and most important questions to be answered 
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in this work are; what is optical distortion and how does it occur? To be able to reach 
acceptance by the customers to a reasonable price it is also important to know how the 
human react to optical distortion. 
 
Today’s measuring methods for backlights all have their limitations. Measurements are 
usually made and evaluated manually by an operator. A first step is to make the 
measurements more objective by finding a way to measure and evaluate the distortion 
automatically, independent of an operator. There is also a need to measure dynamic 
optical distortion. If it is possible; how can dynamic measurements be implemented? 
Overall, regarding the measurement of optical distortion, the question is how to measure 
backlights with the sensitivity of the human visual sense taken into consideration. 
 
The automotive industry need to have well specified requirements for glass to be able to 
meet up with both customer and internal quality demands. The levels of optical distortion 
need to have a clear connection to human perception of optical distortion. The problem is 
to find a level that is not disturbing, but still not creating superfluous quality.  

1.2 Scope 
Delimitations had to be made before the start of the project, since many fields of subject 
needed to be explored.  
 
The problem of optical distortions is present in all automotive glazing to some extent. 
The windscreen is regulated by law and is controlled by advanced methods in the glass 
industry. There would not be much room for changes or new ideas, and the limited time 
within this project would not allow all glazing to be investigated. The focus of attention 
was instead limited to the backlight (rear window) and mainly the driver’s view via the 
inner rear view mirror. However, for measurements the step is not long to sidelights.  
 
This report is limited to transmission distortion (seen through the glass), since it is most 
apparent for the driver. Reflection distortion is more of aesthetic interest and may affect 
the purchase of a car, but not the driving. The focus is on image deformation and 
therefore secondary images are not investigated further in the report. 
 
Concerning development of measuring methods, within the project, it was decided to 
improve existing methods as far as possible and not invent something totally new. The 
focus was on a low cost offline method. Experts and researchers are constantly working 
with development of advanced measuring methods. It would not be reasonable to think 
that this limited project would lead to any revolutionary inventions. 
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2 Purpose and Research Questions 
The purpose with this project is to pave the way for new technical requirements, for the 
optics of backlights, by obtaining a complete picture of how optical transmission 
distortion occurs, how it is measured and how it is perceived by the driver. 
 
Since it is physically impossible to eliminate all optical distortion the challenge will be to 
find a connection between the human perception of optical distortion and the 
requirements. This will lead to the development of new requirements which are based on 
what is not disturbing for the driver. The hope is that knowing what is disturbing will 
bring acceptance by glass producers, Audit and TP5, as well as the customers.  
 
The questions that will be dealt with in this report are: 
 
• What is distortion? 
• How does distortion occur? 
• How are humans affected by optical distortion? 
• How is optical distortion measured? 
• Is it possible to measure dynamic optical distortion? 
• Can the measurements be made more objective and independent of an operator? 
• How should optical distortion be measured in backlights taking the sensitivity of the 

human visual perception into consideration? 
• Is there any connection between the requirements and human perception of optical 

distortion? 
• Can a level which is not disturbing be found? 
• How do well specified requirements look like? 
• How is human perception of optical distortion affected by the fixation time? 
• What effect does the distance have on the human perception of optical distortion?  
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3 What is Distortion? 
The first thing that appeared when searching for the word “distortion” on the Internet at 
the time for this project was Wikipedia’s definition; “A distortion is the alteration of the 
original shape (or other characteristic) of an object, image, sound, waveform or other 
form of information or representation.” [6]. A physical explanation of optical distortion 
is that light deviates in different directions, thus deforming the image.  

3.1 Optical Distortion in Automotive Glazing 
This report will focus on the optical distortion perceived in automotive glazing. Optical 
distortions are mostly unwanted and may cause dissatisfaction. Though, known optical 
distortions are not always unwanted. Fisheye lenses are used in photographing to achieve 
extremely wide angles creating a hemispherical image as seen in Figure 3.1. 

 
Figure 3.1: Fisheye distortion 

 
Reflection and transmission distortion are very important factors for the quality of the 
glazing. Reflected distortion can be perceived when looking at a reflected image on an 
uneven glass surface. The visibility of the reflected distortion depends greatly on the 
surroundings and the glazing orientation [7]. Transmitted distortion is found when 
looking through the glazing and is normally more apparent for the driver.  
 
There are different kinds of optical distortion that appear in different ways, but they can 
all be perceived as reflected or transmitted distortion. For example, roll wave distortion in 
tempered glass is often seen as convex and concave variations of the glass [8]. 
 
Depending on the manufacturing process, the distortion will appear in the horizontal or 
the vertical direction. Draw lines are created in the glass as it is stretched to its shape. 
These draw lines typically run along the direction of travel, which means that 
windscreens and backlights have vertical draw lines and sidelights have horizontal draw 



 

 
 
8 

lines. Horizontal draw lines cause vertical distortion and deflection of light in the 
horizontal direction and vice versa. [3] 
 
Distortion in cars is most often perceived when the glass has some kind of optical defect. 
The amount of distortion depends on the accuracy of the manufacturing process, the 
complexity of the glass shape, the glass thickness, the installation angle and the 
surrounding conditions. Optical distortion always exists in automotive glass to a certain 
extent because of the glass curvature. Physical laws state that when the curvature of the 
glass surface increases, so does the optical distortion. 
 
Even though the glazing is distortion free as seen from inside the car, it is possible to see 
distortions from the outside when looking through the car (for example from the 
backlight or the sidelight through the windscreen in the front). This is called cross car 
distortion and is usually not a problem for the driver.  

3.2 Test Driving a Car with Optical Distortion 
A test drive was arranged to better understand how optical distortion in backlights is 
perceived. The driver was looking via the inner rear view mirror through the backlight on 
the tailing car. The test car had clearly visible distortion in the backlight while driving, 
but it was hard to see the distortion from all the passenger seats. Figure 3.2 is a 
manipulated picture of how the distortions were perceived by the driver in the tested car. 

 
Figure 3.2: Examples on how distortion may appear in a backlight 
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4 Benchmarking 
The problem with optical distortion has been known to the automotive industry for a long 
time. During the years many methods for measuring these distortions have been 
developed and used, trying to control them. In this chapter the requirements on the 
automotive industry and different measuring methods that are available on the market 
will be presented in order to find what needs to be done. 

4.1 How is Distortion Measured? 
Measurements and specifications are often described in mechanical terms without any 
connection to human perception of optical distortion [8]. Subjective visual observations 
by human inspectors’ eyes are often used for backlights because of the lack of good 
objective methods. In order to eliminate as many optical distortions as possible in 
automotive glass it is important to understand how distortions arise and how to measure 
them. Information from these measurements can be very helpful for reducing 
manufacturing errors. There is also a need to formalize and clarify the requests between 
car manufacturers, automotive glass manufacturers and float glass producers [9].  
 
Common measuring methods for windscreens automatically scan the entire glass for 
distortion and decide whether it passes or not. High resolution images are created from 
the scan with values for every point on the glass. These points are controlled individually 
or by rating, where two points close to each other are compared. The limit for acceptable 
distortion is set by testing samples.  
 
Measuring methods for backlights and sidelights are usually manual, and because of the 
lack of law regulations they are not as accurate as for windscreens. The main reason for 
not using more advanced methods for backlights and sidelights is the cost. Another 
reason is that glass manufacturers do not think that it is necessary to change or improve 
the current measuring method. 
 
Optical distortion can be measured in many different ways. Since the methods in the 
automotive industry are specially developed, the most convenient unit is used for each 
method. Fully automated measuring methods use millidioptres, which in fact is the unit 
for optical power. An increase of 100 millidioptres corresponds to an image 
magnification of 10 percent, and a decrease will result in a reduction of the image 
size [10]. Manual methods, such as the Zebra board test, use millimetres, and the 
ECE R43 standard from 1981 uses arc minutes. ECE means Economic Commission for 
Europe. 

4.2 Requirements for the Automotive Glass Industry 
General requirements state that if the glass should brake, the risk of bodily injury should 
be as little as possible. The glass should be able to resist common environmental strains 
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that may occur in traffic. It should also be sufficiently transparent and not cause any 
confusion that may appear if colours should differ or distortion is perceived. [9] 
 
National and international regulations as well as other industry standards must be fulfilled 
for automotive glazing. Relevant regulations for Europe are found in ECE R43 which 
describes tests and requirements. Similar regulations are available for USA (FMVSS 205) 
and China (GB 9656, GB 5137.1, GB 5137.2, and GB 5137.3) [9]. Every automotive 
glass is tested for all these regulations. Tests are made for optical properties (most 
important), mechanical strength, fragmentation and environmental resistance. The optical 
tests are performed using light transmission measurements perpendicular to the pane. 
Distortion and secondary image separation are inspected at installation angle through the 
defined viewing zones A, B and C. [1] Figure 4.1 illustrates the viewing zones from 
Volvo’s standard (STD 1007,115). 
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Figure 4.1: Viewing zones A, B and C for windscreens, sidelights and backlights [11] 

 
The viewing zones are based on the fixation frequency and the limitations of the field of 
view. The different zones can be compared to the gaze directions seen in Figure 4.2. Zone 
A is the area in the line of sight for the driver which contains all the crucial information 
used for driving. This area has the highest fixation frequency and distortions within this 
zone can be disastrous. The B-zone has a relatively low fixation frequency. Here the 
distortions are not as crucial as in the zone A, since the view is not used to the same 
extent during driving. The C-zone is the field close to the edge of the glass. [12]  

Primary gaze direction

Secondary gaze direction

Peripheral gaze direction

 
Figure 4.2: Typical gaze directions 

 
Apart from these regulations there are quality controls performed by the departments 
Audit and TP5 at Volvo Car Corporation. They control the car as a whole, trying to find 
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the smallest defects. All controls of the glazing are subjective, since no measuring 
equipment is used. Audit examines the car from every angle when it is standing still and 
is mainly looking for reflection distortion. TP5, on the other hand, control the 
transmission distortion in all glazing, and other functions of the car, while driving. 

4.3 Methods Used in the Automotive Glass Industry 
Several methods are used to control the quality of the glass both online (on the production 
line) and offline (the glass is taken off the production line). Descriptions of a number of 
methods for measuring transmitted distortion are found below. The current measuring 
methods for Volvo backlights are found in the first two paragraphs; Volvo Corporate 
Standard and Technical Regulation (Nr.01286306) for backlights.  

4.3.1 Volvo Corporate Standard 
The only method described in a Volvo standard (STD 1007,115) for measuring optical 
distortion in glass is a test procedure of sidelights, as seen in Figure 4.3. This method is 
used by major glass companies, since it is a standard for most car manufacturers and 
since it is partially described in the European standard ECE R43 and the DIN 52305 
standard.  

Sidelight

Non-gloss board/Projection Screen

Projector

33º

 
Figure 4.3: Testing sidelights for distortion [11] 

 
This method uses a pattern of black lines that is projected through the sidelight onto a 
screen. The lines are vertical and 12 millimetres wide. The sidelight is rotated 20 degrees 
versus the vertical and 33 degrees versus the direction of the light. The projected lines are 
then measured by hand with a sliding calliper. Figure 4.4 shows a measurement of a 
sidelight where the line is about 7 millimetres. Requirements for a sidelight are; the lines 
should be full, the lines must not exceed ±5 millimetres in change of size, and in a square 
of 50 x 50 millimetres the lines must not exceed ±4 millimetres in change of size. The 
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sidelight in Figure 4.4 is a borderline case, since the allowed thickness of a line is 
7-17 millimetres, which might seem like a rather big interval. [11] 

 
Figure 4.4: Measuring lines with a sliding calliper 

 
Since there are no standards, the same method and requirements are used even for 
backlights. The difference is just that the line pattern is horizontal instead of vertical, and 
the rotation of the backlight is set to installation angle. Figure 4.5 shows a backlight in its 
installation angle.  

 
Figure 4.5: Using the Zebra method on a backlight 

 
This method is objective in the meaning that the defects are measurable, but the result 
may differ depending on who is measuring. Even if the glass should pass the Zebra test it 
does not guarantee acceptable optical properties [13]. 

4.3.2 Technical Regulation (Nr.01286306) for Backlights 
There is no existing Volvo standard for measuring distortion in backlights, but there is an 
old technical regulation (TB 01286306) that still is used by some glass manufacturers. 
The regulation is seldom printed on the drawings for backlights, since it is not approved 
by Audit. Accordingly, the manufacturers are not required to follow it. 
 
This method uses oblique lines in 45 degrees and measures the angle of which the lines 
deviate by comparing the projected lines with fixed lines on a dull white surface. As seen 
in Figure 4.6 this is a very subjective and time-consuming method highly dependent on 
the person performing the test. Since the spacing between the lines is 150 millimetres, 
rather large defects can be missed. 
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Figure 4.6: Using the technical regulation 

 
The backlight is approved if the template used in the measuring touches or partly covers 
the projected line and not approved if the projected line lies outside of the template, as in 
Figure 4.7. In zone B which is basically the whole backlight except for the edge zone, the 
optical requirement is 8 degrees. [14] 

Approved
The template touches or partly covers
the projected line.

Projected line

Fixed line on the screen

Inspection template

Not Approved
The projected line lies
outside of the template.

Projected line

Fixed line on the screen  
Figure 4.7: Requirements for the technical regulation [14] 

4.3.3 The Raster Method 
In the ECE R43 for windscreens an array of bright circular shapes on a dark background 
is used for measuring optical distortion. The measuring equipment is basically the same 
as in a manual test according to the standard used for sidelights. The windscreen is 
measured with an inclination angle equivalent to the installation angle as seen in Figure 
4.8. 
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Figure 4.8: The setup for the Raster method [15] 
 
An array of dots as in Figure 4.9 is projected through the inspected windscreen offline 
using a slide projector. The method uses change of image magnification to discover 
distortion, but the information received is highly discontinuous. It is also a slow process, 
since the data of reduction is strictly dot-by-dot. The bright dots, measuring 8 millimetres 
in diameter, are spaced approximately 30 millimetres vertically and horizontally. 

3D

D

3D
 

Figure 4.9: Projected array of bright circular shapes on dark background [15] 
 
The dots are able to detect distortions in both horizontal and vertical directions, which is 
necessary due to the large viewing area and different possible viewing directions of a 
windscreen. The change in diameter of the projected dots is measured manually and 
controlled against the requirements. In zone A the diameter must not change more than 
±2 millimetres and in zone B not more than ±6 millimetres. Different types of 
deformations are shown in Figure 4.10. 

y yy

No Image Deformation Image Deformation

A Zone: 8 mm ± 2 mm
B Zone: 8 mm ± 6 mm  

Figure 4.10: Examples of deformations [15] 
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ECE R43 also includes secondary image separation. The deviation is measured in 
minutes of arc and is defined as the angle between the original and the displaced circle. 
As seen in Figure 4.11, the deviation must not be more than 15 minutes of arc in zone A 
and not more than 25 minutes of arc in zone B. [15] 

10’

17.5’

15’

25’

22.5’20’

12.5’

5’

A
B

Max Deviation:
A Zone: 15’ of arc
B Zone: 25’ of arc

 
Figure 4.11: Requirements for secondary image separation [15] 

4.3.4 Using Grid and Distortion Angle 
In a Human Factors analysis made by Toyota Motor Corporation 1994 they found that a 
grid has the highest sensitivity. When using a grid the interesting variable is the distortion 
angle, which is defined as the angle between a distorted line and a linear line, as seen in 
Figure 4.12. This method is able to measure optical distortion in both vertical and 
horizontal direction. 

