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1. Summary 
Psychophysical and psychometrical measurements were carried out in order to determine 
visibility thresholds and annoyances of different types of geometrical deformations. The 
distortions belonged to the class of geometrical deformations that often occur in CRTs, 
such as seagull-, barrel- and concave shaped deformations. Experiments were carried out 
using six different scenes and for the aspect ratios 4:3 and 16:9, respectively. Distortion 
amplitude was the independent variable. Substantial effort is put in designing a calibration 
method to enable us to measure the geometrical performance of CRT's. 

The result of the threshold experiments show that type of distortion and type of scene play 
a role in the visibility of deformation. The sensitivity order for type of deformation found 
in these experiments is: seagull, barell and concave. This order holds if for the independ
ent variable, being the maximum distortion from the base line is taken. The lowest thresh
olds are found for crosshatch images. No significant differences were found between as
pect ratios. 

The results of scaling preferences demonstrate that subjects are able to judge preference 
differences in a consistent manner. Distortion amplitude and type of distortion are impor
tant factors in the judgement of preference. With respect to preference an exchange is pos
sible between stimuli with different distortion amplitudes and distortion types. 

Based on the results of this study we explored shape and amplitude models that can be 
. used as indicator for visibility and annocance of geometrical deformations. 
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2. Introduction 
This report contains the result of the project 'Visibility of raster deformations' carried out 
by IPO for Philips Display Components. The project concentrates on the perceptual 
weighting of the class of geometrical deformations that is induced on CRT' s. The current 
interest in geometrical deformations is evoked by 2 tendencies that occur in the evolution 
of display devices: (1) increasingly more television displays contain window-like spatial 
structures that are sensitive to visible raster deformations, and (2) there is a development 
in the 3D shape of tube fronts, which together with image content determines the visibility 
of the geometrical performance of display devices. 

CRT' s are used in a variety of image display devices, e.g. in television and in monitors 
for computers. Each of them demands its own quality. Television needs speed for display
ing movements, whereas computer monitors need high resolution and high quality geo
metrical properties of the images. Television is viewed at a relatively large distance and 
computer monitors are viewed close by. Using television as a computer monitor will give 
rise to specific problems connected to the originally different design of the apparatus. One 
of them is the quality of the geometrical properties. Straight lines as often used in 'Win
dows' like environments should be projected as such. Obviously, it is important to know 
how visible certain geometrical distortions are. Asking subjects is an appropriate way to 
find out, the next step i.e. doing visual experiments is a good way of quantifying the per
ceptual strengths of geometrical deformations. 

Two types of experiments will be carried out. One is to find the limits of visibility of cer
tain deformations, so-called visual thresholds, the other experiment is to find out how se
rious certain kinds of deformations are by weighting them against one another. Knowing 
the visual threshold is important as it shows us the limits of visibility of distortions: in 
practice it is not possible to see deformations below this visual limit. 

In order to make the problem of visibility of deformation manageable, we restricted our
selves. Effects of curved borders of the tube front are avoided by putting a rectangular 
mask in front of the television screen, thus shading off the television borders. Two types 
of television are used, a normal television, with 4 :3 aspect ratio, and a wide-screen tele
vision with 16:9 aspect ratio. We used a limited set of deformation types and still pictures. 

In this report we will describe the results of measurements of the visibility and annoyance 
of geometrical deformations. Five types of deformations are used, namely 1 barrel type, 
2 concave types and 2 seagull types (see Fig. 1). Per television set 5 different pictures are 
used (see Fig. 2), the amount of deformation has been varied. The results will be plotted 
and discussed. In the last chapter an attempt of generalizing the results into models for 
shape and amplitude is discussed. 

During the initial phase of the experi!f1ents we encountered problems with the control of 
geometrical deformations on the standard consumer CRT's, used in the experiments. 
Therefore we put substantial effort in designing a calibration method which enabled us to 
measure the geometrical performance of CRT's with the aid of a CCD camera. This cal
ibration method was used to (1) measure the intrinsic geometrical properties of the used 
TV- sets, and (2) check the display of willfully induced geometrical deformations used in 
the experiments. 
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Figure I: The 5 types of deformations used in the visual threshold experiments. The types Seagull
A, Seagull-B, Concave-A, Concave-B and Barrel are used in the scaling experiments, the paren
thised names refer to the names used in the scaling experiments. 
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Figure 2: Color versions of the pictures used as a stimulus for both televisions . From top left to bottom 
right the images are named: crosshatch, jigsaw, mosaic, pal plus, teletext and windows. For the normal 
4:3 television we did not use the palplus scene. For the wide-screen television we did not used teletext. 
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3. Calibration and deformation 

3.1 Calibration 
The televisions were calibrated by recording a rectangular grid of 32*32 sample points 
with a CCD camera. The position of the camera is on the normal through the centre of the 
screen tube, and at a viewing distance of 4 times the screen-height. This equals the posi
tion of the observer during the experiments. Differences between the original dot pattern 
and the recorded one are used to calculate the intrinsic geometrical deformation of the two 
televisions. The deformation of the lens of the CCD camera is taken into account. More 
on the used calibration method is published as an IPO internal report by Hamberg ( 1996) 
(see Appendix 1). After we calibrated the monitors a small rest deformation remained on 
the screens. The magnitude of this rest deformation is about 1/ 10 of a pixel. This corre
sponds to approximately 0.07mm on the screen. 