Distorted Not Distorted

Distortion
Angle

 
Figure 4.12: The defined distortion angle when using a grid [12] 

4.3.5 Moiré Distortiometry 
A linear grid pattern is projected through the specimen onto a screen that is back 
illuminated with the same pattern. At a defined distance the transmission distortion result 
in a harmonic interference, called Moiré-effect. This interference produces intensity 
variations as seen in Figure 4.13 (right). The glass and all equipment must be stationary 
when using this measuring method. [16, 17] 
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Figure 4.13: The Moiré Distortiometry System [16] (left), and The Moiré-effect [17] (right) 

4.3.6 Online Moiré-Technique 
To be able to use the Moiré-technique online it had to be modified. Inspecting automotive 
glass online with high-speed measurements is possible using permanent phase-shifting. 
Advantages with this system are that it is fast, accurate with high resolution, and 
insensitive to the production environment. It measures optical defects (in millidioptres) 
online for automotive glass as well as transmission and reflection optics for float 
glass. [17] 

4.3.7 SCREENSCAN-Faultfinder 
The SCREENSCAN-Faultfinder, often called INNOMESS, is a Distortion Module 
mostly used for windscreens, even though it can be used for back- and sidelights. It uses 
the online Moiré-technique to measure both horizontal and vertical transmitted distortion 
with high accuracy. Windscreens are inspected at the typical installation angle of 
30 degrees versus the horizontal, and it ensures a reliable and repeatable inspection. [18] 

 
Figure 4.14: SCREENSCAN-Faultfinder [18] 

4.3.8 LABSCAN-Screen 
The LABSCAN-Screen is based on the same technology as the SCREENSCAN-
Faultfinder, but this method is used offline to measure transmitted distortion on 
production samples. The result is directly comparable to the SCREENSCAN-Faultfinder. 
The glass can be measured in almost every angle as well as cross-car. The system is fully 
automated and measurements are reliable and repeatable. [18] 
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4.3.9 PowerView 
PowerView is a new method developed by Pilkington, used for transmission distortion 
measurements of backlights. The method is still under development and there is not very 
much information out yet, but it is supposed to be used as an online measuring method of 
backlights. Today a high resolution PowerView is ready for lab-use offline. An 
analysis report from an offline measurement with PowerView can be seen below in 
Figure 4.15. [19] 

 
Figure 4.15: PowerView offline measurement result [19] 

4.3.10 Ondulo 
Ondulo is able to measure curvature, waviness, local defects and optical defects in 
transmission as seen in Figure 4.16. It uses the same principal as visual inspection, but is 
faster, more accurate, quantitative, traceable and objective. Measurements of a 
windscreen takes less than two seconds and is performed in one scan, unlike the human 
eye that needs several changes of position with mental reconstruction. [20] 

CCD Camera

Glass sheet

Transparent screen with
regular lines pattern

Video projector

 
Figure 4.16: Measuring transmission with a CCD camera [20] 



 

 
 
18 

4.3.11 DiopTRIX 
The DiopTRIX system is based on the Ondulo technology and the optical principle of 
deflectometry. Evaluations of the optical distortion can be made in a laboratory or with 
online applications. Figure 4.17 shows the mechanical frame used in laboratories that can 
swing from 0 to 60 degrees and tilt from 5 to 90 degrees. This system is objective and 
measures a windscreen in millidioptres and millimetres in less than 4 seconds. [21] 

 
Figure 4.17: Windscreen mounted in the support frame for the DiopTRIX method [21] 

4.3.12 Shadow-Graph 
This method can identify defects and non-uniformities in glass by refracting light rays, as 
seen in Figure 4.18. The defects in the glass cast a shadow on a screen. For good 
measurements the glass needs to be clean. The processing is either visual or automatic 
and can be used both online and offline. [17] 

 
Figure 4.18: Simple ply and lamination in Shadow-graph [13] 

4.3.13 Ombroligne (LasorLine OM) 
The shadows that are created when light is transmitted through or reflected by the glass 
are in this method used to measure the optical quality. The measurements are transformed 
to optical power (millidioptres) or Zebra degrees. Two cameras are rigged to detect 
defects such as drips, reams and distortion lines as seen in Figure 4.19. The method 
shows good repeatability and stability of reported results. [22] 
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Figure 4.19: Simplified version of manual evaluation online [22] 

4.3.14 LasorLine 2f1 
LasorLine 2f1 is controlled by a PC and uses a CCD camera system and an intelligent 
illumination to measure deformation and distortion when light passes through the glass. A 
full online scan of the glass can be made in a speed up to 30 metre/minute. Because of the 
compact construction the maximum width for the glass is one meter. The illumination is 
created by LEDs with a lifetime of more than 10 years. The material is transported 
through the system as in Figure 4.20 and deflection and absorption of light is 
measured. [23] 

Pixel size
on CCD chip
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Area on material
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Material

Camera

Side view Top view

 
Figure 4.20: Measuring principle of LasorLine [23] 
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5 Theoretical Frame of Reference 
Theories from literature, experts and more are described below, in order to learn how 
distortion occurs, how to avoid it and how it might be perceived in a car. The process of 
making automotive glass is explained in order to understand where distortions may arise. 
Consequences of optical distortion in backlights, and human perception of optical 
distortion are also presented.  

5.1 Geometrical Quantities 
In order to avoid any misunderstandings the geometrical quantities used in this report are 
explained in Figure 5.1. The viewing angle is the angle between the line of sight and the 
tangent line of the glass. The incidence angle is described as the angle between the line of 
sight and a line perpendicular to the glass surface. The installation angle is the angle 
measured to the backlight from a horizontal plane. 
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Figure 5.1: Geometrical quantities, seen from above (left) and from side (right) 

 
The inclination angle is practically the same as the installation angle, but in a more 
general use, for example, when it is not necessarily in a car. 

5.2 Manufacturing Processes 
The amount of optical distortions in automotive glass will most likely be reduced with a 
better controlled manufacturing process, but there are many variables to consider when 
the origin of distortion is to be found. Theories of how and why different manufacturing 
processes are used are presented below.  

5.2.1 Tempering 
Tempered glass is used for backlights and sidelights in the automotive industry. The 
intention with tempering is to induce compressive stress at the glass surface and tensile 
stress in the mid-plane, as seen in Figure 5.2. [16] 
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Figure 5.2: Stresses in Tempered Glass [16] 

 
The compressive stress in the surface prevents brittle fractures and increases the bending 
strength and the resistance to scratches. Though, when the compressive stress is 
increased, so is the tensile stress. Stress concentrations are created where the glass 
contains imperfections, bubbles or stones, which may lead to an unpredictable break if 
the tensile stress is great. A good outcome from the stresses is that tempered glass break 
into small pieces, which are less likely to cause human injure. Higher stress gives smaller 
pieces. [16] 
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Figure 5.3: A variant of the tempering process 
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Figure 5.3 shows one variant of the tempering process. The glass sheets are received from 
the float glass producer in the ordered size (1). The thickness is usually 3-5 millimetres. 
The glass is then cut into the shape (2) ordered by the car manufacturer. Any holes and 
stamps are made before the glass is washed. Next step is to print the black-print, heating 
wires made from silver paste (70 percent silver), antennas and coatings (3). The glass is 
heated to 620-650 degrees Celsius with infrared heat as it rolls through the furnace (4). 
The hot glass sheet is then lifted (5) and dropped onto a mould (6) with a frame that only 
supports the edges of the glass. Since the glass is hot it will sag immediately to the shape 
of the mould. This is called sag or gravity bending. Another process that could be used 
for better control of the shape is press bending, which is described later.  
 
When the glass has reached the wanted shape it is quenched (7). The cold air cools the 
surface of the glass (to about 200-300 degrees Celsius) so that it hardens. The glass core 
is then self-cooled. The final shape of the glass is received after three seconds in the 
quench. The finished product is inspected and ready to be sent to the car manufacturer or 
undergo further treatment. [15] 

5.2.2 Lamination 
The windscreen is regulated by law to be laminated. Laminated glass consists of a 
sandwich structure, where an interlayer of polyvinylbutyral (PVB) is placed between two 
layers of glass. The extra layer of PVB is tough and can resist some impact loads and 
prevents the glass from shattering. This decreases the risk of injury for the driver and the 
passengers. [24] Laminated sidelights have been available as an alternative for the 
tempered sidelights for a number of years. Even though laminated sidelights are better in 
many ways, tempered sidelights are still most common, mostly because of the price and 
the customer’s lack of knowledge about glass.  
 
Figure 5.4 shows one variant of the laminating process. It starts with the same type of 
float glass as the tempering process (1), only this time it is a bit thinner (about 
2 millimetres). The glass is cut into shape (2) and checked online for bubbles, tin or dust 
etc. and washed. The black-print is printed on the glass and samples are controlled 
manually (3). The glass sheets are paired up (one glass with black-print and one glass 
without black-print) and placed on a frame before sending them to the furnace (4).  
 
The furnace is the most important part in the making of laminated glass. Therefore, each 
glass sheet is controlled online after the furnace to give feedback to the process. Before 
the lamination the glass is stored (5). The layer of PVB is inserted between the glass 
sheets before the glass is placed in the back furnace. The back furnace uses temperature 
(150 degrees Celsius) and pressure (vacuum) to merge the PVB layer with the glass (6). 
PVB act as glue as well as reinforcement to the glass sheets.  
 
When the glass leaves the back furnace it is not completely transparent. The final step to 
make the glass transparent is to use an autoclave (7) that will remove the air that is still 
between the sheets. 40 minutes in the autoclave (145 degrees Celsius and vacuum) and 
the laminated glass is finished. [15] 
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Figure 5.4: A variant of the laminating process 

5.2.3 Gravity Bending 
Gravity/Sag bending is used on both laminated and tempered glass. The glass need to be 
heated to a temperature of about 620-650 degrees Celsius, which is slightly above the 
transition temperature of glass. The sheet glass is placed (laminated glass) or dropped 
(toughened glass) on a mould that at first only supports the edges of the glass. The mould 
is used to obtain the right shape of the glass as it sags under its own weight. [25]  
 
Some advantages of gravity bending are that it uses simple tooling, it is comparatively 
cheap, and good optical quality is received. Disadvantages are the capacity, the control of 
the sag shape, and the ability to create a tight radius. [26] Though, it is used for many 
windscreens, sidelights and backlights.  

5.2.4 Press Bending 
Press bending is used to gain more control of the shaping process. It can be used for 
simple as well as complex glass shapes. The glass is simply heated and pressed between a 
male and a female mould, which of course are custom made for the current glass. Unlike 
gravity bending, press bending of laminated glass has to be made layer by layer.  
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The ability of creating glass with a tight radius, wrap around corners or an s-shape are 
advantages with press bending, which is a more controlled bending method. The major 
drawbacks are high investment and maintenance costs. [26]  

5.2.5 Computer Aided Design 
Computer Aided Design (CAD) programs like Catia, Solid Works, ProEngineer and 
others are used in the development of products in almost every industry. The computer is 
a very good aid for designing automotive glazing. Drawings of glass are usually made in 
a CAD program and sent to the glass producer. The program can also be used as a help to 
create a feasible design by using, for example, the Finite Element Method. 
 
Guessing how the glass will act in the bending process and how optical distortions will 
appear in automotive glazing is very hard. Methods to predict this information has 
therefore been developed. The Finite Element Method (FEM) uses numerical algorithms 
to simulate light transmission and reflection to predict optical distortion. It was also 
developed to analyse the possibilities of shaping and to define optimum processing 
conditions. Using this method before the production has shown a shortage in 
development time and a reduction of cost. [25] 

5.3 The Human Eye and Visual Sense 
The visual sense is unambiguously essential for driving. Up to 90 percent of the 
information needed for safe driving is retrieved visually, and it is today required to satisfy 
a minimum visual standard to be able to have a drivers licence. [27] 
 
Light is electromagnetic radiation. The human eye has a sensitivity which corresponds to 
wavelengths within the range, 400 to 700 nanometres. The light-sensitive part of the eye 
is called the retina, seen in Figure 5.5, and consists of several layers of cells and 
processes that convert the light signal into a neural signal.  
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Figure 5.5: Horizontal section through right eye [28] 
 
The retina has two systems of receptors. The receptors transform the light signal to an 
electric signal, carried by the ganglion cells of the optic nerve to the brain. The rods 
which are located in all parts of the retina are sensitive to weak light and of no use in 
strong light, while the cones which are concentrated to a small area called the 
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fovea are sensitive to strong light and insensitive in weak light. All acute and colour 
vision are due to the cones, which density decreases away from the fovea. Surrounding 
the fovea is the yellow spot (macula lutea), absorbing the shorter wavelengths below 
500 nanometres. [28] 
 
The place where the optic nerve enters the eye cannot have any receptors and are 
therefore called the blind spot (papilla). The eye ignores the blind spot and is covered by 
the neighbouring field in order to not disturb the vision, and the blind spots of the two 
eyes do not overlap. The blind spot can though cause distal stimuli not to be seen and can 
not be totally neglected. [28] 
 
The cornea is the area where the light enters the eye. It is also in the surface of the cornea 
where the most of the refraction occurs. The refraction is determined by the curvature of 
the cornea, the shape of the lens and the indexes of refraction of the media. 
Approximately two thirds of the total optical power of the eye (60 dioptres) is in the 
cornea and one third in the lens. [28, 29] 
 
The pupil of the human eye is able to adapt to the different conditions by controlling the 
amount of light entering the eye. The pupil expands in dim light and contracts in bright 
light, or when an object is close to the eye. The size of the pupil differs between 4 and 
about 8 millimetres, which correspond to a change of retinal illumination of an object by 
a factor of only 16, compared to the actual dynamic brightness range of the eye of 
approximately a factor of one million. [28] 
 
Dr James B. Calvert at Denver University proposes another plausible reason for the 
change in pupil size. His explanation is that the flexibility of the pupil is a way to restrict 
the entering rays to the centre of the eye in high illumination, while using the whole eye 
when necessary in dim light. Restricting the rays to the centre will reduce the aberrations 
and increase the depth of field, since irregularities are common in the outer parts of the 
lenses where the muscles are attached. He also uses optical principles to show that the 
light entering close to the edge also is less effective in producing retinal illumination. [28] 

5.4 Visual Perception 
A common misunderstanding is that only the eyes are needed to see and that perception is 
a direct mirror of the stimulus. Actually, most of vision takes place in the brain [28]. The 
coded neural signals from the eye are sent by the optic nerves to the visual cortex where 
the signals are made available for the brain. The signals are then interpreted and 
recognized by the brain. Vision is built on experience and learning. By comparing the 
visual impression with other senses like touch and smell, learning can develop fast. 
Studies have shown that when sight was restored to individuals blind from birth, no 
correlation between their new visual impression of an object and the knowledge of the 
object gained by touch could be found. The physicist Herman von Helmholtz wore in an 
experiment glasses that inverted the retinal images. Gradually things started to look 
normal, or at least less abnormal, which is a sign of that vision is a function of processing 
in the brain and that learning is an important factor in visual perception. [28, 30] 
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All our senses work together when it comes to perception. The brain shows a huge 
adaptability in different situations. University of California in San Diego reported in 2000 
about results showing that an environment with a lot of sound causes vision to become 
more acute. Other studies showed that sight partially was preserved when surgically 
rerouting the optic nerves from the optical cortex to the auditory cortex on young 
mammals. [28] 
 
The function of the brain is essential for vision. Changes in an object are most likely to be 
seen at the borders. The definition of an object is often based on the information received 
from the orientation of lines and the direction of movement, which are specially 
coded. [28] 
 
The visual system has a great ability to correct errors in the retinal image where possible, 
refining the mental image. The image created on the retina is very poor, due to 
considerable spherical and chromatic aberrations in the eye. When the focus is proper the 
acute vision at the fovea is used for the correction of the mental image. However, in poor 
focus the edges on which the system depends become indistinct which creates a feeling of 
discomfort and a lack of sharpness in perception. [28] 

5.5 Human Perception of Optical Distortion 
Optical distortion is perceived when the observed and the expected shape of an object 
differ from each other [8]. Extensive distortion may cause confusion, disorientation and 
in extreme cases illness to the driver and passengers [13].  
 
Optical distortions originate from the fact that light is deviated differently in the glass, 
depending on the glass curvature and orientation. Since the two eyes’ lines of sight are 
entering the glass in slightly different places they are also deviated differently. If the 
difference becomes substantial it means that the two eyes would be required to look in 
different directions, or the brain would have to interpret two differently displaced images, 
in order to get a true picture of the image. [2]  
 
The correlation between optical distortion and human perception is not obvious and can 
not easily be described by the shape of a surface. Investigations of human perception of 
optical distortion in a physiological perspective indicates that more suitable measurement 
techniques are needed in order to meet the requirements of the ruthless judge, the human 
eye. [8] 

5.5.1 Psychophysics 
The perception of optical distortion while driving is a matter of psychophysics and the 
four problems of detection, identification, discrimination and scaling. These are 
fundamentals and are often taken for granted. Psychophysics owns its name from 
Gustav Fechner, who during the 1860s paved the way for the psychophysics. [31] 
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Detection is an important and fundamental task when driving a car. Problems of detection 
are common in fog and at night. The blind spot when changing lane is a well known 
problem of detection, but what many are unaware of is the problem of detection due to 
optical distortions. An example of this is the teething trouble of Audi A2, which backlight 
has a very aggressive design. It was possible to look through the backlight and establish 
that there were no following cars and the next second realising that a car suddenly was 
close behind. In one part of the backlight the optical distortions could be of such great 
magnitude that it could cause a whole car not to be seen. The cause will be dealt with 
later in the report. 
 
The human sensory system has the ability to discern changes of energy in the 
environment. The problem of detection is a question about the amount of stimuli that is 
necessary to be aware of its presence. The limit is called the absolute threshold. Keeping 
the stimulus below the absolute threshold would mean that a person would not be able to 
detect it, while keeping it over the limit would mean that the person always would detect 
the stimulus. This is illustrated in a psychometric function in Figure 5.6. [32] 
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Figure 5.6: Ideal psychometric function [32] 

 
Each person is asked the question if they can discern the stimulus. Along the vertical axis 
the proportion of “yes” responses is plotted. The values along the horizontal axis indicate 
the stimulus intensity. When the change is sudden like in Figure 5.6 the absolute 
threshold is easy to detect. This is called an ideal psychometric function. [32] 
 
Once the human sensory system has detected something behind the car the problem of 
identification is present. The question about what is behind the car is normally solved 
quickly and automatically, but can be complicated by optical distortions, especially over 
long distances, when the object behind is small and less detailed. Compare to the 
problems awoken on a day with thick fog. [32] 
 
The problem of discrimination tells the driver about what is different with this recently 
identified object behind compared to another [32]. Is it a police car? Is the car behind 
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making an overtake? Optical distortions deforming the picture of the field behind the car 
might affect the ability to make important judgements. 
 
The last of the fundamental psychophysical problems is scaling. While driving a car the 
problem of judging the distance to the surrounding objects is always present. How far 
behind is the following car? Is the car in the left lane far away enough to change lane? 
These are questions of distance perception and are handled in this chapter 5.5.3. 

5.5.2 Static and Dynamic Distortion 
The primary feature of the eyes is motion detection [28]. Since time immemorial the eyes 
have had the important function to detect movements in their surrounding. For our distant 
ancestors this was a manner to get food or protect themselves against unpleasant 
surprises, since an object in movement most likely was a prey or a predator [33]. Today 
the eyes are mostly used to identify static objects or for spatial perceptions, but the 
function is still the same. The eye is comparing the stimuli from the neighbouring cells to 
detect motions. When a static scene is observed the eyes perform so called saccades, 
which are small repetitive movements that move edges past receptors. This means that 
images stabilized on the retina soon fades away and disappears, but come back as soon 
they are moving. For example the cast shadows on the retina from the blood vessels in the 
eye are never seen, since all constant stimuli are ignored. [28, 33] 
 
Static distortion appears only when the observer, the glazing and the object seen through 
the glazing are fixed. Shape deformation of an object is a static distortion. [8] In a static 
scene the human might not perceive the distortion, since that is his or her perception of 
the real world. 
 
Dynamic distortion occurs when the observer, the glazing and/or the object seen through 
the glazing are moving. The observer may perceive movements not existing in real world 
which can lead to confusion. In most cases, human react stronger to dynamic distortion 
than static distortion. An example of the difference between static and dynamic distortion 
is found here. The upper image shows static optical distortion in a backlight with an 
installation angle of 22.5 degrees. The animation below is an illustration of dynamic 
optical distortion, under identical conditions, except the movement of the glass. Most 
people easier detect the optical distortion in the dynamic image. 

5.5.3 Distance Perception 
Image deformations due to optical distortion may affect the distance perception while 
driving a car. The relative size of known objects tells us about the distance between them. 
An image deformation affecting the perceived size of objects may therefore lead to 
confusion in distance perception. For example, distortions in the backlight of a car could 
lead to problems with distance estimations to cars behind. This may be a complicating 
factor during, for example, lane changing. The effect is most apparent over long 
distances, since the image of the observed object is smaller, while the distortion field is 
preserved. The relative fault increases with the distance. 
 

http://www.diva-portal.org/diva/getDocument?urn_nbn_se_liu_diva-8709-1__movie_part-1.mpg
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A study on effects of 2D geometric transformations on visual memory at University of 
British Columbia came to the result that when applying fisheye transformation (barrel 
distortion) to a known image, it is more difficult to discern the relative distance between 
objects in the image [34].  

5.5.4 Proximity 
Features in an image which are close together are more likely to be associated. These 
patterns are helpful in orientation and identification of similar objects. This is an example 
of the principle of proximity. Figure 5.7 shows two pictures of a line pattern. Both 
patterns have the same two defects, but with different relative distance. “The eye” is more 
likely to see the defects in the right pattern, where the relative distance is small. When 
two defects are placed together they might be perceived as one bigger defect. Close 
together, the defects become easier for the visual system to discern, since the disparities 
increase. This is very important to consider when measuring optical distortion, since the 
single deviations might pass the requirements, while together, smaller defects are 
perceived as worse. This is today controlled by rating. The change in size must not 
exceed ± 4 millimetres within a square measuring 50 x 50 millimetres. 

 
Figure 5.7: Illustration of relative distance 

5.5.5 Relative Motion 
The effect of optical distortions could be relative motion. For example, when objects in 
an image, which are stationary in the real world, suddenly are perceived as moving with 
different velocities or in different directions. The eye is very sensitive to changes. Any 
unpredicted image movement creates the mental perception of distortion, which may be 
even more disturbing than shape variation [8]. 

5.5.6 Pattern/Similarity 
The human visual system has the ability to rapidly group similar element in a complex 
visual scene [35]. Elements sharing the same shape, size and orientation are associated in 
a pattern without defining location and the characteristics of each single object. This can 
simplify the description of an image. In the same way the visual system is sensitive to 
disparities in a pattern. If an element differs from the pattern, it is often easily 
distinguished. If a single element shares the same orientation as the surrounding elements 
in its receptor field the response from the neuron in primary visual cortex to the element 
can be suppressed [35]. If the orientation differs the response is on the other hand 
enhanced.  
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5.5.7 Visual Fixation Frequency 
The perception of optical distortion might differ with the visual fixation frequency. The 
windows can be divided into zones depending on how often the user is looking at 
different points and the amount of information in these areas. Optical distortions might be 
detected earlier and in some cases perceived as worse in areas with high fixation 
frequency due to the more frequent usage.  

5.5.8 Visual Fixation Time 
Even the fixation time may affect the perception of optical distortion. For example, the 
fixation time when looking in the rear view mirror through the backlight is much shorter 
than the fixation time when looking through the windscreen. It is therefore possible that 
the reaction on distortions could be stronger in the windscreen than in the backlight. The 
effect of the visual fixation time on the perception of optical distortion is one of the 
things that will be investigated in this report. 
 
In an experiment about driver eye movement from 2002, a head mounted eye tracker was 
used to investigate the fixation time of visual attention to in-vehicle devices. 24 people 
were asked to drive a 20 mile route, while completing in-vehicle tasks, like looking in the 
rear view mirror describing the vehicle behind. The result was an average glance time of 
0.86 seconds when looking in the rear view mirror. The average off the road glance was 
1.17 seconds and the maximum off the road glance was 1.86 seconds. [36] 

5.5.9 Environmental Factors 
The perception of optical distortion is not only depending on the characteristics of the 
glass. It is also reasonable to believe that the observed object and the visual environment 
that surrounds the car have an effect of the driver’s perception of optical distortion. 
Researchers at Toyota Motor Corporation found in 1994 that the temporal-spatial 
frequency characteristics of vision correspond to the driver’s feeling of optical distortion. 
The temporal frequency is a measurement of how fast the environment changes 
(travelling with high or low speed) and the spatial frequency is a measurement of the 
detail of the environment (in a city or in the country). They found that travelling with 
high speed (high temporal frequency) is directly linked to a low sensitivity of a detailed 
environment (high spatial frequency) and vice versa. It also came clear that a high visual 
sensitivity corresponds to a low threshold of optical distortion, while a low visual 
sensitivity corresponds to a high threshold of optical distortion. [12] 

5.5.10 Individual Factors 
The perception of optical distortion is very individual and cannot always be generalized. 
As a matter of fact, a great source of distortion is the driver him-/herself. The visual 
system of each person has its own built in distortions. The effect of errors in the visual 
system, such as refractive errors, also contributes to a different perception of distortion. 
For example, individual distortions, which are not present in the surroundings, may be 
created by the visual system. Accordingly, existing individual distortions in the visual 
system may be of such kind that distortions from the surroundings are never discerned. 
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5.6 How Does Distortion Occur? 
The customers expect the glass to be free of distortion and the most desirable result 
would be to eliminate the optical distortion, which unfortunately is not possible. 
Therefore, the work needs to be concentrated on minimizing these conditions. To be able 
to meet the increasing customer sensitivity it is important to understand the origin of 
optical distortion in automotive glazing. Identifying and understanding the distortions 
separately is essential to control them [4]. 

5.6.1 Shape/Curvature 
Studies have shown that the optical quality is extremely linked to the curvature of the 
glass [10]. Physical laws state that the problem of optical distortion will always be 
present to some extent due to the curvature of automotive glazing [16].  
 
Light that passes from air to glass is refracted unless the beam enters the glass 
perpendicular to its surface. Some light is reflected at the surface, while the light that 
passes through the glass is refracted towards the normal, since the glass has a higher 
index of refraction. In the glass some light is absorbed, while some is again reflected 
internally. The light emerging from the second surface is again refracted, but this time 
away from the normal, due to the index of refraction. [37] The optical behaviour in 
automotive glass due to curvature can be seen in Figure 5.8.  

Ray of light

d = displacement

d
Δx

Glass
α1

α2

 
Figure 5.8: Optical behaviour due to curvature [16] 

 
If the glass is flat and parallel the refractions offset the image when passing the glass. The 
refraction displacement, d, depends on the index of refraction of the glass, the thickness 
and the incidence angle. The displacement is normally very small and does not affect the 
image quality. [15, 24] Figure 5.9 is an example of uniform deviation, where the image is 
displaced, but not deformed. 

 
Figure 5.9: Uniform deviation 
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More critical in automotive glass is optical distortion of images, seen in Figure 5.10. The 
curvature in the glass makes the light refract differently depending on the varying angles 
of incidence from point to point at the surface and internally, which creates a non uniform 
displacement.  

 
Figure 5.10: Non-uniform deviation 

 
This is the most disturbing effect, since it deforms the observed object image. The optical 
distortion can be defined as the gradient of the deviation angle α. This gradient, ∆α/∆x, 
states that the greater the surface curvature, the greater amount of optical distortion will 
occur. Sharp curves should therefore be avoided. [15, 24]  
 
This is what happened with the Audi A2. The sharp curvature in the field of view caused 
the light to deviate to such large extent that it created a “black hole” behind the car. To 
avoid this problem, there is now a spoiler preventing the driver to see through the sharply 
curved spot. 

5.6.2 Shaping 
Since glass is nearly incompressible it is not an easy task to transform it into a 
three-dimensional shape. Bending the glass will induce strain, mostly compressive, that 
will force the glass to ‘wrinkle’. Forming a glass can be compared to forming a paper; it 
is impossible to create the shape of a cup without causing wrinkles. The wrinkles that 
appear during the forming of automotive glass will cause undesirable optical distortions 
[10]. Tools and transportation systems (usually roller conveyors) in the shaping process 
will also contribute to optical distortions [13]. 
 
It has been shown that gravity bending could be a villain of the piece. When the heated 
tempered glass for a backlight is dropped into a mould and almost immediately gains its 
shape, the glass might have small deviations from the wanted shape. These deviations are 
not visible for the naked eye, but it may be enough to cause disturbing optical distortions 
in dynamic situations. The circled areas in Figure 5.11 are most vulnerable to distortion. 
The figure is much exaggerated to get a clear view of how the glass could be affected by 
the gravity bending. The edges of the glass are usually not a problem, since it is covered 
by the black-print. [38] 
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Figure 5.11: Cross-section of gravity bending 

5.6.3 Raw Glass Quality 
The amount of optical distortion due to other factors is often linked to the raw glass 
quality. Some of the common visual defects affecting the optical quality are a result of 
the float glass production. As an effect of stretching the glass to thinner thicknesses, 
striations are induced in the float glass. These striations occur in the line of draw and are 
called “draw lines”. The optical effect of the draw lines is highly dependant on the further 
use. 
 
The quality of the raw glass especially affects thinner glass products [13]. 
Inhomogeneities in the glass affect the reflection very little, since it only depends on the 
surface. However, in transmission an inhomogeneous material strongly affects the optical 
distortion [17]. It is rarely any problem with the quality of the float glass today. 
Distortions in float glass are in general less than 35 millidioptres [25]. 

5.6.4 Tempering 
Glass is tempered to increase the strength by heating the glass above its softening point. 
This will make the glass sag and lose the original flatness. Undulations, which are known 
as roller wave distortion, are produced in the glass when it sags between the rollers. The 
optical properties of the glass can be calculated from the shape of these rollers. [8] 

5.6.5 Flatness 
Distortion due to lack of flatness is more apparent in reflected images than in transmitted 
images. This effect can often be seen in float glass installations. [8, 17] 
 
Lack of flatness despite parallel surfaces is the most common source of reflected 
distortion of images. This can often be connected to the heat-treatment process. In an 
annealing process there might occur a slight buckling as an effect of that the edges of the 
glass ribbon cools more rapidly than the centre. The buckling usually disappears when 
the edges are trimmed off. [4] The lack of flatness is not to be confused with curvature. 

5.6.6 Black-print 
Automotive glazing is coloured black around the edges to protect the adhesive from 
ultraviolet radiation [39]. It could also be used as a mask to cover defects in the glass. 
The black-print is printed on the glass before the heating process. Later when the glass is 
heated by infrared heat, the black-printed areas absorb more of the heat and temperature 
differences occur in the transition between the black-print and the rest of the glass. The 
temperature difference creates small changes in radius, which increases optical 
distortions. These effects are called burn lines. [15] 
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5.6.7 Thickness 
Overall, thicker glass shows better optical qualities than thin glass. The production of 
automotive glass becomes more complicated with decreasing thickness. With thinner 
glass higher temperatures are needed to induce the desired level of compressive strength, 
or the severity of quench has to be increased. Both will increase the risk of receiving 
optical distortion. Moreover, with decreasing thickness the raw glass transmission optical 
quality from the float draw lines will also decrease. This is mainly because producing 
thinner glass requires faster draw speeds which lead to more glass stretching in the 
bath. [13] 
 
Of even greater concern are thickness variations within the glass. Variations in thickness 
along the glass can act lens like and create optical distortions due to non-uniform 
deviation of light. This applies to non parallel surfaces as well. The effect is most 
apparent in transmission distortion, since the light is bent twice independent of each 
other, but even the reflected distortion due to thickness variation is disturbing [17]. 
Thickness variations in the float ribbon are very small and well controlled in the 
manufacturing process, and rare in the automotive industry. 
 
An optical effect that is proportional to the thickness and the inclination angle and 
inversely proportional to the radius of the glass curvature is secondary images, which can 
give the illusion of a second car or object and can lead to misunderstandings [1]. The 
cause is that the light is reflected more than once internally in the glass, which will cause 
the same image to be seen twice [2]. Research from 1997 has shown that a driver 
recognizes secondary images with an angle separation of more than 6 minutes of arc and 
they complaints when the angle separation is above 10 minutes of arc [1]. 

5.6.8 Glass Surface 
Small surface defects are most apparent in reflection distortion, where the wavelength is 
small compared to the surface overall [20]. In transmission, large amplitude effects can 
be treated as thickness variations, which are known to create bad transmission optics. 

5.6.9 Lamination 
Laminated windows with an interlayer of a non-glass material may be a source of 
unwanted optical distortion. Since transmitted distortion depends on total thickness 
variations, it is drastically increased when the thickness and flatness variations of each 
ply are added to one another. [7] 
 
The thickness of laminated glazing is expected to be the same as in ordinary monolithic 
glazing. Each of the individual plies must therefore be thinner, which increases the risk of 
optical distortion. At the same time a thinner overall thickness of the lamination will 
reduce the level of observed distortion due to the shorter length of travel of the light 
through the glazing [13].  
 
Non-flat sheets which individually show no or very little transmission distortion due to 
parallel surfaces become after lamination optically coupled, as seen in Figure 5.12. The 
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inner surfaces are eliminated in the lamination process and the new outer surfaces 
form strong lens effects, which may have an adverse effect on the transmitted 
distortion. [4, 40, 41] 

Transmitted distortion
before lamination after lamination

 
Figure 5.12: How lamination may affect the transmitted distortion [40] 

 
Laminated glass is usually heat-treated before the lamination process. Combining two 
sheets of heat-treated glass can result in a magnification of the distortions connected to 
the strengthening process. Another important factor is the draw lines in float glass. 
Crossed draw lines can be devastating in an optical perspective and should therefore be 
avoided. [13] 

5.6.10 Coating 
Coatings are becoming more common on automotive glass. It is, for example, used to 
repel water from the glass or to keep the heat inside the car. Normally, optical experts 
claim that coatings do not contribute to optical distortions, since the layer is very thin 
[42]. However, the coatings may need individual furnace settings, which will complicate 
the manufacturing process [4].  
 
Coatings often change colour for different viewing directions, which may be worth 
remembering when coating a glass that will be viewed in other angles than in the design 
phase [1]. 

5.6.11 Heating Wires 
The backlight heating wires consist of a silver paste printed on the glass before the 
heating process. These are then melted into the glass in the furnace. The silver absorbs 
more heat in the furnace, which creates temperature variations in the glass around the 
wires, leading to small local radius variations [38]. The light hitting the wires are 
scattered which could cause distortions. The wires in a Volvo are usually separated by 
30 millimetres [43]. The distance between the wires, from the viewers point, is decreased 
in a backlight with a small installation angle. The distortion due to the heating wires will 
then be increased.  
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The deformations are very local close to the wires and the effect on the visual perception 
is rather small. [15] A problem with measuring the backlight by scanning the glass is that 
the heating wires may cause disturbing effects. This is solved with a software filter that 
excludes the heating wires, as seen in Figure 5.13. 