3.2 Definition of deformation amplitude 
As shown in Figure 1 only vertical distortions are used. Distortions are calculated on a 
normalized screen image (see Fig. 3), i.e. horizontal x: -1 :::; x:::; 1 and vertical 
y: -1:::; y :::; 1 . For all used deformations f(x) (see Fig. 4) it holds that: f(O) = 0 and 
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Figure 3: Normalized screen image dimen
sions used to calculate distortion amplitudes . 
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Figure 4: Different distortion types. The distortion amplitude A is indicated, for seagull the max imum 
is at x = xm and the zero-crossing at x = x0 . For seagull-A xm is not the absolute extremum. Notice 
that this extremum occurs at the edges (-1 and +I) 

(f(x)]max = 1. The amplitude a, which characterises the distortion amplitude A (see 
Fig. 4), is defined as A = 10

loga . If A = 10
loga = 1, the maximum of the distortion is 
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f (x) = 1. 
The maximum amplitude xm of the distortion on the screen is in fact: 

10 
A(mm) = C · loga, 

where A(mm) is the vertical distortion amplitude in mm on the screen, and C is half of 
the scene height in mm on the CRT. Notice, the scene height is not the same as screen 
height. From the series expansion for small deviations from 1, it follows: 

lna · 
A(mm) = C · ln 

10 
""0.43C(a - 1) 

So after measuring the scene height, we have the following conversion formulas: -

for 4:3 tv: A(mm) = 82.5(a - 1), [scene height= 38.4 cm] 

for 16:9 tv: A(mm) = 75.9(a - 1), [scene height= 35.3 cm] 
We used a vertical distortion amplitude a being the variable in both the threshold and 
scaling experiment. For the ease of interpreting the measured threshold amplitude values 
A(mm) is given in the graphs. 

4. Experiment 1: Visibility thresholds of geometrical deformations 

4.1 Psychophysical method 
The goal of this experiment was to measure Just Noticeable Difference (JND) thresholds 
for geometrical deformations (distortions) on a 4:3 and a 16:9 television set. The 5 select
ed types of deformation are shown in Figure 1. The chosen experimental method is an 
adapted version of the 'method of limits' combined with the 'two alternative forced 
choice method' (2AFC)'. In this method two images of the same scene are presented 
shortly after each other. Only one of these images is deformed according to the analytical 
expressions of Beelen ( l 994a, l 994b ). The other image remains undeformed. The level 
of deformation is expressed by stimulus amplitude A (see Fig. 4). Subjects were asked to 
indicate the undeformed image. Notice that the undeformad image is slightly deformed 
due to the rest deformation remaining after calibration (See page 8). We carried out a pilot 
experiment to check the influence of rest deformation. This experiment established that 
for small geometrical deformations the absolute threshold was equal to the Just Noticable 
Difference (JND) threshold' . 
The method we used is an adaptive procedure; the level of distortion (amilitude A) in a 
stimulus is determined by the preceding deformation amplitude and the response of the 
subject. Experiments started with a level of deformation that was clearly visible. If a sub
ject correctly indicated the undeformed image, then the amount of distortion ( amilitude 
A ) was diminished in the next pair of images. If a subject made an error by indicating the 
deformed image as the undeformed one, the amount of distortion was increased. The step 
size of increasing or decreasing the stimulus distortion amplitude is chosen logarithmical
ly according to the way the visual system is assumed to operate. 
Figure 5 shows an example of the procedure. In this figure a + is used when an observer 
correctly indicated the undeformed image. A - is used when the deformed image is indi
cated as being the undeformed one. The level of deformation (amilitude A) decreased af
ter a positive response and increased after a negative response. As recommended by Levitt 
( 1965), the process was stopped after 6 reversals, i.e. 6 changes in direction of deforma
tion level. 
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The threshold can be calculated by averaging the values at every reversal. This means 
that theoretically the threshold level is at the level where 50% of the answers are giv
en correctly. A response mistake at the beginning of an experiment might give a large 
bias in the calculated threshold amplitude. To avoid this we used the last 4 reversals for 
calculation of the threshold amplitude. 

6.0 

I r5 
E 
al 3.0 
c: 
0 

~ 
B i5 1.5 

staircase method 

2 3 4 5 6 7 8 9 10 11 12 13 14 

Presentation order nr. · 

I reversal nr. 11] @] 

Figure 5: Illustration of the used adaptive staircase method. A+ means that 
the subject correctly pointed out the undeformed stimulus . A - means that 
he indicated the distorted image. A change in direction is called a reversal. 
The threshold is calculated by averaging the values of the last 4 reversals . 