 
Figure 5.13: Measurement of a backlight with masked heating wires [3] 

5.7 Magnifiers of Optical Distortion 
The origins of optical distortion are all connected to the glass quality, the shape and the 
manufacturing process in some way. Since some amount of optical distortion always will 
be present, the factors that may exaggerate the distortions are just as important, or in 
some cases even more important. 

5.7.1 Viewing Angle/Installation Angle 
It is well known that the installation angle affect the amount of optical distortion to a 
large extent. A small installation angle does not create optical distortion per se, but since 
a small amount of optical distortion always will be present, even if it is so little that it is 
not noticeable for the human eye, these inherent distortions can be magnified. That is 
exactly what is happening when decreasing the installation angle. With a lower 
installation angle and an unchanged line of sight, the approach angle will decrease. 
A 3.15 millimetres thick backlight will at an installation angle of 21.7 degrees have a 
thickness of 8.5 millimetres to pass in the line of sight. The smaller approach angle, the 
more the light will refract. The result is magnification of already existing distortions, in 
the meaning that the light deviates more due to a smaller approach angle. This means that 
a backlight that is flawless for the human eye in one installation angle may be disastrous 
in another angle from an optical point of view.  
 
The effect of decreasing the installation angle has been tested in INNOMESS by Asahi 
Glass Company (AGC) and can be seen in Figure 5.14. By altering the installation angle 
using the same glass the effect of the installation angle become visible. 
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Figure 5.14: The effect of changing the installation angle [15] 

 
As seen in Figure 5.15 the refractive power increases rapidly with installation angles less 
than 30 degrees. A distortion of 1 millidioptres would in theory increase to 
14 millidioptres when the pane is angled from 90 to 20 degrees. The quality of production 
must therefore increase in order to keep the distortions down for lower installation angles. 
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Figure 5.15: Magnification factor between an angled pane and the horizontal [15] 

 
The same result was received in a simulation made by Toyota Motor Corporation, using a 
grid and distortion angles. The increase in perceived distortion was roughly proportional 
to a decreasing installation angle [12]. 
 
This applies to the viewing angle as well. It is most apparent to the rear seat passengers 
when looking through the front sidelight. The small viewing angle can in motion induce 
distorted images and a feeling of illness to the passenger. The orientation of draw lines in 
the glass is important for both the viewing angle and the amplification factor [1]. For 
sidelights the critical angle is the viewing angle, since the line of sight strikes the glass at 
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very small angles, and the installation angle is negligible. Vertical draw lines will cause 
great distortions at small viewing angles as seen in Figure 5.16. It also shows that it is 
best to choose horizontal draw lines, since it will not aggravate the distortions to the same 
extent. [13] 

Horizontal draw lines

Vertical draw lines

Viewing angle: 90º
Installation angle: 90º

Viewing angle: 20º
Installation angle: 90º

Viewing angle: 90º
Installation angle: 90º

Viewing angle: 20º
Installation angle: 90º

Viewing angle: 30º
Installation angle: 90º  

Figure 5.16: Draw lines in sidelights 
 
The windscreen and the backlight are more often viewed with a greater viewing angle 
due to the position of people in front of the glazing. Instead, here the installation angle is 
the “dominating” angle. Horizontal draw lines will cause huge amplification of the 
refractive power, since the draw lines always will be perpendicular to the line of sight and 
more concentrated when tilting the glass as seen in Figure 5.17. With a vertical 
orientation the spacing of the draw lines when tilting the glass will remain the same. 
Using vertical orientation of the draw lines result in very low amplification of the 
refractive power.  

Horizontal draw lines

Vertical draw lines

Viewing angle: 90º
Installation angle: 90º

Viewing angle: 90º
Installation angle: 20º

Viewing angle: 90º
Installation angle: 90º

Viewing angle: 90º
Installation angle: 20º  

Figure 5.17: Draw lines in backlights and windscreens 
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The windscreen has a large surface area. When the driver changes his or her view to a 
direction toward the passenger’s A-pillar, strong vertical draw lines result in optical 
problems similar to the sidelight. [1] 
 
That automotive glazing with an installation angle less than 30 degrees should be made of 
glass with a vertical draw line is common practice [25]. Otherwise, the distortion would 
be immense. Overall, the draw lines should be directed in the car’s line of motion [19].  

5.7.2 Distance to Glass/Object 
The importance of the installation angle is often very well known. Another very 
important factor when studying optical distortions is the effect of distance. The distances 
from the glass to the observed object and from the glass to the viewer are both significant 
to the perceived distortion according to physical laws. Small deviations in the glass 
surface can create large distortions of objects far away, since light travel in straight lines. 
The effect on perceived distortion can be seen in Table 5.1. [4]  
 

Table 5.1: Effects of distance [4] 
  

Distance from glass to viewer  
Short Long 

Short Good Good Distance from 
glass to object Long Good Bad 

 
The effect of the distance from glass to observed object will be investigated further in this 
report. Observations of this phenomenon in a reflecting float glass, made in the office can 
be seen in Figure 5.18. The pictures with long distances on both sides of the glass are 
much more distorted. 

 
Figure 5.18: How distance affect reflection distortion 

5.7.3 Index of Refraction 
The index of refraction will not create any optical distortion of images as long as the 
material is homogeneous and free from distortions in other respects. However, in a glass 
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with already existing distortions, a higher index of refraction magnifies the distortion 
effect, since it controls the deviation of the light. 

5.7.4 Rear View Mirror 
The rear view mirror is normally made of planar glass and will not create any noticeable 
distortions [38]. However, the placement of the rear view mirror could affect the optics. 
A high placement of the mirror causing a down angled line of sight towards the backlight 
would correspond to an even lower installation angle and more optical distortions.  
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6 Method 
This chapter will describe the carrying out process and the methods used in the project. 
Evaluations were made continuously with the supervisors to ensure the work was 
proceeding as expected. 

6.1 Systematic Problem Handling 
The overall development process generally followed the principles for systematic 
problem handling. The work consisted of; searching and using information, handling the 
problem and documentation. Documentation has been a continuous element throughout 
the working process. 
 
The first learning period of searching and using information was in this project relatively 
long due to the low level of prior knowledge and the not fully defined problem. A lot of 
information was handled in order to receive an overview of the problem and what was 
important. To be able to handle the problem in a systematic way, the process was divided 
into three steps; define the problem, investigate the problem and solve the problem, as 
seen in the schematic view in Figure 6.1. These three steps were then divided further into 
elements to obtain a good structure of the working process. [44] 

Search and use information

Handle the problem

Documentation

Formulate the problem

Decide the problem level

Delimit the problem

Divide the problem

Analyse the problem

Specify the problem

Search for problem solution

Choose problem solution

Formulate the product design

Solve the problem

Define the problem

Investigate the problem

 
Figure 6.1: A schematic view of systematic problem handling [44] 

  
This method was used in order to deal with the main problem in an easier way, by 
dividing it into smaller problems. It has been useful in many situations and followed as 
far as possible.  
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6.2 Benchmarking 
Benchmarking is a process used to learn about and evaluate the existing and competing 
products. Benchmarking is usually made within the own sector, but may also be 
motivated in similar sectors of interest. The aim is to gain knowledge about what has 
been done before in order to improve the development of the own product. A correctly 
made benchmarking allows the company to focus on the right things, which brings 
efficiency. Chapter 4 contains a benchmarking of measuring methods for optical 
distortion.  

6.3 Searching for Information 
A large literature study started this project to find out what optical distortion in 
automotive glazing really means. The search for information and literature started on the 
Internet where numerous articles were found concerning the glass of a car, what 
distortion is and how it is measured. A great source was conference proceedings books on 
glassfiles.com, which is produced by Glass Processing Days (GPD). GPD is “an 
independent forum dedicated to development of the global glass industry”. 
 
The Internet was also used in the search for literature concerning human perception of 
optical distortion as well as psychophysical aspects. Most of the optical perception theory 
was found in articles and extractions from books. Several databases were searched for 
literature (3 October 2006) in collaboration with the Swedish National Road and 
Transport Research Institute (VTI): 
 
• International Transport Research Documentation (ITRD). ITRD is an international 

database with references to transportation research literature and research in progress. 
It consists of more than 350 000 references. For more information see: www.itrd.org 

 
• Transportation Research Information Services (TRIS). TRIS consists of more than 

600 000 references to literature and research in progress. For more information see: 
http://ntl.bts.gov/tris 

 
• Society of Automobile Engineering (SAE). SAE “contains information on worldwide 

technical literature on technologies for self-propelled vehicles for land, sea, air, and 
space. Topics include engines, materials, fuels and lubricants, design manufacturing". 
It consists of more than 140 000 references. For more information see:  
http://www.stn-international.de/stndatabases/databases/1mobilit.html 

 
• Scopus is a bibliographic references database with more than 27 million references. 

The database focuses on health and life sciences, technology, social sciences, 
psychology, economy, the environment etc. For more information see: 
http://info.scopus.com/.  

 
• TRAX is the library catalogue at VTI. This database was started in 1976 and consists 

of more than 120 000 references to publications from the 1920’s and forward. TRAX 
is available on www.transguide.org. 

http://www.itrd.org/
http://ntl.bts.gov/tris
http://www.stn-international.de/stndatabases/databases/1mobilit.html
http://info.scopus.com/
http://www.transguide.org/
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Several experts with knowledge in different areas were contacted and meetings were 
arranged with most contacts for discussions and interviews.  

6.4 Psychophysical Methods 
The objective of this report is to find a connection between the technical requirements 
and the human perception of optical distortion in backlights. An important step is to find 
an absolute threshold for what the customer perceive as disturbing. 
 
Perception and subjective impressions are not easily measured with a measuring device. 
Psychophysical methods are therefore used to determine the connection between a 
physical stimuli and the observer’s psychological impression [45]. These methods are 
used to find thresholds within perception psychology. Some of the most known situations 
when psychophysical methods are used are hearing tests and when trying out glasses.  

6.4.1 Method of Constant Stimuli 
One way to find an absolute threshold is to use the method of constant stimuli. The test 
subject is presented a fixed set of stimuli, chosen beforehand. Each stimulus is tested 
many times in a prearranged random order, and each time the subject has to answer 
whether the stimulus is detected or not. For example, the subject is looking through a 
backlight in different angles in order to obtain different amounts of optical distortion. For 
each angle the subject is responding “yes” if the distortion is disturbing and “no” if it is 
not. The result can preferably be presented as a psychometric function as described in 
chapter 5.5.1. Most of the time, the absolute threshold will not be as distinct as in Figure 
5.6. A more plausible result is the S-shaped curve in Figure 6.2. The probability that the 
subject will detect the stimulus increases gradually with the stimulus intensity. Since 
there are no sharp transition for the absolute threshold a reasonable limit of the 
probability for which a stimulus is detected has to be decided. In Figure 6.2 a stimulus 
level of 3.5 corresponds to a 50 percent probability of detection. The percentile is very 
important and has to be carefully picked in order to receive a useful result. [31, 32] 
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Figure 6.2: A plausible result for a psychophysical method [32] 
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This method would probably give the wanted result, but has the disadvantage of being 
time consuming. It would require a large number of trials at each intensity level. Many of 
them would not give any information, since they are far from the threshold. [32]  

6.4.2 Method of Limits 
To avoid spending time on stimulus intensities of no interest the method of limits was 
created during the 19th century. This technique uses ascending or descending series to 
find the transition where the stimulus is just detected or not detected anymore. It starts 
with the stimulus intensity well below or well above the threshold approaching the 
threshold with small steps, stopping when the test subject reports a change. [32] 
 
This method is rather fast, but has also a lot of disadvantages. The method of limits does 
not take the threshold variability into consideration. The absolute threshold is seldom a 
fixed value. It can vary from measurement to measurement. The reason of variability over 
time can, according to the American psychologist Joseph Jastrow, sometimes be 
explained by lack of attention, slight fatigue or other psychological factors. The 
surroundings, such as lightning, background and weather conditions if being outdoors can 
also cause the threshold to fluctuate. Sometimes it can be motivated to use controlled 
background noise to achieve more constant conditions. The method of limits is also 
inefficient, since only the measurements near the threshold yield any information, and 
very few stimuli around the threshold are tested. [32] 
 
Another problem with the method of limits is that it is often easy for the test subject to 
guess what the next stimuli will be. Also by presenting many stimuli far from the 
threshold, adaptation may cause a raise of the threshold. [45] 

6.4.3 Adaptive Testing 
Adaptive testing is a development of the method of limits. To be able to obtain more 
reliable information about the threshold adaptive testing methods stays around the 
threshold by adapting the stimulus presentation after the test subject’s responses. One 
technique often used in these cases is the staircase method, seen in Figure 6.3. Using 
descending series mean that every time the subject reports that he or she detects the 
stimuli the next stimuli intensity will be decreased one step, and when no detection is 
reported an increase of the stimuli intensity follows. Every time a change is reported the 
direction is reversed. This pattern continues until a predefined number of reversals are 
reached. By keeping the stimulus around the threshold fewer “wasted” trials are needed. 
Since the same stimuli intensities around the threshold are tested several times it is not as 
sensitive to threshold fluctuations as the method of limits. [32] 
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Figure 6.3: The staircase method [46] 

 
Adaptive testing is an efficient and reliable method where the sequence of stimulus 
presentation is dependent of the test subject’s responses. Simply increasing and 
decreasing the stimuli intensity one step for each reported change is called a 
1 up - 1 down rule. Sometimes it is more appropriate to use 1 up - 2 down or 
1 up - 3 down in which a sequence of two or three equal responses are required before a 
change of stimulus intensity. [32] 
 
A disadvantage of using the adaptive staircase is the obvious procedure, which is very 
easy to figure out for the test subject. This is not a problem in easy judgements, but close 
to the threshold when the judgement is difficult knowing the procedure will become 
distressing and may lead to answers based on bias rather than perception. Dishonest 
answers due to knowledge about the interdependency can be crucial when studying small 
effects. [46] 
 
The question about where to start the series is not as easy as it seems. To achieve the 
highest efficiency the first stimulus presented should be as close to the threshold as 
possible [46]. Starting too close to the threshold will increase the risk of randomly 
guessing, which would have the opposite effect [45]. Starting far from the threshold will 
cause the test subject to respond with the same answer over and over again until reaching 
the intensities closer to the threshold. With long strings of equal answers the test subject 
may become anxious as he or she expects to answer above and under the threshold 
equally often and therefore on wrong assumptions throw in an opposite answer [45]. 
Long strings are also inefficient, since they yield no information. One way of solving the 
bias problem is to randomly scatter stimuli through the series to discontinue the strings, 
but this would lead to an even greater loss off efficiency and could affect the final 
level [46]. 
 
To prevent these problems, Cornsweet propose to use double staircases, which mean that 
two series are tested simultaneously, independent of each other, as in Figure 6.4. The 
series starts from opposite sides of the threshold each one depending on the previous 
response in its own staircase, randomly switching from one to another. [46] 
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Figure 6.4: The random staircase method with double series [46] 

 
With two simultaneous series randomly mixed it is no longer possible for the test subject 
to predict the following stimulus based on the preceding stimuli. The effects of 
interdependencies in series are greatly reduced and the problem of where to start is 
automatically solved. [45, 46] 
 
The next thing to decide is the step-size. A large step-size will be insensitive and cause 
the test subject to oscillate around the threshold without giving any usable result. A small 
step-size on the other hand will result in long strings and cause inefficiency. Often the 
solution is to use both. By start using a large step-size far from the threshold the number 
of stimuli giving no information is reduced. Closer to the threshold the step-size is halved 
in order to efficiently converge at the threshold level. The test subject will then have easy 
trials moving fast towards the threshold in the beginning, while slowing down achieving 
precision when reaching the threshold. The size of the steps used is preferably decided 
during a pilot study. [45, 46] 
 
For how long should the test continue? Not unexpectedly, more trials will give a more 
reliable result, but will also take a lot of time. To be able to analyse the result it is 
desirable to collect an identical number of measurements from each test subject. Since it 
takes everyone a different number of trials to converge around the threshold, restricting 
the number of trials would be unfair. Instead a predetermined number of reversals will 
decide when to stop. The exact number of reversals depends on the conditions of the 
experiment and has to be decided during the pilot study. [46] 
 
In psychophysical methods the threshold is not a sharp transition, why it would be wrong 
to only use the last received value. To acquire a reliable result the threshold limit is 
calculated as the mean value of the stimuli intensities in the reversals after halving the 
step-size. The big dots in Figure 6.5 represent the values from which the threshold values 
are calculated. The threshold values in this example are 26.25 for both series. [45] 
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Figure 6.5: Calculating the threshold values for the staircase method 

 
Overall, the adaptive staircase-method is very efficient and requires many fewer stimuli 
presentations than other psychophysical methods. [46]  

6.5 Sensory Evaluation of Optical Distortion 
The adaptive staircase-method was used in this study with hope of finding thresholds for 
when people are able to detect distortions in a backlight, and when these distortions 
become disturbing. It would also be possible to specify new requirements for optical 
distortion once the test has been accomplished.  
 
The basic thought with the test was to let people sit and look through a backlight via a 
rear view mirror as in a ordinary sedan (Figure 6.6), while tilting the backlight in order to 
change the level of distortion, letting them decide whether the rear view is OK or not.  

 
Figure 6.6: Testing the backlight at 25 metres 
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6.5.1 Participants 
The test was performed on 20 subjects between 22 and 65 years old with different 
relations to cars and driving. Half of the participants had perceived some sort of distortion 
in automotive glazing before and 60 percent had any kind of known visual defect. All 
participants completed the same test as far as the circumstances allowed and no 
predetermined groupings were made. The participants received no compensation for 
participating in the study. 
 
As input a test driver from Volvo’s TP5 unit participated in the pilot study. His result was 
not included in the final result, since he might not be representative for the group of 
ordinary drivers. However, his result can be seen as a reference to which the test result 
can be compared. 

6.5.2 Test Setup 
The intention with the test was to simulate a normal driving situation as far as possible. 
To be sure that the tests were made under equal conditions it had to be stationary. The 
backlight installation angle had to be adjustable, which is why an ordinary car was no 
option. A backlight was placed in a fixture specially made for this test, constructed to be 
adjustable in height and able to rotate around the backlight’s centre of rotation. The 
backlight used for this test was from a Volvo S80 and contained a known optical defect. 
An inner rear view mirror from a Volvo mounted on a fixture, and a chair was placed as 
in a car. Measurements for the placements and the average eye point were collected from 
Catia files received from Volvo [43, 47]. The test setup can be seen in Figure 6.7. 

 
Figure 6.7: The test setup 

 
To be as close to a real situation as possible a car was placed behind the test rig. The car 
was white with a black grill to obtain the best contrast. The test was made partly outside, 
meaning that the test rig was placed under roof in a 50 meter long corridor, while the 
tailing car was placed outside. By placing the test rig partly indoors the lightning could be 
compared to the lightning in a real car, while the light on the tailing car was real daylight 
to obtain the best contrast. Reflections from the indoor lightning and the floor had to be 
covered with a black fabric.  
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The weather during the test was cloudy with a slight layer of snow on the ground. The 
test was made in Linköping, Sweden, between half past eight in the morning and 
four o’clock in the afternoon during four days in the beginning of February 2007. 

6.5.3 Design 
A within factorial design was employed with two independent variables; V (viewing 
distance from backlight to tailing object) and F (fixation time or viewing time). From 
theory it was known that both the distance from observer to glass and from glass to object 
affected the amount of distortion due to that light travels in straight lines. In order to 
answer the question of how the perception of optical distortion is affected by the distance 
to the tailing car, two distances were tested. They were set to 25 and 75 meters by using 
the well recognised three second rule. These distances are recommended to be used while 
travelling at the speed of 30 and 90 kilometres per hour, respectively. It was also planned 
to test a distance of 150-200 meters, but since the test site allowed a maximum distance 
of 75 meters and the test would have been too time-consuming, it was necessary to limit 
the number of distances.  
 
The problem of optical distortion was first brought up by the internal test drivers. Since it 
is their job to find defects it might be a risk that they are looking in the mirror in a way 
not corresponding to the ordinary driver. It was therefore desired to test the effect of the 
fixation time. It was earlier stated that the average glance time at the inner rear view 
mirror was 0.86 seconds. In order to simulate a real driving situation the test subject was 
allowed to look in the inner rear view mirror approximately one second at time three 
times. It was also tested with free fixation time, which means that the test subjects were 
allowed to look as much as they liked, while moving their head up and down.  
 
Two distances and two fixation times were tested, which mean that the test was repeated 
four times for each test subject. In order to reduce the learning effects, in the meaning of 
that the test subject learns how and where to look, the glance tests were performed first 
before they were allowed to look freely. The final test order began with glance at 
25 meters followed by glance at 75 meters, free at 75 meters and finally free at 25 meters. 
This means that the test rig had to be moved twice for each test subject. In order to have 
the same part of the tailing car in focus, seen through the same part of the backlight for all 
locations, the height of the inner rear view mirror had to be adjusted slightly at 25 meters. 
 
The test is based on the fact that the distortion is extremely linked to the installation 
angle. By tilting the backlight in different angles it is possible to get different amounts of 
distortion. The more tilted backlight, the more distortion. In the sensory evaluation, the 
inclination angle was used as a dependent variable in order to find the thresholds for 
when people are able to detect distortion and when the distortion was perceived as 
disturbing. The method used in the test was the adaptive staircase-method described 
earlier, but with the difference that the two series converge at two different levels. This 
way the advantages of the adaptive staircase-method could be used to find the thresholds 
for both detection and disturbance at the same time. 
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6.5.4 Procedure 
Before the test started the test subject had to complete a questionnaire, seen in Appendix 
A. After completing the questionnaire the test subjects got a short description of the 
upcoming tests. Observe that no details about the adaptive staircase-method were told.   
 
The two simultaneous series started at 70 and 10 degrees, respectively, from the 
horizontal plane. These limits where chosen through testing different angles in the pilot 
study. Distortion should be far from visible at 70 degrees, and 10 degrees was chosen 
since it was the lowest angle possible to see through the backlight with well visible 
distortion. There were four different predetermined orders in how to jump between the 
series, which were randomly used for the different tests for each subject in order to 
reduce the risk for any variances due to interdependencies. 
 
The test subjects should then rate every presented angle with a grade 1-5. The grades 
were split into three groups; grade 1 for when distortion was not visible, grade 2 and 3 for 
when distortion was visible but not disturbing, and grade 4 and 5 for when the distortion 
was visible and disturbing. The reason why there were two grades in the latter groups was 
because the test subject should have the option of more or less. It also increases the 
sensitivity of the result. The grades were used to decide when to reverse the series. The 
series of detection was reversed when flipping between 1 and 2-3, and the series of 
disturbance was reversed when flipping between 2-3 and 4-5. For example in a 
descending series going from 1 to 2 in the detection series meant an increase in 
installation angle, while it had no effect in the disturbance series. The answers were 
written in tables to have control of the different series in an easier way. An example of a 
table can be seen in Figure 6.8. The upper table is controlled by detection and the lower 
by disturbance. 

1 Test subject: 1 Fixation Time: Glance X Free Distance: 25 m 75 m X

Number of Trials: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
70º 1
65º
60º 1
55º
50º 1
45º
40º 1 1
35º 1 1 1
30º 3 3 2
25º
20º
15º
10º
1 = No, I can NOT see any distortion. 2-3 = Yes, I can see distortion, but it does NOT bother me. 4-5 = Yes, I can see distortion and it bothers me.

Number of Trials: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
70º
65º
60º
55º
50º
45º
40º
35º 2
30º 2 4 3 2
25º 4 4 4
20º 5 5
15º
10º 5
1 = No, I can NOT see any distortion. 2-3 = Yes, I can see distortion, but it does NOT bother me. 4-5 = Yes, I can see distortion and it bothers me.
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Figure 6.8: Tables used in the test 
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During the pilot study it came clear that step-sizes of 10 and 5 degrees were suitable for 
this test. 10 degrees gave a rather fast and efficient way towards the threshold level and 
5 degrees were sensitive enough to converge around the threshold. It also showed that it 
was preferable to halve the step-size after two reversals with a 10 degree step-size. 
Furthermore, it came naturally to stop after four reversals after halving the step-size, 
since it often had stabilized around the threshold by then without being time-consuming.  
 
After completing the four tests the subject had to answer some questions regarding the 
test and how he or she felt about the differences. The questions can be found in Appendix 
A. 

6.6 Analysis of Variance (ANOVA) 
The reason for testing the factors V (distance from glass to observed object) and F 
(fixation time) was to investigate how the driver perceives optical distortion in a real 
situation. From the beginning there were suspicions of the outcome of the result. Even if 
the result indicates that there are differences in means between the factors, there is still no 
evidence for an equal result if the test is repeated, unless an appropriate statistical test is 
conducted. 
 
To see if the result were significant the sensory evaluation of optical distortion was tested 
by means of a two-way analysis of variance (ANOVA). A two-way ANOVA is used to 
analyse the effect of two or more individual factors, in this case distance and fixation 
time, by comparing the means of the different groups [48]. Using the same data the 
two-way ANOVA tests the null hypotheses: 
 

1. H0A = Perception of optical distortion is equal for a fixation time of one second 
and unlimited fixation time. 

2. H0B = Perception of optical distortion is equal for the distances 25 and 75 metres 
to the observed object. 

3. H0AB = There is no interaction between the fixation time and the distance to 
observed object. 

 
The null hypotheses are tested against the alternative hypotheses: 
 

1. H1A = Perception of optical distortion is more disturbing for an unlimited fixation 
time than for a fixation time of one second. 

2. H1B = Perception of optical distortion is more disturbing for 75 metres than for 25 
metres to the observed object. 

3. H1AB = There is an interaction between the fixation time and the distance to 
observed object. 

 
A rejection of the null hypotheses for A and B would mean that the factorial differences 
are statistically significant [48]. H0AB tests the interaction between the two factors and 
shows if they can be considered to act independently or not [49]. If H0AB is rejected 



 

 
 
54 

in favour for H1AB the possibility of the two factors having a connection can not be 
excluded [48]. Hypothetically, in this case it could mean that the perception of optical 
distortion was not affected when changing the fixation time, but when at the same time 
changing the distance an effect could be seen. 
 
To find out if the null hypotheses can be rejected an F-ratio needs to be calculated for 
each hypothesis, where F is the respective mean squares divided by the error of mean 
square. An F-value of about 1 indicates that the null hypothesis is correct and can not be 
rejected, while a large F-ratio means that the null hypothesis can be rejected in favour of 
an alternative hypothesis. The limit of when the F-ratio can be considered as large is 
controlled by the significance level and is given by P. Normally a 0.05 or a 0.01 level is 
used, which means that P should not exceed this value to be able to reject the null 
hypotheses. For example a 0.05 limit for factor A would imply that it is sure to at least 95 
percent that the perception of optical distortion depends on the fixation time and not on 
stochastic processes, while 0.01 gives a certainty of at least 99 percent. [48] 
 
The interested reader can find the details about the two-way analysis of variance in the 
book “Statistics and Data Analysis” by Tamhane and Dunlop [48]. 

6.7 Analysis of Today’s Requirements 
The result from the sensory evaluation of optical distortion is given as installation angles 
for the different thresholds of the tested backlight. Since every backlight has its 
individual characteristics it is desirable to find a general unit to be able to use the result in 
requirements for every backlight. 
 
A problem with the old requirements is that a backlight that passes the zebra test without 
remarks still can show unsatisfying optical distortion. To see how well the old 
requirements is connected to the human perception of optical distortion a translation of 
the test result to the zebra scale was needed.  
 
The backlight used in the sensory evaluation test was transported to Saint-Gobain Sekurit 
in Eslöv for measurements with the Zebra method. It was measured in the inclination 
angles between 10 and 35 degrees with steps of 2.5 degrees. Every angle was measured 
twice from which a mean value was calculated in order to obtain a more reliable result. 
This made it possible to create a translation graph where the deviations were plotted 
against the installation angle. The comparison of the graph and the result from the 
sensory evaluation will result in the relation between the old requirements and the human 
perception of optical distortion. 

6.8 Towards New Requirements 
All from the beginning there has been a desire of developing a new improved measuring 
method for optical distortion in backlights. Since the methods used today are either 
insufficient or too expensive, the optical requirements for backlights have been left 
behind.   
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Known methods do not always correspond with what the human eye perceives. 
Subjective evaluations and vague requirements are therefore often used in this area. 
Measurements are usually made and evaluated manually by an operator. A first step is to 
make the measurements more objective by finding a way to measure and evaluate the 
distortion automatically, independent of the operator’s judgements. INNOMESS is a 
system that is commonly used today for windscreens, but it is expensive and seldom used 
for backlights. There is also a need to measure dynamic optical distortion to measure 
what the driver actually perceives. Many measuring methods have problems with the 
heating wires in the backlight as well. 
 
These needs led to the development of an alternative method for measuring optical 
transmission distortion in backlights in a laboratory. The purpose was to get a more 
objective and dynamic method for a reasonable cost. An easier and faster method that 
controls the whole glass will provide a more reliable result than an operator that estimates 
the largest distortion. In order to keep the cost down the focus was to develop an offline 
method. 
 
A lot of information was collected from literature and articles. In the beginning other 
areas such as lenses, cameras, glasses, and airplanes were investigated to see if any 
methods used in other applications could be of use in the automotive industry. Contact 
with optical experts such as professors in applied optics, the lens manufacturer Essilor 
and of course the glass manufacturers were established. Rather quick there was a new 
turn. Since the backlight is not a perfect shaped lens it was hard to implement the theories 
for lenses and cameras on backlights. Contacts with the aircraft industry provided no new 
ideas, since mostly subjective methods were used. 
 
After the benchmarking the decision to concentrate on improving existing methods came 
naturally. There are years of research and development by experts in the glass industry 
behind the new advanced measuring methods. It would not be reasonable to think that 
something totally new and revolutionary would come out from this short investigation. 
With the old zebra method in mind the development continued with searching for 
alternatives for the automatic measurements.  
 
The idea of using a high resolution camera, photographing a grid pattern and analysing 
the points of intersection came alive, while reading the instructions of how to track lines 
and their points of intersection in an image with the help of Matlab. In discussions with 
the Computer Vision Laboratory at Linköping University it came to light that a program 
existed with the possibility to find the points of intersection in a chess pattern. After some 
minor tests it was decided to continue with the idea of photographing a chess pattern 
through the backlight. 
 
The result from the sensory evaluation of optical distortion has been translated to the old 
zebra method. To be able to use the new improved measuring method it is necessary to 
translate the result into the new units as well. 
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The backlight used during the test was again placed in the fixture. The fixture was then 
placed in between the chess pattern and the camera with four metres on each side as seen 
in Figure 6.9. The chess pattern was photographed through the backlight with a 
Canon EOS 20D with 8.2 megapixels and a 50 millimetres macro lens. It all took place 
outside in a south-to-north direction in order to achieve good light conditions with as few 
cast shadows as possible. The backlight was then photographed in every 2.5 degrees 
between 10 and 35 degrees. This was repeated in three different heights of the glass for 
the dynamic measurements. An animation of these pictures, for one series, can be found 
here. The animation shows an increase of distortion for smaller installation angles.  

 
Figure 6.9: Setup of camera, backlight in fixture and chess pattern 

 
The pictures were analysed in Matlab with an already existing function to find the points 
of intersection. Another function had to be written in order to calculate the distances and 
the distortion angles between the points of intersection. This function also compared each 
and every square in two separate pictures to find the dynamic distortion. The code for this 
function is available in Appendix B. A total of 33 pictures, like the one in Figure 6.10, 
were analysed and the three series were compared to each other. 

 
Figure 6.10: Picture of the chess pattern through the backlight 

 
The image handling and the analysis was made by hand, since there is no finished 
program to do this. The pictures had to be black and white and cropped so that only the 
chess pattern was visible. In a final measuring method this should be fully automated.  

http://www.diva-portal.org/diva/getDocument?urn_nbn_se_liu_diva-8709-1__movie_part-2.mpg
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7 Results 
The following chapter presents the results from the tests and analyses carried out within 
this project. It also contains a description of an alternative measuring method, as an 
alternative to the existing and new more advanced methods. The result within this 
chapter applies to the backlight in the new Volvo S80 (Y286) and no other car. However, 
as the result of the sensory evaluation is connected to the measuring methods the 
backlight model has no influence, since only the amount of distortion is of interest. 

7.1 Sensory Evaluation of Optical Distortion 
The result of the test came out as expected, with some exceptions. It was shown that both 
the distance and the fixation time affected how distortion was perceived. A longer 
distance and/or a longer fixation time will, for most people, increase the amount of 
distortion seen through the backlight. 65 percent of the test subjects thought it was easier 
to detect distortion from 75 metres, 20 percent thought it was easier to detect distortion 
from 25 metres, and 15 percent did not see any difference. More comments from the test 
subjects can be found in Appendix C. The exceptions from the expected result were that 
some found it easier to detect the distortion from a closer distance and some of the test 
subjects detected distortion at very large inclination angles.  
 
The threshold values for every test subject of the four different sub-tests were brought 
together in a box plot seen in Figure 7.1 in order to get an overview of the results.  
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Figure 7.1: Box plot for the results 
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The box top and bottom represents the 25th and 75th percentiles for the test group. The 
median for each sample is illustrated with the red line within the box. When the median is 
near the edge as for “Glance 25” the result is imbalanced. The dashed lines define the rest 
of the sample, where the endpoints are the minimum and maximum values. The plus sign 
seen over “Glance 25” is a so called outlier, which is a value that differs more than 
1.5 times from the values between the 25th and 75th percentile. The notches are 
illustrating the confidence interval for each group. 
 