To prevent subjects to anticipate the stimuli, 5 different images (see Fig. 2) were random
ly presented. So 5 different staircases were running at the same time. The responses were 
administered by the computer software. 

4.2 Stimuli 
The stimulus material consisted of six images either taken from standard television broad
cast or were created by ourselves (see Fig. 2). These images (scenes) were selected since 
they contain many horizontal lines. In our opinion, therefore they are 'geometrical sensi
tive' and appropriate for studying the detection and assessment of geometrical deforma
tions. For the 4:3 television we used the scenes crosshatch, jigsaw, mosaic, teletext and 
windows, for the 16:9 television teletext was exchanged for pal-plus (pal+). 

The distorted scenes were created with the help of Khoros software. Five types of distor
tion were selected; 1 barrel-, 2 concave-, and 2 seagull distortions. According to Beelen 
( 1994a, 1994b) the vertical raster distortion can be described by a polynome. 

The seagull and concave types of distortion can be described as: 
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fx(x) = ax2(1 + ~i + ~x4) 
for x: -1 > x > 1 , where u, v, and a are the distortion shape parameters. 
For the seagull type of distortion holds: 

4 4 
-(x0 - 3xm) u 

= 
v 

and - = a 22 2 2 a 22 2 2 
xmx0(2x0 - 3xm) xmx0 (2x0 - 3xm) 

where f (xm) = [f (x) 1max, and f x(x0 ) = 0, x0 being the zero-crossing, and xm is the 
position where the maximum occurs. -
Moreover for all distortions it holds that: f /0) = 0 . 
The barrel type of distortion is described by the polynome: 

2 4 f x(x) = ux + vx 

for x : -1 2:: x 2:: 1 , and distortion shape parameters u and v . 

The following shape parameter values were chosen: 
Barrel: u = -1 .08 and v = 0.08 
Concave-A: a = 1 , u = -0.5 and v = 0.5 
Concave-B: a = 1 , u = -2.0 and v = 1.4 
Seagull-A: a = 1, x0 = 0.9 and xm = 0.7 
Seagull-B: a = 1 , x0 = 1.3 and xm = 0.8 

As the maximum amplitude of the chosen deformations f x( x) ::; 1 , for every deformation 
a scaling factor P is used so that: P [fx( x)] = 1 . max 
We define polynome p /x) = Pf x(x) . 

The distortion amplitude is not kept constant for all y -values of the normalized screen 
(see Fig. 3), but changed according to a seagull type of polynome: 

2 2 4 
PyCy) = x (5 .1793-8.1205x +3.4413x) for 1 ::;y2::0, 

2 2 4 
and Py(Y) = -x (5.1793-8.1205x +3.4413x) for-1 <y<O . 

For this polynome it holds that: PY(O) = 0, [PY(y)]max = P/0.7) = 1, and 
Py( 1) = 0.5 
The shape of this polynome is drawn in Figure 6. It shows that the maximum distortion 

-1 -0.7 

0.7 +l 

Figure 6: Type of seagull shape used for 
modulating the distortion amplitudes. 

amplitude of the scene does not occur at the upper or lower border but for y = ±0.7 . 
With polynomes P x(x) and .P /Y) the stimulus deformation pattern is generated, by 
changing every position of an image point (x, y), to a new position (x', y'), with 
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x' = x, and 

y' = y + (A)(P x(x))(Py(Y)), 

with A being the independent variable in our experiments. A is the maximum distortion 
amplitude (in mm on-the-screen ) in a certain stimulus scene. 

4.3 Equipment software 
To create images with different deformation levels, we used the image processing pro
gram called Khoros. On the SUN, this program with graphical environment Cant?ta was 
used to compute the distorted images. We used the !PO-software MERCI version 2.4 on 
the SUN to control the experiments and to record subject's responses. The obtained data 
were analysed and plotted with MS-EXCEL software. Stimuli were displayed using the 
ISP display system and the command language 'Divise'. 

Experimental set up 
In a dark room the stimuli were presented on a television screen. Two television sets were 
used. One is a Philips model 29PT9001 100 Hz television with 4:3 aspect ratio and a 29" 
superflat screen. The second is a Philips 28PW9611 100 Hz wide-screen television with 
16:9 aspect ratio. Intrinsic geometrical deformations were calibrated by a CCD camera 
and corrected as good as possible. A slight barrel shaped distortion is sometimes notice
able in the reference scenes. (see page 8 about Calibration) . 

In front of the wide-screen television a black 79x72 cm rectangular mask with an 55x3 l .5 
cm opening is positioned in such a way that the curved CRT-borders are masked. The nor
mal television is masked with a 74x73 cm mask with an 52x38 cm opening. Both masks 
are placed to avoid visual effects of the curved television borders. 

The average luminance levels of the centre of the televisions are given in Table 1. 