The raw data collected from the test was analysed in Matlab. Graphs of the distribution 
were created using a cumulative distribution function (cdf). Figure 7.2 shows the raw data 
(Empirical cdf) as a stair and the approximation to these data (Normal cdf) as a line. 
A total of eight graphs were created; four for the disturbing level and four for the 
detection level. These graphs can be found separately in Appendix D or in the 
comparison charts (Figure 7.3 and Figure 7.4). 

0 5 10 15 20 25 30 35 40

0

10

20

30

40

50

60

70

80

90

100

Disturbing Distortion at Glance 75 m

Installation angle (degrees)

Pe
rc

en
t t

ha
t d

o 
no

t f
in

d 
th

e 
di

st
or

tio
n 

di
st

ur
bi

ng
 (%

)

Empirical cdf
Normal cdf

 
Figure 7.2: Disturbing Distortion at Glance 75 m 

 
The graph with the disturbing level of distortion for all four series (glance at 25 metres, 
glance at 75 metres, free fixation time at 25 metres and free fixation time at 75 metres) is 
shown in Figure 7.3. This is the most interesting graph from the test as it shows the 
percentage of the sample that do not find the optical distortion disturbing for a certain 
installation angle. The most important series are “Glance 25” and “Glance 75” (the 
dashed lines), since they represent an imitation of a real driving situation. For example, 
the 70th percentile (where 70 percent of the sample do not find the distortion disturbing) 
for glance at 75 metres corresponds to an installation angle of about 21.5 degrees, which 
is close to the real installation angle of Volvo S80 (21.7 degrees). This means that 
30 percent of the sample finds the optical distortion disturbing at today’s installation 
angle. All percentiles presented below are referring to the “Glance 75” curve in Figure 
7.3 if nothing else is said. 
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Figure 7.3: Disturbing level of distortion  

 
The result for the detection level of distortion varies a lot for each series. Reasons for this 
are discussed in chapter 8.4. The same installation angle that was used in the example 
above (21.5 degrees) corresponds to the 15th percentile for glance at 75 metres in Figure 
7.4. In other words, 85 percent of the sample sees the optical distortion at today’s 
installation angle.  
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Figure 7.4: Detection level of distortion 
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Every grade collected during the test, a total of 1,718 grades, was brought together to get 
a mean value for every tested angle. These mean values are shown in Table 7.1. 
Measurement test values above 70 degrees have been removed, since they are irrelevant 
in the search for the disturbing level of distortion. The number of grades collected for 
each angle can be seen in Table 7.2. The border between disturbing and non-disturbing 
distortion is hard to define, but looking at the grades it should lie between 3 and 4. If a 
grade of 3.3 (approximately the 70th percentile) is chosen as disturbing, it means that an 
installation angle of about 18 degrees is disturbing in the “Glance 75” series.  
 
Table 7.1: Angular grades from the sensory evaluation 
 
 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 4,02 2,93 2,25 2,37 1,43 1,45 1,17 1,56 1,25 1,50 1,20 1,22 1,16
Glance 75 4,79 3,80 3,05 2,25 1,73 1,40 1,29 1,25 1,32 1,29 1,24 1,57 1,21
Free 25 4,61 3,80 3,10 2,43 1,58 1,56 1,30 1,45 1,21 1,00 1,22 2,00 1,39
Free 75 4,97 4,04 3,67 2,85 2,19 1,33 1,38 1,29 1,37 1,46 1,17 1,25 1,28
 
Table 7.2: Number of grades per angle, a total of 1,718 grades 
 
 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 86 54 73 35 47 20 35 9 32 10 30 9 25 
Glance 75 48 46 80 40 52 25 34 16 31 7 29 7 29 
Free 25 49 41 70 37 40 18 33 11 28 4 23 2 31 
Free 75 33 24 70 53 64 24 34 14 35 13 29 4 25 
 
The tables above include the grades from both the detection and the disturbing series. 
They can be found separately in Appendix E, since they differ relatively much.  

7.2 Analysis of Variance (ANOVA) 
The results so far have shown an indication about the threshold of optical distortion. In 
Figure 7.3, it is also possible to see that there is some kind of difference between the 
factors that were tested. The differences were confirmed by the two-way analysis of 
variance. Table 7.3 shows the resulting values from the significance test.  
 
Table 7.3: The ANOVA table for the disturbing level of distortion 
 
Source SS df MS F Prob>F 
Fixation Time 271.95 1 271.953 12.08 0.0008 
Distance 350.7 1 350.703 15.58 0.0002 
Interaction 7.81 1 7.813 0.35 0.5575 
Error 1710.47 76 22.506   
Total 2340.94 79    
 
The very low p-value 0.0008 and the F-value of 12.08 for the fixation time indicate that 
the differences between the groups are highly significant and that the null hypothesis H0A 
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can be rejected in favour for H1A. Consequently, the perception of optical distortion 
according to this test does depend on the fixation time. The distance has an F-value of 
15.58, which is well above 1. The p-value of 0.0002 mean that the probability that the 
null hypothesis is true is less than 2 in 10,000. The test therefore strongly supports the 
idea that the perception of optical distortion does depend on the distance to the observed 
object. Still remaining to investigate, is the possibility of an interaction between the 
fixation time and the distance. The F-value of 0.35 is relatively close to 1 and the p-value 
of 0.5575 is far from the significance level of 0.01 or even 0.05. This means that the null 
hypothesis H0AB can not be rejected, and that there is no evidence of any interaction 
between the fixation time and the distance to the observed object. 
 
The result of this two-way analysis of variance is that optical distortion in backlights is 
more disturbing over longer distances and during longer fixation times. In order to imitate 
a real driving situation and receive a reliable result, the driver’s perception of optical 
distortion should be based on the “Glance” series. Since the result indicates that there is a 
difference in perception of optical distortion in backlights depending of the distance, the 
worst case scenario should be used. In this case it is 75 metres. The series from the 
sensory evaluation of optical distortion that should be used in further investigations is 
“Glance 75”.  

7.3 Connection to the Zebra Method 
The measurement of the backlight with the Zebra method together with the test results 
above gives a hint of how today’s requirements are connected to human perception of 
optical distortion. The result of the Zebra method measurement is shown in Figure 7.5. 
A centreline is drawn at 12, since the lines in the Zebra pattern are 12 millimetres thick. 
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Figure 7.5: Linear-in-the-parameters regression for the Zebra method 
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Each ring in the figure represents a mean of two test values. The blue rings represent the 
width of the thickest line in the Zebra pattern and the red rings represent the thinnest line. 
Matlab was used to calculate the “linear-in-the-parameters” regression, which is an 
approximation of the points that result in the blue and the red curve. Today’s requirement 
(12 ± 5 millimetres) is represented by the white area.  
 
It is clearly visible that today’s installation angle is well within the 12 ± 5 millimetres 
limit. With these requirements it would be possible to have an installation angle of 
16.6 degrees with the current backlight and still pass without remarks. Though, 
comparing the result from the sensory evaluation test with the data collected with the 
Zebra method indicates that the requirements are inadequate. At an installation angle of 
16.6 degrees, 68 percent (the 32nd percentile) of the population would find the distortion 
disturbing.  
 
Figure 7.6 shows the direct connection between today’s requirements and the percentile. 
As said above, the installation angle of today for the Volvo S80, which is shown in 
Figure 7.5, represents the 70th percentile. If this percentile is chosen to set the bar, the 
requirements would need to be increased to 12 ± 3 millimetres. As a reference, the test 
driver from Volvo’s TP5 unit would need requirements of about 12 ± 2 millimetres, 
which represents the 96th percentile. If the requirement instead was set to 
12 ± 4 millimetres it would correspond to the 50th percentile. The introduction of new 
requirements for the Zebra method depends greatly on the choice of percentile.  
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Figure 7.6: Connection between today’s requirements and the percentile 
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7.4 Alternative Measuring Method for Backlights 
The following description contains examples of how it is possible to measure optical 
transmission distortion in a laboratory with this method. The arrangement seen in Figure 
7.7 is similar to the old zebra method in order to reduce the change over time and the 
cost.  

Backlight

Chess Board

High Resolution Camera

Installation Angle

Adjustable
Height

Analysis
Software

 
Figure 7.7: The arrangement of the proposed method 

7.4.1 Chess board 
The projector screen is replaced with a fixed black and white chess pattern. Research 
made by Toyota Motor Corporation and a small feasibility test in this project have shown 
that a quadratic grid has the highest sensitivity to the human visual sense. When using an 
automatic analysis of this type a chess pattern is preferred, since there are methods 
available for finding the points of intersection in such patterns. All the technical 
advantages using a grid are unchanged for a chess pattern since the information is in the 
points of intersection and at the borders. The method is able to measure optical distortion 
in both vertical and horizontal direction. With a chess pattern the heating wires are no 
longer a problem, since the program searches only for squares. If the heating wires 
anyway would disturb the measurement it would be possible to use a coloured chess 
pattern and then only register the right colour. 

7.4.2 Glass 
The backlight is placed parallel to the grid board in a device so that the centre of the 
backlight is placed midway (4 metres) between the grid board and the edge of the lens of 
the camera. The distances are unchanged from the old zebra method to have the 
possibility to change between the methods and use the same existing room. For dynamic 
measurements, the holding device has to be adjustable in height. Preferable several 
locked positions are prepared. The backlight is measured in its installation angle. 
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7.4.3 Camera 
The camera is a high resolution camera that registers the chess pattern through the glass. 
Automatic measurements will reduce the measuring time and give an objective result. 
The camera is placed at a distance of 8 metres from the grid board. Eventually, the 
adjustable device for dynamic measurements can be used on the camera. 

7.4.4 Analysis Software 
Special developed software analyses the pictures from the camera and immediately 
delivers the resulting values and a judgement. First of all, the software contains a script 
eliminating the lens distortion of the camera. A program traces the lines formed by the 
squares in the chess pattern, calculating the coordinates of the points of intersection and 
the gradient of the lines between the points of intersection. With these values it is easy to 
calculate all the needed parameters. The software will compare the image to a picture 
without the glass.  
 
In dynamic measurements a series of pictures is taken by varying the height of the glass 
or the camera. The values from these pictures are evaluated with respect to each other and 
the software returns a value of the rate of change. A rough sketch of how the interface 
could look like can be seen in Figure 7.8.  
 
The software gives a clear indication of whether the glass is approved or not. The only 
job for the operator would be to place the glass in the fixture and make sure that the 
pictures are taken correctly. The analysis program will then do the entire job and deliver 
the final result both visually and in values with a final judgement. The result can be saved 
and used for evaluation of the manufacturing process.  

 
Figure 7.8: A rough sketch of the interface, with a lot of possibilities 
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7.4.5 Result Analysis 
The parameters that can be controlled with this method are the gradient, the distortion 
angle and the deformation in both horizontal and vertical direction. Moreover, the 
dynamic distortion can be controlled by comparing several images.  
 
The gradient that is a rate of inclination can be calculated between the points of 
intersection, as seen in Figure 7.9. This gives a precise examination of the degree of 
deviation from a horizontal or vertical plane. 

 
Figure 7.9: The gradient can be calculated on the lines between the points of intersection 

 
The distortion angle is defined as the angle between the points of intersection as in Figure 
7.10. This represents the total change of direction between the points of intersection in 
horizontal and vertical direction.  

Distorted Not Distorted

Distortion
Angle

 
Figure 7.10: The distortion angle is measured between the points of intersection 

 
The most relevant control of optical distortion in backlights with this method is probably 
achieved by measuring the deformation, which is calculated from the displacement of the 
points of intersection. The distance between the new points of intersection is compared to 
the expected distance as in Figure 7.11. The difference is a measurement of deformation.  
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Original points of intersection New points of intersection  
Figure 7.11: Points of intersection in the chess pattern 

7.4.6 Costs 
This method is developed to be an inexpensive alternative to the more advanced 
measuring methods on the market. It requires four investments; a camera, a height 
adjustable fixture, a computer and the software.  

7.5 Using the Chess Method 
The maximum and minimum distance between the points of intersection for each 
installation angle was found by analysing the pictures separately. The result is shown in 
Table 7.4 and Figure 7.12. The series in the table refers to different heights of the 
backlight (a difference of ten millimetres per step) and the maximum or minimum value. 
The bold values represent the extremes and are used in Figure 7.12. 
 
Table 7.4: Separately analysed pictures to find max and min distortion 
 
 10º 12.5º 15º 17.5º 20º 22.5º 25º 27.5º 30º 32.5º 35º 
Series 1 Max 38.7 35.7 35.7 35.7 35.2 33.7 32.7 33.2 32.7 32.7 32.2 
Series 2 Max 36.7 38.2 37.7 34.7 34.2 33.2 33.7 32.7 32.2 33.2 32.2 
Series 3 Max 37.2 38.2 35.2 34.2 34.2 33.7 33.7 32.7 32.2 32.2 31.7 
Series 1 Min 17.9 22.8 22.8 21.8 23.3 24.8 26.3 25.8 26.3 26.8 26.8 
Series 2 Min 19.3 18.3 19.8 23.8 24.8 25.8 25.3 25.8 27.3 26.8 27.3 
Series 3 Min 13.4 19.3 21.3 23.8 23.8 24.3 25.3 26.3 26.8 27.3 27.3 
 
The centreline is drawn at 30 on the y-axis in Figure 7.12, since the squares in the chess 
pattern are 30 x 30 millimetres. The blue points represent the maximum values from the 
three series and the red points represent the minimum values from the three series.  
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Figure 7.12: Linear-in-the-parameters regression for the new method 

 
For example, the longest side of a square (38.7 millimetres) for an installation angle of 
10 degrees was found in the first series of pictures. The shortest side of a square 
(13.4 millimetres) for the same installation angle was found in the third series. Pictures of 
the chess pattern without the backlight were also analysed. A maximum value of 
31.7 millimetres and a minimum value of 28.8 millimetres were found, where it should 
have been 30 millimetres. The values differ relatively much because the function that 
tracks the points of intersection is not accurate enough. The function is discussed in 
chapter 8.3. 
 
The dynamic distortion is found by comparing the pictures from different heights. The 
largest differences in millimetres between two pictures are found in Table 7.5, and the 
extremes (bold values) are used in Figure 7.14. These are absolute values and represent 
the largest change in size of one square. The chess pattern without the backlight was also 
tested. The maximum value between two distortion-free pictures was 2.0 millimetres 
(should have been 0 millimetres), which once again shows the inaccuracy of the Matlab 
function.  
 
Table 7.5: Comparison of three series to find the dynamic distortion 
 
Comparison 10º 12.5º 15º 17.5º 20º 22.5º 25º 27.5º 30º 32.5º 35º 
Series 1 & 2 15.86 16.36 14.38 10.90 8.92 6.44 4.95 5.45 4.46 3.96 2.97 
Series 1 & 3 18.84 12.39 9.42 10.90 11.40 8.92 6.44 5.45 4.95 5.45 4.46 
Series 2 & 3 22.31 16.85 12.39 10.41 7.43 6.44 5.95 4.95 3.96 3.47 2.97 
 
A huge difference in square size was found in the comparison between the second and 
third series for an installation angle of 10 degrees. This is displayed in Figure 7.13, where 
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the middle row is drastically diminished. This effect appeared by lowering the backlight a 
single centimetre. The grey spot in one of the white squares was used as a marker to keep 
track of the squares. The red dots are plotted by Matlab and represent the points of 
intersection. At this angle the distortion is so great that the edges of some of the squares 
get smudged. 

 
Figure 7.13: Pictures from the second (left) and third (right) series 

 
The maximum values for each installation angle in Table 7.5 were plotted in Figure 7.14 
to visualize the effect of the dynamic distortion. The dynamic measuring method would 
need a larger tolerance than a method for a single picture, like the Zebra method.   
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Figure 7.14: Linear-in-the-parameters regression for the dynamic distortion 
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8 Discussion 
The purpose of this project was to pave the way for new technical requirements, for the 
optics of backlights, by obtaining a complete picture of how optical distortion occurs, 
how it is measured and how it is perceived by the driver. The used methods, the theory, 
the results and the questions stated in the beginning of this report will be discussed in this 
chapter.  
 
The focus in this project was on the backlight, mainly because the lack of well specified 
requirements for backlights. However, it has been difficult to neglect the windscreen and 
the sidelights during the work, since the step between the parts is not long. Many theories 
and results in this report can be seen in a more general point of view, and with small 
adjustments it could be possible to implement these methods also for sidelights and 
windscreens. 

8.1 A Small Feasibility Study 
The basic idea of this study was to find which type of pattern that is most sensitive to 
distortion when it comes to human perception, and then use that pattern in the sensory 
evaluation test. The test included circle, line and grid patterns with different levels of 
distortion. The patterns used in this study are shown in Figure 8.1.  

Circles Lines Grid

 
Figure 8.1: Patterns used in the feasibility study 

 
The conclusion that could be drawn from the result of this study was that humans are 
more sensitive to distortion in grid patterns than line or circle patterns. 80 percent thought 
it was easiest to find distortion in grid patterns. The grid pattern was then supposed to be 
used for the sensory evaluation test, but since the test should simulate a real driving 
situation, where grids are not normally present, it was decided to discard this idea and use 
a real car instead. 