SCENE luminance 16:9 TV luminance 4:3 TV 
crosshatch 68 cd/m2 74 cd/m2 

Jlgsaw 162 cd/m2 186 cd/m2 

mosaic 56 cd/m2 83 cd/m2 

pal+ 89 cd/m2 

teletext 31 cd/m2 

windows 179 cd/m2 165 cd/m2 

Table 1: Average luminance levels of the centre of the different scenes. 

A low level light surrounding is used. 

Subjects viewed the 4:3 and the 16:9 CRT screen at a distance of 4 times the screen image 
height, i.e. at 166 cm in front of the normal television and at 136 cm in front of the wide
screen television. The subject viewed the television screen in such a way that the surface 
normal to the screen front crossed a point midway between the two eyes. A head and chin 
rest was adjusted to keep the subject's eye height in the correct position. No fixation point 
was used, free inspection was allowed. The time the subject used for reading a short in-
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struction was enough for light level adaptation. 

4.4 Subjects 
60 subjects took part in the experiments. All subjects were drawn from students and staff 
of the Institute for Perception Research (IPO). They all participated voluntarily. The age 
of the subjects varied from about 20 to 60 years. Some of the subjects had experience with 
threshold experiments, but most of them had not. All subjects had normal or corrected to 
normal vision. 

4.5 Procedure 
The experimental set up was prepared in advance. Subject's eye height position was ad
justed, and they read a short written instruction (Appendix 2). The presentation duration 
of a pair of images was about 7 seconds. After each presentation subjects had to respond 
by indicating the undeformed image. The number of pairs in one session varied depending 
on the responses of the subject. The overall duration of the threshold experiments took 
about half an hour. After each experimental session subjects were asked what features of 
the images he used for judging the geometrical deformation. 

The total set up of the threshold experiments for the 4:3 television is plotted in Figure 7. 
Five types of deformation and two types of television result in 10 thresholds to be meas
ured. Each threshold is based upon the results of 6 different subjects. 

4:3 television 

barrel concave-A concave-B seagull-A seagull-B 

~ 
subj . I subj.6 subj.25 subj .30 

crs win crs win 

Figure 7: Set of experiments for the normal 4:3 television . Each subject had to judge a set of 5 scenes 
(crosshatch, jigsaw, mosaic, teletext and windows) at one type of distortion, e.g. barrel. For the wide
screen television the same experimental set up was used , except that the teletext was replaced by a Pal
plus scene. 
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4.6 Results and discussion 
Raw results 
Figure 8 shows an example of a threshold measurement curve obtained for one subject 
and measured for the concave deformation applied on a the image 'mosaic' . 

3.8 

J3.0 
12.2 
j 1.5 

• 

subj.BP, 16:9 tv, concave A, mosaic. 

1 2 3 4 5 6 7 8 gre~nt1.\io~2ni.3 14 15 16 17 18 19 20 21 

Figure 8: Threshold measurement curve of I subject for the distortion type concave-A ap
plied on mosaic scene, and 16:9 television. The stimulus amplitude presented to the sub
ject is plotted as a function of presentation order number. 

The horizontal axis shows the presentation number of the image pairs. On the vertical axis 
we plotted the deformation amilitude. This is the amount of deformation A (in mm) in the 
vertical direction on the screen (see Fig. 9) 

~ 
- I 

Jlxtl 
0 

-=:=;1A 
--.x +I 

concave 

Figure 9: The distortion amplitude A, for the con
cave type of deformation 

Form Figure 8 the threshold amplitude can be calculated by averaging the values of the 
last four reversals. Here the threshold value= (a+ b+ c + d)/ 4 = 0.25mm. For this subject 
threshold measurement curves were also obtained for the other four scenes. This resulted 
in five threshold values per subject. For each type of deformation six subjects participated 
in the experiments. So, per type of deformation 6 x 5 = 30 thresholds were determined. 

Figures 10 and 11 show the thresholds values for the five types of deformation and five 
different images measured on the 4:3 television and the 16:9 television, respectively. Each 
threshold point in these figures is based upon the average results of six different subjects. 
The indicated spread is ±1 standard deviation in the mean. The distortion type is the pa
rameter. Notice that the curves for different types of distortion look more or less like ver
tically shifted versions of each other. In addition both figures show relatively large stand
ard deviations. This can be due to individual differences between subjects. Figure 12 gives 
an indication of the indeed substantial threshold differences between individuals. 

13 



4:3tv 
2.2 

2 .0 

1.8 

e g 1.6 

< 
~ 1.4 
~ 
'ii E 1.2 _._b 
Ill ,, -ca :g 1.0 _._Cb 
i 
£ 0.8 

x sa 
Q) ---Sb 
Cl 
Ill .. 
~ 0.6 
41! 