8.2 The Human Perception of Optical Distortion 
The problem of optical distortion is within this report based on what the driver perceives 
during driving. Transmission distortion is important considering safe driving and the 
driver’s enjoyment of the ride. Reflection distortion on the other hand does not affect the 
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driver in the driving situation to the same extent. However, reflection distortion is more 
apparent to an observer from outside the car and should not be forgotten. Reflection 
distortion can affect the customer (often unconsciously) when looking at the car, which 
may influence the purchase decision. 
 
The human vision is very complex. Most people are waking up every day taking it for 
granted that the world appear in front of them, without any closer thoughts about why and 
how it works. It is not an easy task to create a model for how the human eye perceives 
optical distortion. Not only because the many factors affecting the perception differ from 
time to time, but also because of the individual differences. What also makes it difficult is 
the fact that it is not a static scene. A statically deformed image is often accepted in a 
whole different way than a dynamic scene in constant change, as during driving. The fact 
that the optical distortion perceived during driving is dynamic is one of the most 
important factors to consider when measuring what the driver perceives.  
 
Effects like illness and confusion can be a problem if distortions are present in areas with 
long visual fixation times. This is not the case with the backlight. The visual fixation time 
is probably too short to induce any feeling of sickness. Instead it is plausible to believe 
that the most common reaction to optical distortion in backlights is irritation, which was 
partly confirmed in the sensory evaluation test. 
 
The optical distortions present in Volvo’s backlights today are probably too local to cause 
any object not to be seen or to affect the distance perception, but there are still reasons to 
believe that they are a source of irritation, which is not acceptable for a car in the 
premium class. 
 
Some distortions seen in the backlight by the driver, via the rear view mirror, may not be 
perceived by the passengers. The driver’s viewing distance to the backlight is the distance 
between the backlight and the rear view mirror added to the distance from the rear view 
mirror to the driver’s eyes. This difference in distance can be enough to distort the 
driver’s image, but not the passengers’. 
 
As mentioned in the report the eye adapts very well to the different situations, and that it 
is tolerant for errors in the retinal image, trying to correct them where it is possible. It is 
possible that the driver with time could become accustomed with the optical distortion 
present in the backlight and in some way learn to accept it. Probably more than if the 
same distortions would have been visible in the windscreen due to a much lower fixation 
frequency in the backlight. However, even if a customer has learned to accept the visible 
distortions in the present car it is reasonable to think that it could be a negative factor 
when buying a new car.  

8.3 Measuring Optical Distortion 
How optical distortion is measured in general depends on what the glass is used for. 
Measuring optical distortion in backlights is quite inaccurate and ineffective. The 
methods that are used today – the Zebra method and the technical regulation – are both 
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depending on the operator. They are also subjective in the matter that the operator decides 
where the greatest distortion is located. It is possible to reach some accuracy by 
measuring on several locations, but there is always a possibility to make false 
measurements. As seen in Table 7.4, the values differ (sometimes a lot) when the height 
of the backlight is changed. This happens when the distortion field in the glass hits the 
chess pattern in different locations. It would most likely give a similar result for the Zebra 
method if the backlight was raised or lowered a centimetre. This speaks for a dynamic 
method since it is more likely to find the true maximum/minimum value if more than one 
picture is analysed. 
 
A reason why some people found the optical distortion disturbing, for as low values as 
12 ± 2 millimetres in the sensory evaluation test, could be that the Zebra method does not 
consider the dynamic aspect of distortion. As shown in the test the distortion is found 
much earlier in a dynamic situation than in a static situation. A method that could tell 
how the dynamic distortion appears in a backlight would be of great use. The method 
used in this project was supposed to be similar to the Zebra method in order to reduce the 
cost for implementation. It is an alternative to the new more advanced methods on the 
market. 
 
The Chess method shows in the result that it is fully possible to measure dynamic optical 
distortion with fairly simple equipment. Advantages with this method are; objectivity, 
independence of an operator, always finding the maximum distortion, and dynamic 
situations are taken into consideration by analysing sequential pictures. Though, some 
improvements have to be made if this method should be used in production. The hope 
was that the function that tracks down the points of intersection would have been better 
than it was. As seen in Figure 8.2, which is a magnified picture of the chess pattern 
without the backlight, it often misses the points with about 0.5 to 2 pixels.  

 
Figure 8.2: Close-up of the points of intersection 

 
This Matlab function was used as a first tryout of the Chess method, despite the 
inaccuracy, since there were no other options. The method was not in any way modified 
or adapted to suit this application. For further use it is recommended to adjust the method 
especially for this use. Perhaps there is a better way of finding the points of intersection 
in a chess pattern or a grid of some sort. Further investigation is needed in this area. 
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A test was made which showed that the accuracy of the Matlab function can be improved 
by increasing the resolution of the analysed image. The relative fault is decreased, since 
there are more pixels in the image. However, it still misses the points of intersection with 
up to 1 pixel. 
 
The sensitivity of the Matlab function is 0.5 pixels. One square (30 millimetres) in the 
chess pattern represents an average of 30.25 pixels in an 8.2 megapixels picture. Using a 
camera with a higher resolution would increase the sensitivity of the method, but it would 
be quite expensive. It would be preferable to improve the existing Matlab function or find 
a new function.  
 
The major problem with the distortion in the backlight of Volvo S80 is that the distortion 
field is located in the primary gaze area. If it had been located in the secondary or tertiary 
gaze areas it probably would not have been as disturbing. This is why an introduction of 
an A-zone should be discussed. Today there are two zones in the backlight; a C-zone near 
the edge and a B-zone for the rest of the backlight. Three zones with different 
requirements would perhaps be needed, since great distortions interfere more with the 
driver’s field of vision if they are located in the centre of the backlight. Parts of the 
backlight that are hidden behind headrests do not need the same requirements as the 
centre of the glass.  
 
As mentioned in the report, there are new advanced measuring methods on the market. 
The INNOMESS system by Isra Vision and PowerView developed by Pilkington are 
examples of advanced methods that are able to measure transmission distortion in 
backlights. These methods are probably very good and might be suitable for this 
application. However, these methods have not been available for further investigations 
during the project and could therefore not be used or evaluated in more detail. It would be 
very interesting to translate the result of the sensory evaluation into millidioptres with 
these methods and investigate how they are dealing with dynamic distortion. 

8.4 The Sensory Evaluation of Optical Distortion 
The sensory evaluation of optical distortion was an attempt to find answers to several 
questions at the same time. The main goal was to find the threshold for when the 
perceived optical distortion becomes disturbing for the driver. The result was thought to 
underlie the optical requirements for backlights in order to find a better connection to 
human perception of optical distortion.  
 
Except for the disturbing threshold, the threshold of when the optical distortion is 
detected was tested. It turned out that many people had trouble knowing how to look and 
if any distortions were present around the detection threshold. This gave a rather wide 
spread result for the level of detection. It is possible that the individual differences have a 
greater influence on the result when testing such diffuse levels.  
 
It was also found during the test that the backlight distorted the image seen through the 
glass even at large inclination angles and with the backlight in vertical position. It seemed 
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like the backlight functioned as a lens that distorted the whole room. This made it harder 
to determine if the seen distortion was due to the known defect or the lens effect. The 
heating wires are also a probable cause of these unwanted effects for large inclination 
angles as they interfere with the image seen through the glass. When it came to detecting 
the distortion, these effects may have affected the result. This was also was expressed by 
some of the test subjects, as seen in Appendix B.  
 
The disturbing threshold was in general found faster than the detection level. One thing 
that was noticed during the test was that when stopping the disturbing series after four 
reversals, and continuing only with the detection series, it became harder for many 
subjects to find the threshold. The series tended to run away and the effects of long series 
started to show. To solve this problem the two series was continued until both had four 
reversals, while the result was recorded for the unfinished one only.  
 
Of these reasons the detection threshold has got very little attention in the result. It is hard 
to say if the result had been different if the disturbing level and detection level had been 
tested separately.  
 
The test driver from Volvo corresponded to the 96th percentile, which cannot be 
considered as representative for the general public. One explanation could be that it is his 
job to find faults and he is therefore more used to the situation. Almost half of the test 
subjects had never seen any distortion before the test, since people in general never really 
search for distortion in their automotive glazing. The test focused on finding the 
distortion in the backlight which caused a different behaviour of the test subjects 
compared to a normal driving situation. Normally they would not have searched 
specifically for distortions, and if the attention had been drawn to something else, such as 
driving, the sensitivity for distortions would probably have been decreased. This effect is 
hard to avoid when measuring perception of optical distortion. The one thing to do is to 
have this problem in mind when using the result. 
 
As in every study the number of participants should be as high as possible to provide a 
reliable result. Often the time is weighted against the benefit of a large sample. Normally 
at least 100 participants are desirable, but since the adaptive staircase-method is testing 
the same values several times the number could be greatly reduced without loosing too 
much of the reliability. From 20 test subjects, 1,718 test values were gathered, of which 
most were located around the thresholds. That is hopefully enough to receive a reliable 
result. Nevertheless, it was found that one test subject could affect the result quite a lot 
where there are fewer measurement test values. Performing the test with 100 test subjects 
in a situation that imitate a real driving situation better than this one would provide a 
better and more reliable result. 
 
The test would probably have been closer to reality if it had been possible to sit in a real 
car driving in a moving environment. That was unfortunately impossible, since there is no 
car with a variable installation angle. It would also have been very time consuming and 
difficult to keep the test under equivalent conditions. 
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The beginning of the test was meant to imitate a real driving situation where the test 
subjects only were allowed to look in the rear view mirror for about a second at a time. 
This was not easy to control. The fact that the test subjects did not have any driving to 
focus on in the test resulted in that many of them looked longer than one second at a time. 
In spite of this, the result showed a significant difference in perception of optical 
distortion for the two fixation times. Anyhow, there are reasons to believe that the 
difference between the fixation time thresholds is even greater in reality. Together with 
the fact that the test subjects were searching for distortion it will most likely have an 
influence on the result, meaning that in a real life driving situation the subjects would 
detect or be disturbed by the distortion at smaller inclination angles. This might be 
compensated with using a lower percentile. 
 
The participants were chosen randomly, since the target group is very wide. The test 
showed some tendencies of that test subjects with visual defects were slightly less 
affected by the optical distortion than subjects with perfect sight. A similar result was 
received for increasing age. These differences were not investigated further since more 
samples within each group would be needed for any conclusions. However, it might have 
an effect on the result and it could therefore be interesting to consider using only test 
subjects within a certain group when using few subjects. 
 
Some of the subjects found it hard to maintain their level of judgement throughout the 
test. That could most definitely affect the result but there is no way of saying how. 
Though, it felt like most subjects were consistent with their judgement. 
 
There was an expressed desire from Volvo to investigate the effect of the distance to the 
observed object on the driver’s perception of optical distortion. It would of course have 
been preferable to test several different distances to be able to investigate a possible 
linear relation. From the beginning it was planned to test four different distances; one 
directly behind the test rig, one corresponding to the recommended distance when driving 
in 30 kilometres per hour, one corresponding to 90 kilometres per hour and one far 
behind. However, four distances would mean that every subject would have needed to 
perform the test eight times, since there were two different fixation times to be tested. 
This would have been way too time-consuming for this project, and it would also have 
been hard for the subjects to keep the focus for such a long time.  
 
The distortion field of the tested backlight is located slightly above the centre in the glass. 
In order to preserve the distortion field on the grill of the car seen through the glass, for 
both 25 and 75 metres, the height of the rear view mirror had to be adjusted. It was raised 
3 centimetres at 25 metres to make sure that it would be equally hard to discover the 
distortion from both distances. It is easier to see distortion where there are straight lines 
and high contrasts. The adjustment of 3 centimetres will affect the installation angle with 
approximately one degree, but it does not affect the result worth mentioning. However, 
the position of the rear view mirror should be considered in the design phase, since a high 
placement could mean that the line of sight is striking the backlight at an even worse 
angle.  
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9 Conclusions and Recommendations 
Optical distortion in automotive glass is a challenging subject, where one simple solution 
is not to be found. The optical performance of a backlight is highly dependent on 
numerous factors, which have to be considered in the development process. Each design 
has to be treated in its own individual way in order to find the optimal configuration. 
What makes it even more complicated is the fact that there is no general definition of the 
human perception of optical distortion. The transition for when the perceived distortion 
becomes disturbing for the driver is highly individual and a general limit can be hard to 
define. Instead, it is important to decide what percentile the design is made for.  
 
Many fields of subject were explored during this thesis, but it was not possible to make 
thorough investigations for every detail. Conclusions and recommendations from the 
most important parts of this project are written below. 
 
• Optical distortions in backlights, similar to the tested backlight, have a low 

probability to disturb the driver to such extent that it has an effect on the driving. 
Nevertheless, it is a source of irritation and discomfort, which do not belong in a 
premium car.  

 
• A conclusion drawn from the sensory evaluation is that the perception of optical 

distortion does depend on the fixation time and the distance to the observed object, 
independently of each other. According to this test optical distortion in backlights is 
more disturbing over longer distances and during longer fixation times. Therefore it is 
important that the distance underlying the requirements is relevant and that the 
fixation time is close to a real situation. 

 
• Due to the differences in use, the requirements for backlights should be different from 

the ones for sidelights and windscreens. The different demands for optical distortion 
should be based on carefully made studies of the human perception, as the sensory 
evaluation test. 

 
• The common measuring methods used today do not correspond to the human 

perception of optical distortion. Dynamic distortion should be taken into 
consideration, since the human eye is sensitive to motion. It is also desirable to have a 
reliable and repeatable measuring method for transmission distortion instead of 
subjective visual methods. 

 
• A measuring method for backlights should be independent of an operator. The 

backlight should be measured in its installation angle to simulate a real driving 
situation. Static optical distortion in backlights should be measured in deformation 
(millimetres) or power (millidioptres). More important is the dynamic optical 
distortion, which should be measured as a relative change in deformation or power. 
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• Since the field of vision in the backlight is limited due to the inner rear view mirror 

and the back seat headrests, it is recommended to introduce an A-zone even for the 
backlight. The A-zone should correspond to the primary gaze direction in the 
backlight when observed via the inner rear view mirror. 

 
• The float draw lines should be specified in the requirements to be directed in the car’s 

line of motion in order to assure that their contribution to the optical distortion is 
minimized. 

 
• Even if a good measuring method can help controlling the produced glazing it is not 

enough to optimize the quality of the production. More important is the choice of 
thickness and curvature of the glass, installation angle and the production method.  

 
• The requirements used for backlights today are too low. Backlights that in a sensory 

evaluation are perceived as disturbing pass today’s requirements. But, higher 
demands are not enough. The risk of just focusing on the requirements is that the 
original problem only is postponed until a later date. Higher demands leads to higher 
manufacturing costs, and problems will remain. Instead, it is important to set about 
the origin of the problem and develop a good routine of how to work with optical 
distortions.  

 
The choice of measuring method for optical distortion in backlights is in the hands of the 
glass manufacturers. New advanced methods are developed and large amounts of money 
are invested to implement these methods. It is important not to oppose this development, 
but instead adapt the requirements based on human perception of optical distortion to 
these methods. 
 
It is important for Volvo Car Corporation to consider the problem of optical distortion 
early in the development process. It all starts on the drawing board; Already in the first 
sketch the thought of optical distortion should be present, since the glass curvature and 
the installation angle are two major sources of optical distortion. The backlight is often a 
part of the outline of the car which might be hard to change in a late stage, which is why 
it is important to from the beginning have the knowledge of optical distortion.  
 
The subject, optical distortion, should be present during the entire product development 
process. It is important that that all decisions are made in the right order to prevent 
unnecessary problems. When a design is set the rest of the glass characteristics have to be 
decided. It can be useful to use simulation programs early in the process to simulate the 
optical distortions. Unfortunately not all optical distortions can be simulated. The 
problems due to the manufacturing process can be hard to predict, why it is important to 
minimize the “surprises”. The manufacturing process should carefully be decided from 
the characteristics of the backlight. The manufacturing method should be the last thing to 
decide, and from this point no other changes, such as the thickness, can be made. Not all 
manufacturing methods are suitable for all characteristics. A late change can lead to that 
the wrong manufacturing method is used, with bad optics as a result.  
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It is very dangerous to believe that there are no problems as long as there are no customer 
complaints, and on that basis keep pushing the limit further. The backlight is most likely 
not the most important factor when buying a car. Neither is it the first thing to complain 
about. Many people are even not aware of the actual problem, but can have a feeling of 
discomfort. Once again it is important to face the question about what is acceptable for a 
premium car. It might not always be a problem big enough for complaining, but the 
impression of the car is worse. However, it is necessary to not just listen to the customer, 
but also think one step ahead. As an unknown man once said; “The characteristics we 
regard as important when we buy a product are not necessarily the ones that are the most 
important if we are going to get what we want.” 

9.1 Future Work and Development 
This project is a first step towards well defined technical requirements. However, to be 
able to establish a complete technical requirement more investigations are needed. This 
chapter includes suggestions of how the work may continue after this thesis. These 
suggestions could either be used directly by Volvo or for academic research.  
  
• Before any definite limits for a technical requirement can be set some improvements 

have to be made. The Chess method or a similar method where dynamic distortion is 
covered has to be developed further. The first step would be to evaluate methods for 
finding points of intersection in a pattern. Whether a chess or grid pattern is used is 
not important. The important thing is to find points of intersection, or other points, 
with high accuracy in order to get a well functioned measuring method. New 
requirements could be developed by comparing the sensory evaluation test in this 
project to the result of the new method, or by performing a new and improved test to 
compare with. This requires some knowledge in computer vision and image handling. 

 
• The alternative measuring method in this report is based on the old Zebra method.  

Investigating and evaluating existing measuring methods for optical distortion 
(INNOMESS and PowerView) could be of interest, since they are highly 
sophisticated and well functioning. There are probably methods that work for 
backlights today, or that could work if some changes were made. An important issue 
to consider is to establish a connection between the sensory evaluation and the 
methods that use millidioptres. This can be made by measuring the backlight used in 
this project with INNOMESS and PowerView. It would then be possible to adapt the 
technical requirements to methods that probably will be used in the future. 
Knowledge within measuring techniques is preferred for this project. 

 
• Changing the requirements might lead to higher production costs and more rejected 

material. Necessary changes could have an effect on the glass manufacturing, but it 
could also create more general effects for the automotive industry. A cost estimate 
and a consequence analysis for implementing a new measuring method and new 
requirements are therefore needed. It is important to find a balance between quality 
and price. Some changes may lead to superfluous quality, since the driver is not as 
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sensitive to optical distortion in the backlight as in the windscreen. By evaluating the 
benefit against the cost, the most profitable changes can be pinpointed. A project like 
this would require knowledge in industrial economy. 

 
• There should be no hesitations when choosing a manufacturing method for a 

backlight. By comparing the manufacturing methods to each other, in order to find 
their production limitations, guidelines can be developed. It is interesting to see how 
press bending and gravity bending differ and what they are capable of. One way of 
testing this would be by producing the same backlight with different thicknesses. By 
comparing these backlights it would be possible to draw the line for when to use the 
different manufacturing methods.  

 
• Since the sensory evaluation of optical distortion in this project was limited to 

daylight it might be interesting to investigate other light conditions as well. Is optical 
distortion more disturbing at night, dawn or in the middle of the day? This question 
could be answered by investigating how the luminance affects the driver’s perception 
of optical distortion. 
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Appendix A Questionnaire 
Thank you for participating in this test. We are two students who are working on our 
master thesis in cooperation with Volvo. The thesis is about the driver’s perception of 
optical distortion in automotive glass and the development of new measuring methods. 
With this test we are investigating the human acceptance of distortions in backlights. It is 
therefore important that you follow the instructions given during the test. After the test 
you will have the opportunity to comment on how it felt and how it should be. We are 
grateful for all comments. 

Part 1 

The following part should be filled in before the start of the test. This test is anonymous 
and is only referred to with a control number.  

1. Gender? 

 Female  
 Male 

2. How old are you? 

 20 years old or younger 
 21-30 years old 
 31-40 years old 
 41-50 years old 
 51-64 years old 
 65 years old or older 

3. How tall are you? 

 160 cm or shorter 
 161-170 cm 
 171-180 cm 
 181-190 cm 
 191-200 cm 
 201 cm or taller 

4. Do you have any visual defects? 

 Yes:___________________________ 
 No 

5. How long have you had your driver’s license? 

 Less than 2 years 
 2-10 years 
 Over 10 years 
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6. How often do you drive a car? 

 Daily 
 4-6 times a week 
 1-3 times a week 
 2-3 times a month 
 Not very often 
 Never 

7. Driving experience? 

 More than average 
 Average 
 Less than average 

8. Have you ever seen optical distortion in an automotive glass? 

 
 

 Yes, often 
 Yes, a few times 
 No, never 

 

If yes, in which glass of the car? (Several possible options) 
 

 Windscreen 
 Sidelight 
 Backlight 
 Other: __________________________ 

You are finished with Part 1. Inform the test personnel to start the test. 

 

Part 2  

This part is filled in after the test. 

How did you perceive the distortion that appeared in the test?  

  

Is there anything that may have affected your result in the test? 

 

How do you think this distortion would be perceived if it was in a car? 

  

Did you experience any difference between the distances? 

  

Other comments: 

  

Thank you for your participation! 
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Appendix B Matlab Function Code 
function [mm_1,mm_2,mm_comp] = Schack_comp(im_1,im_2,row,col) 
 
 
% First image 
 
figure(1); image(im_1); axis image                      % Plot image 
points_1 = cvFindChessboardCorners_mex(im_1,[row col]); % Find points  
hold on                                                 % Hold plot 
plot(points_1(1,:),points_1(2,:),'r.');                 % Plot points 
hold off 
 
s_1 = size(points_1); 
h1 = s_1(1,1); h2 = s_1(1,2)-row; 
v1 = s_1(1,1); v2 = s_1(1,2)-col; 
h_diff_1 = zeros(h1,h2);  
v_diff_1 = zeros(v1,v2);   
h_angle_1 = zeros(1,h2); 
v_angle_1 = zeros(1,v2); 
 
for i = 1 : h2 
    h_diff_1(1,i) = abs(points_1(1,i) - points_1(1,row+i)); % x-value 
    h_diff_1(2,i) = abs(points_1(2,i) - points_1(2,row+i)); % y-value 
end 
 
p = 1; 
q = 1; 
while p < s_1(1,2) 
    if (abs(points_1(2,p)-points_1(2,1+p)) < 100) 
        v_diff_1(1,q) = abs(points_1(1,p) - points_1(1,1+p)); % x-value 
        v_diff_1(2,q) = abs(points_1(2,p) - points_1(2,1+p)); % y-value 
        q = q + 1; 
    end 
        p = p + 1; 
end 
 
for i = 1 : h2 
    if (h_diff_1(2,i) > 0) 
        h_angle_1(1,i) = (180/pi)*atan(h_diff_1(2,i)/h_diff_1(1,i)); 
    end 
end 
 
for i = 1 : v2 
    if (v_diff_1(1,i) > 0) 
        v_angle_1(1,i) = (180/pi)*atan(v_diff_1(1,i)/v_diff_1(2,i)); 
    end 
end 
 
mm_1 = [max(h_diff_1(1,:)) max(h_diff_1(2,:)) ... 
        max(v_diff_1(1,:)) max(v_diff_1(2,:)) ... 
        max(h_angle_1) max(v_angle_1); 
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        min(h_diff_1(1,:)) min(h_diff_1(2,:)) ... 
        min(v_diff_1(1,:)) min(v_diff_1(2,:)) ... 
        min(h_angle_1) min(v_angle_1)]; 
 
 
% Second image 
 
figure(2); image(im_2); axis image                      % Plot image 
points_2 = cvFindChessboardCorners_mex(im_2,[row col]); % Find points  
hold on                                                 % Hold plot 
plot(points_2(1,:),points_2(2,:),'r.');                 % Plot points 
hold off 
 
s_2 = size(points_2); 
h1 = s_2(1,1); h2 = s_2(1,2)-row; 
v1 = s_2(1,1); v2 = s_2(1,2)-col; 
h_diff_2 = zeros(h1,h2);  
v_diff_2 = zeros(v1,v2);   
h_angle_2 = zeros(1,h2); 
v_angle_2 = zeros(1,v2); 
 
for i = 1 : h2 
    h_diff_2(1,i) = abs(points_2(1,i) - points_2(1,row+i)); % x-value 
    h_diff_2(2,i) = abs(points_2(2,i) - points_2(2,row+i)); % y-value 
end 
 
p = 1; 
q = 1; 
while p < s_2(1,2) 
    if (abs(points_2(2,p)-points_2(2,1+p)) < 100) 
        v_diff_2(1,q) = abs(points_2(1,p)-points_2(1,1+p)); % x-value 
        v_diff_2(2,q) = abs(points_2(2,p)-points_2(2,1+p)); % y-value 
        q = q + 1; 
    end 
        p = p + 1; 
end 
 
for i = 1 : h2 
    if (h_diff_2(2,i) > 0) 
        h_angle_2(1,i) = (180/pi)*atan(h_diff_2(2,i)/h_diff_2(1,i)); 
    end 
end 
 
for i = 1 : v2 
    if (v_diff_2(1,i) > 0) 
        v_angle_2(1,i) = (180/pi)*atan(v_diff_2(1,i)/v_diff_2(2,i)); 
    end 
end 
 
mm_2 = [max(h_diff_2(1,:)) max(h_diff_2(2,:)) ... 
        max(v_diff_2(1,:)) max(v_diff_2(2,:)) ... 
        max(h_angle_2) max(v_angle_2); 
        min(h_diff_2(1,:)) min(h_diff_2(2,:)) ... 
        min(v_diff_2(1,:)) min(v_diff_2(2,:)) ... 
        min(h_angle_2) min(v_angle_2)]; 
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% Comparison of the two images 
 
h_comp = zeros(h1,h2);  
v_comp = zeros(v1,v2);   
 
for i = 1 : h2 
    h_comp(1,i) = abs(h_diff_1(1,i) - h_diff_2(1,i)); % x-value 
    h_comp(2,i) = abs(h_diff_1(2,i) - h_diff_2(2,i)); % y-value 
end 
 
for i = 1 : v2 
    v_comp(1,i) = abs(v_diff_1(1,i) - v_diff_2(1,i)); % x-value 
    v_comp(2,i) = abs(v_diff_1(2,i) - v_diff_2(2,i)); % y-value 
end 
 
figure(3) 
inv_comp = zeros(v1,v2); 
for i = 1 : v2 
    inv_comp(1,i) = v_comp(1,v2-i+1); 
    inv_comp(2,i) = v_comp(2,v2-i+1); 
end 
plot(inv_comp(2,:),'.') 
axis([0 v2 0 (max(v_comp(2,:)+1))]) 
 
mm_comp = [max(h_comp(1,:)) max(h_comp(2,:)) ... 
           max(v_comp(1,:)) max(v_comp(2,:)); 
           min(h_comp(1,:)) min(h_comp(2,:)) ... 
           min(v_comp(1,:)) min(v_comp(2,:))]; 
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Appendix C Answers From the Questionnaire 
How did you perceive the distortion that appeared in the test?  

• Irritating. (Mentioned several times) 
• Very disturbing. 
• The difference was greater than expected. 
• Unclear image. 
• The backlight sometimes works as a magnifying glass, not always disturbing though. 
• More disturbing than I thought it would be. 
• More than expected. 
• The car behind did not look okay. 
• Quite big at small angles. 
• Not so disturbing when you focused on a static point. 
• You could tell the difference quite easy. 
• More apparent with a longer fixation time.  
• It was sometimes rough for the eyes.  
• Confusing. 
• Usually not a problem, but disturbing when you know it is there. 
• Very annoying. 

Is there anything that may have affected your result in the test? 

• No. (Mentioned several times) 
• The position of the car seen through the backlight. 
• The whole room was distorted for large angles. 
• The spectacle frames. 
• The reflection of the sun. 
• The rear view mirror and the heating wires. 
• Walls and more could have affected when it felt like the whole room was distorted. 
• Lens effects for large angles. 
• Yes, I think so. 
• How high/low you are looking in the rear view mirror.  
• The wires in the backlight. 
• It is not the same as driving in a real car. 
• Could be hard not to peek.  
• Something distracting could have made it more real. 
• Listened to the sound of the glass frame when the angle was changed. 
• Cold and tired towards the end.  
• Looked a bit too long in the first series. 
• Hard to keep the same level of judgement throughout the test. 
• Visual defect? Concentration ability? 
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How do you think this distortion would be perceived if it was in a car? 

• Hard to determine distances. (Mentioned several times) 
• Irritating once you have seen it. (Mentioned several times) 
• Very disturbing. (Mentioned several times) 
• It would be hard to see what is behind the car. 
• I think you would get used to it and learn to interpret what you see. 
• I think it would have looked about the same.  
• I am not fastidious so I would accept a lot. 
• Acceptable. 
• Irritating, since you want full control of the surroundings. 
• I think it should be okay. 
• 4 and 5 on the scale would have a negative affect on the driving. 
• I would probably be stressed in heavy traffic, because of the bad visibility. 
• The reliability of what you see is diminished. 
• I would probably look back more than usual when I know it is distorted. 
• You get used to the conditions of the car and adapt to it. 
• Disturbing, but not to a great extent.  
• Unacceptable. 
• Hard to determine distances when there are different refractions in the backlight. 
• Not as clear, since you would not look for it. 

Did you experience any difference between the distances? 

• Easier to detect distortion at 75 metres. 
• Disturbing at 75 metres.  
• Affected more when the car was 25 metres behind. 
• Easier to judge on the shorter distance. 
• Easier to detect distortion at 25 metres. 
• Noticed bigger differences at 75 metres.  
• Easier to detect the distortion at 75 metres. 
• More noticeable at 75 metres. 
• Easier to detect and more disturbing at 75 metres. 
• Hard to determine distances at 75 metres with a lot of distortion. 
• Most disturbing at 75 metres.  
• I found the longer distance more disturbing. 
• More disturbing at 75 metres. 
• The same for both distances. 
• Easier to detect farther away. 
• More disturbing at 75 metres. 
• Much easier to see distortions farther away and when you looked carefully. 
• Easier at short distance. 
• The distance is of great importance, farther away increases the distortion. 
• No, it was the same. 
• More disturbing at 75 metres. 
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Appendix D Cumulative Distribution Functions 
Below are the cdf-graphs from the result of the sensory evaluation test. The raw data 
(Empirical cdf) is visualised by a stair function. The approximation to these data 
(Normal cdf) is drawn as a line. These four are from the disturbing series and are seen 
together in Figure 7.3. 
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These four graphs are from the detection series and are seen together in Figure 7.4. 
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Appendix E Grades for Each Angle 
Detection Level: Grades and number of grades for each angle, from the sensory evaluation test.  

 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 3.00 2.00 1.55 1.85 1.30 1.45 1.17 1.56 1.25 1.50 1.20 1.22 1.16
Glance 75 0 2.00 1.93 1.86 1.40 1.26 1.29 1.25 1.32 1.29 1.24 1.57 1.21
Free 25 0 0 2.42 1.50 1.38 1.56 1.30 1.45 1.21 1.00 1.22 2.00 1.39
Free 75 0 0 3.00 1.94 1.60 1.20 1.36 1.29 1.37 1.46 1.17 1.25 1.28
 
 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 11 13 29 20 43 20 35 9 32 10 30 9 25 
Glance 75 0 3 15 21 40 23 34 16 31 7 29 7 29 
Free 25 0 0 12 16 32 18 33 11 28 4 23 2 31 
Free 75 0 0 7 16 35 20 33 14 35 13 29 4 25 

Disturbing Level: Grades and number of grades for each angle, from the sensory evaluation test. 

 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 4.17 3.22 2.70 3.07 2.75 0 0 0 0 0 0 0 0 
Glance 75 4.79 3.93 3.31 2.68 2.83 3.00 0 0 0 0 0 0 0 
Free 25 4.61 3.80 3.24 3.14 2.38 0 0 0 0 0 0 0 0 
Free 75 4.97 4.04 3.75 3.24 2.90 2.00 2.00 0 0 0 0 0 0 
 
 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 75 41 44 15 4 0 0 0 0 0 0 0 0 
Glance 75 48 43 65 19 12 2 0 0 0 0 0 0 0 
Free 25 49 41 58 21 8 0 0 0 0 0 0 0 0 
Free 75 33 24 63 37 29 4 1 0 0 0 0 0 0 

Total: Grades and number of grades for each angle, from the sensory evaluation test. 

 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 4.02 2.93 2.25 2.37 1.43 1.45 1.17 1.56 1.25 1.50 1.20 1.22 1.16
Glance 75 4.79 3.80 3.05 2.25 1.73 1.40 1.29 1.25 1.32 1.29 1.24 1.57 1.21
Free 25 4.61 3.80 3.10 2.43 1.58 1.56 1.30 1.45 1.21 1.00 1.22 2.00 1.39
Free 75 4.97 4.04 3.67 2.85 2.19 1.33 1.38 1.29 1.37 1.46 1.17 1.25 1.28
 
 10º 15º 20º 25º 30º 35º 40º 45º 50º 55º 60º 65º 70º 
Glance 25 86 54 73 35 47 20 35 9 32 10 30 9 25 
Glance 75 48 46 80 40 52 25 34 16 31 7 29 7 29 
Free 25 49 41 70 37 40 18 33 11 28 4 23 2 31 
Free 75 33 24 70 53 64 24 34 14 35 13 29 4 25 
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