0.4 

0.2 

0.0 

crossh jigsaw mosaic teletekst windows 
scene 

Figure 10: Threshold amplitude A( mm-on-screen) averaged over 6 subjects as a function of scene type 
for the 4:3 television, the type of distortion being the parameter. The error bars indicate ±1 standard 
deviation in the mean . 
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Figure 11: Threshold amplitude A( mm-on-screen) averaged over 6 subjects as a function of scene type 
for the 16:9 television, the type of disto1tion being the parameter. The error bars indicate ±I standard 
deviation in the mean. 
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16:9 tv, concave A, mosaic 

e 2.0 

.§. 
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ii 1.2 
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ftl 0.8 s:. 
(I) 
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Figure 12: Threshold amplitudes of 6 subjects to concave-A type of distortion for the mosaic scene with 
the 16:9 television. Notice the relatively large differences . 

Thresholds values for the subject 'dh' and 'fu' are much higher compared to the other four 
subjects. Figure 13 shows two examples of amplitude measurement curves of 2 subjects 
for the same experimental condition. 
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~ 2.2 
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~ 1.5 . 
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subj.BP, 16:9 tv, concave 1, mosaic. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
presentation nr. 

·subj.DH, 16:9 tv, concave A, mosaic 

2 3 4 5 6 7 8 9 10 11 12 13 14 
presentation nr. 

Figure 13: Threshold measurement curves of 2 subjects for the same experimental condition, i.e. distortion 
type concave-A, mosaic scene, and 16:9 television. The stimulus amplitude presented to the subjects is 
plotted as a function of presentation order number. 
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Subject BP shows high sensitivity, thus ending at a low amplitude level , whereas subject 
DH has a relatively high threshold amplitude. 
As a consequence simply averaging the data might give rise to unreliable results due to 
large subject differences. In that case interpreting will be difficult. To be able to say some
thing about differences between the five types of deformation and different image con
tents we tried to reduce the effects of subjects' individual diferences. We therefore re
duced individual amplitude thresholds by scaling these data to the average thresholds of 
all subject together. This procedure is described below. 

Corrected results 
The reason why we corrected the results is because most of the effects found in Figures 
10 and 11 are not significant due to the large spread. This spread may be caused by crite
rion differences. We therefore tried to seperate out the criterion differences. We can do 
this under the assumption that subjects to not differ in their perceptual proces but do differ 
in criterion ' height'. This assumuption can be checked afterwards, because the systematic 
effect should remain the same; only the standard deviations (the spread) should decrease. 
The results of the correction procedure will still reflect effects of scene, distortion and 
type of television, but will leave out criterion differences. 

The correction procedure is as follows. Correction is done separately for every type of dis
tortion and for each television set. Figure 14 shows the results for each subject and for 
each scene measured on the 4:3 television with seagull-B type of deformation. 

Average thresholds for the seagull-B type of deformation 
Amplitude A in mm 

pictures (np) 

SI S2 S3 S4 SS S6 Subjects (ns) 

- PI =crosshatch 
mm11 P2=jigsaw 

P3=mosaic 
- P4=teletext 
- P5=windows 

Figure 14: Threshold values (A) for each subject (S) and each image (P) for seagull-B deformation 

In this case 6 subjects have participated in the experiment. Each of these 6 subjects (ns) 
judged 5 scenes (np), thus we get 5 threshold amplitude values per subject. This way we 
have 30 threshold amplitude values per television and per distortion type (see table 2). 

In formula: 

subjects i = 1, .... ,n
5

, with n
5 

= 6 
scenesj = l, .... ,nP,withnP = 5 
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for subject i and scene j the threshold amplitude is Ai)' 

A subject's individual sensitivity is expressed in all his threshold data averaged over 
scenes, thus in his average threshold amplitude Ai (see last column of table 2). 
For subject i average Ai is: 

n,, 
- 1 " . Ai = -;:;-- L. Ai)' with nP = 5 

fl j =I 

The threshold amplitudes averaged over subjects and scenes equals: 
n ,\· 

- 1 " -A = - L. Ai with n5 = 6 
n 

s i = I 

~ P1 P2 p3 p4 Ps Average . 

s, A11 ... ... A15 A1= 115 (A 11 + .. . + A1s) 

Sz ... ... ... .. . .. . .. . 

S3 ... ... .. . .. . .. . ... 

S4 ... ... ... ... ... ... 

Ss ... .. . ... ... .. . ... 

s6 A61 ... ... ... A6s A6= 115 (A61 + .. . + A65) 

A= 116 (A1 + .. . + A6) 

Table 2: Threshold values A (in mm) for each subject (s) and each image (p) 

For every subject i, every measured threshold amplitude Ai) is reduced according to: 
6 

[A. ] 
11 reduced 

A 
=-A .. 

A . I) 
I 

1" -6 L. Ai 

= i= I A .. 
5 I} 

1 
5 L Ai) 
)=I 

An example: For subject S 1, and image P 5 the measured threshold amplitude A 15 

is reduced to: [A ] = ~A 
15 reduced A 

1 
15 

Figure 15 shows an example of the results of this normalizing procedure, for the 16:9 TV 
with seagull-B type of distortion. The left part of this figure shows the uncorrected results. 
The right hand side shows the normalized results. The error bars indicate ± 1 standard de
viation in the mean. 
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Figure 15: Two figures showing the effect of reducing the measured threshold amplitudes for seagull-B 
distortion with 16:9 television. The left figure shows the threshold amplitude averaged over 6 subjects as 
a function of scene. The right figure shows the effect of reducing threshold amplitudes over subjects. The 
error bars indicate ±I standard deviation in the mean . Notice the decreased size of the standard deviation. 

Figure 15 demonstrates that normalizing individual threshold data by scaling to the aver
age reduces the spread in the average data, while keeping the data points in about the same 
position. It therefore has the effect of increasing the significance of threshold differences. 
Notice that this finding supports the model behind the procedure. The fact that only the 
spread is reduced, while the average data are almost unchanged, confirms that introducing 
an individual sensitivity factor is useful. 

For other distortions the same procedure is carried out. Figures 16 and 17 give the correct
ed threshold values as a function of the scene, distortion being the parameter. It is an over
view of all the results for the 4:3 television and 16:9 television. A shift tendency correlat
ed to the distortion parameter is visible. Comparing the uncorrected results (see Figs. 10 
and 11) with the corrected ones, shows us that the differences between the curves belong
ing to the different distortion types, become more significant. The threshold amplitudes 
for seagull-A (16:9 tv) are substantially lower than those of other distortion types. 

The pal+ threshold amplitude for barrel distortion is clearly deviating from the other pal+ 
results (see Fig. 17). A possible explanation is found in the scene content. The pal+ scene 
has one large and 4 small circles (see Fig. 2). These circles could influence the judgement 
of distortion. Many visual illusions are based on influencing perception by adding special
shaped surroundings, for this reason we decided to use masks. 
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Figure 16: Averaged threshold amplitude data as a function of scene type for the 4:3 television after 
reduction of the individual threshold data, the distortion type being the parameter. The error bars in
dicate ±1 standard deviation in the mean. 
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2.2 

2 .0 

1.8 

e .§.. 1.6 

< 
~ 1.4 
:I :::: a. E 1.2 
CV 

"O 
--• - b :g 1.0 

Cl) -ca GI 

£ 0.8 _.,_Cb 
GI x sa Cl 
CV 
~ 0.6 . -*-sb 
CV 

0.4 

0.2 

0 .0 

crossh jigsaw mosaic pal windows 
scene 

Figure 17: Averaged threshold amplitude data as a function of scene type for the 16:9 television after 
reduction of the in di vi dual threshold data, the distortion type being the parameter. The error bars in
dicate ±1 standard deviation in the mean. 
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Figures 18 and 19 present the summarizing results of the experiment 1. These two figures 
show the same as figures 10, 11 and 16, 17 but without presenting the spread in the mean. 

Averaged Thresholds 4:3 tv 

seagull-A 

• seagull-B 

II barrel 

II concave-A 

2.00 ill concave-B 

crosshatch jigsaw mosaic teletext windows 

Figure 18: The overall results of the threshold experiments; threshold amplitude A(mm
on-screen) averaged over 6 subjects as a function of scene type for the 4:3 television, the 
type of distortion being the parameter. 
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Averaged Thresholds 16:9.tv 

seagull-A 

[I seagull-B 

• barrel 

ll concave-A 

• 

crosshatch jigsaw mosaic pal plus windows 

Figure 19: The overall results of the threshold experiments; threshold amplitude A(mm
on-screen) averaged over 6 subjects as a function of scene type for the 16:9 television, 
type of distortion being the parameter. 
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Figures 20 and 21 are the results of averaging data over distortion types after normaliza
tion. It shows that on average for both televisions the mosaic scene have the highest 
threshold value. Judged over both televisions crosshatch has a low threshold amplitude, 
and is therefore a suitable scene for checking geometrical performances of televisions. 

4:3 tv, average 

2 .2 
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Cl 
!! 
~ 0.6 ., 

0.2 

16:9 tv, average 

O+. ~~~t--~~-+-~~-1-~~~ 

crossh jigsaw mosaic 
scene 

pal windows 

Figure 20: Overall averaged threshold amplitude Figure 21: Overall averaged threshold amplitude 
data as a function of scene type for the 4:3 televi- data as a function of scene type for 16:9 television 
sion after reduction of the individual threshold da- after reduction of the individual threshold data. The 
ta. The error bars indicate ±I standard deviation in error bars indicate ±I standard deviation in the 
the mean. mean . 

Figure 22 shows the plot of average threshold values of the scenes as a function of distor
tion type for each television. The pal+ and teletext data are removed to make comparison 
possible, as these scenes were not used on both televisions. It appears that both curves 
have the same shape, thus suggesting that distortion type underlies the measured data for 
both television in the same way. The small, but hardly significant, shift can be the result 
of different viewing distances and the different aspect ratios for the televisions. The 
curves confirm that seagull-A distortion is very well visible, having a low threshold value 
and low spread, its average threshold level being close to visual resolution, i.e. about 0.3 
mm for both televisions. Concave-B is the least visible distortion type with a threshold 
level about 5 times higher than with seagull-A. Notice that what is a high or low threshold 
depends on the choice of the independent variable, i.e. the quantity which is chosen as the 
amplitude variable. 

Observing the way threshold values of different subjects are achieved, shows us more 
than the sensitivity differences between subjects alone. Some subjects exhibit learning ef
fects or changing attention and discrimination criteria. Other subjects seem to have no 
learning effects, sometimes already having a high sensitivity (low threshold). Visual res
olution, so-called visus, being defined as the reciprocal of the smallest visible detail in arc 
minutes, is about 1 for normal vision. Young people actually have a visus closer to 1.5. 
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This means that details with a size of 0.32mm for the normal television and 0.26mm for 
the wide-screen television, can be resolved at the used viewing distances. Comparing vis
ibility of geometrical distortion and visus shows that some subjects observe distortions 
close to or better than visual resolution. It is not sure however that visus is the limiting 
factor, as aligning two lines e.g. can be carried out more accurately by humans than pre
dicted by the visus. This effect is known as the Vernier-acuity. Therefore it is not strange 
to find low-threshold data, since subjects in this experiment may use more information 
than in the case of the visus measurements. The latter is based on the detection of details 
of a certain size. 
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barrel cone. A cone. B 
scene 
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1--o--4:3tv I 
I I 1- .. - 16:9 1v 1 

Figure 22: The threshold effect of distortion with the normal television and 
the wide-screen television . Pal+ and teletext data are removed. It shows that 
distortion type plays an important role for the visibility of deformation. 

4. 7 Perceptual phenoma 
After the experiment subjects reported their experiences. Most of the subjects said to 
check the distortion at the upper and lower border of the screen. This is remarkable since 
the borders are not the positions in the scene where maximum distortion occurs. Some of 
the subjects looked especially in the corners. It is clear that during the experiment, as dis
tortion got less, subjects were searching for more sensitive features in the scene in order 
to make their decision easier. Global features, using total view of the screen, work only 
with large distortion values. The straight edges of the mask may have helped to judge the 
geometry. 

The windows scene had thin horizontal lines. Due to the geometrical corrections by the 
software, line flicker was visible especially at reference levels. Thus an artifact was ere-
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ated. Subjects often reported visible line flicker in the 'windows' scene, but could not al
ways use this effect to discriminate between reference and distorted scene. So some bias 
can be present in the windows data, as this line flicker is evoked by the way we create the 
distorted scenes. CRT distortion will not create this kind of line flicker. 

4. 8 Conclusions 
l. Visibility thresholds can be more sensitive than visus (-1 arcmin), but less sensitive 

than Vernier acuity ( -3 arcsec ). For a distance of 4 times the screen hight (screen 
hight= cm) 1 arcmin corresponds to 0.4 mm, 3 arcsec corresponds to 0.02 mm. The 
threshold amlitudes found in this experiment are 0.07 mm and 1.61 mm for the most 
and least sensitve subjects, respectivily. 

2. No significant differences are found between the 4:3 and the 16:9 television. 
3. The sensitivity order for type of deformations is: seagull-A, seagull-B, barrel, con

cave-A and concave-B . 
4. Different image scenes are differently sensitive for geometrical deformations. On 

average thresholds is lowest for the crosshatch and highest for the mosiac image. 
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5. Experiment 2: Preference difference scaling of deformations 
The second experiment was set up to scale geometrical quality for classes of visible non
linear deformations. Our goals were ( 1) to measure preference as a function of the amount 
of deformation, (2) to compare preferences for different types of deformation, and (3) to 
learn about underlying dimensions. To this end we selected two types of seagull and two 
types of bending deformation: seagull-A, seagull-B, concave-A and barrel (see Fig. 1). 
These types of deformation were also used in the first experiments. 

5.1 Psychometrical method 
In order to measure preference differences between visible types of seagull and bending 
we used the method of 'Difference scaling'. In this method the distorted images are com
pared in pairs. Two images of the same scene are shown shortly after each other. These 
images differed in level and/or type of deformation. Subjects had to respond which of the 
two images is preferred and give a number to the preference difference on a scale ranging 
from -5 to 5. The minus sign was to indicate that the subject preferred the first image. The 
sign was omitted if he/she preferred the second image. A score of 0 meant that the subject 
had no preference for one of the two images. Altogether 18 images were combined to 
form 306 pairs (see Fig. 23). Subjects were never shown pairs containing the same imag
es. Experiments were split up into two equal parts, presenting 153 pairs per part. The ex
periments started with a training series of 4 pairs in order to get acquainted with the stim
ulus distortion range. During the experimental sessions only a single image scene is used. 

The psychometrical model for difference scaling is that experimental results are deter
mined by two consecutive subprocesses. The first one is a visuo-cognitive process which 
leads to preference strength. The second one is a response process which transforms pref
erence strength into a representation in terms of numbers. Since we are not interested in 
this response process, we seek a method to determine its influence and correct the exper
imental results accordingly. Models for the response process have been developed that en
able the estimation of the influence of the response scale. Such procedures basically use 
the statistical variability of subject's answers as an information source. An example of this 
is the statistical program DIFSCAL. We used it to analyse our data (see Paragraph 5.6) 

5.2 Stimuli 
The stimulus material consisted of three different scenes: windows, jigsaw and mosaic. 
Windows and jigsaw were used on both the normal and wide-screen television. Mosaic 
was used only on the 4:3 television. The minimum distortion levels chosen were derived 
from threshold data: the mean threshold value of the subject with the highest threshold 
was taken as the lowest level for each type of distortion. A practical aspect is the duration 
of an experimental session, as there are limits to what we can require of subjects. This 
constrains the total number of stimuli. The used levels of distortion are given in Table 3. 

5.3 Equipment 
The same apparatus and software is used, as described for the threshold experiments. The 
software (MERCI) offers facilities to present each time one stimulus pair from a total set 
of stimulus pairs. No changes in experimental hardware set up are made. 
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Figure 23 : The 306 pairs of stimuli used for difference scaling, 4:3 television above 
and 16:9 television below. Notice that the stimulus amplitudes of the 4 :3 television 
differ from the 16:9 television . The b, c , sa and sb stand for barrel , concave, seagull
A and seagull -B respectivily. The number between parentheses indicates the stimulus 
amplitude a. · 
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4:3 television 
Barrel (b) 
level I = log 1.012 
level 2 = log 1.016 
level 3 = log 1.020 
level 4 = log 1.026 

Concave (c) 
level I = log 1.012 
level 2 = log 1.016 
level 3 = log 1.020 
level 4 = log 1.026 
level 5 = log 1.034 

Seagull-A (sa) 
level I = log 1.004 
level 2 = log 1.008 
level 3 = log 1.012 
level 4 = log 1.016 

Seagull-B (sb) 
level 1 = log 1.008 
level 2 = log 1.012 
level 3 = log 1.016 
level 4 = log 1.020 
level 5 = log 1.026 

16:9 television 
Barrel (b) 
level I = log 1.016 
level 2 = log 1.020 
level 3 = log 1.026 
level 4 = log 1.034 
level 5 = log 1.050 

Concave (c) 
level 1 = log 1.016 
level 2 = log 1.020 
level 3 = log 1.026 
level 4 = log 1.034 
level 5 = log 1.050 

Seagull-A (sa) 
level I = log 1.008 
level 2 = logl.012 
level 3 = log 1.016 
level 4 = log 1.020 

Seagull-B (sb) 
level 1 = log 1.016 
level 2 = log 1.020 
level 3 = log 1.026 
level 4 = log 1.034 

Table 3: The distortion amplitude levels chosen for scaling eitperiments of preference. Barrel , Concave, 
Seagull-A, and Seagull-Bare the same as Barrel , Concave A, Seagull-A, and Seagull-B respectively from 
the threshold experiments. (The deformation amplitude A ranges approximately between I and 4 mm) 

5.4 Procedure 
The procedure is much the same as described for the threshold experiments. The written 
instruction for the subjects is shown in Appendix 3. After each presentation of an image 
pair, subjects were asked to rate preference difference on a scale ranging form -5 to 5. The 
experiment is split up into 2 parts, each containing 153 pairs of images of one scene. First 
·one half of the stimulus pair matrix was measured. The second time the same stimulus set 
is used, though presented to the subject in reversed order. The diagonal is not measured. 

5.5 Subjects 
For each scene 6 different subjects participated in the experiment. On the normal televi
sion 3 scenes were used, thus here 18 subjects participated. On the wide-screen television 
2 scenes were presented, taking 12 different subjects. All subjects were students or mem
bers of the staff of the Institute for Perception Research (IPO). They all participated vol
untarily. 

5.6 Results and discussion 
The experimental data obtained for each subject and for each scene and 1 television is put 
into a matrix. These matrices are summed over 6 subjects. Figure 24 shows an example 
of such a matrix of preference scores for the jigsaw scene measured on the 4:3 television. 
If we assume a linear respons model for scaling preference differences, we can interpret 
the matrix data as follows: 
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Figure 24: The matrix of results (summed over 6 subjects) of the preference scores for the jigsaw 
scene, measured on the 4:3 telev ision. The mean of the row (preference score) and standard dev iation 
in the mean is calculated. 

Suppose preference Pi belongs to stimulus i, then the scaled difference between stimulus 
i and stimulus j is the preference difference DiJ· This can be written as: 

D .. = P .-P . 
lj l J ' 

this is the assumed linear model. 

Adding up all preferences containing stimulus i (summation over j ) gives: 

"D -- = "P --"P -L,; lj L,; l L,; J 
j~i j~l j~i 

In total there are N stimuli, i.e. in our case N = 18. 
Thus: 

""'D .. L,; _ lj 

Averaging gives: 

1 NL Di) 
j~i 

(N- l)Pi-(i PrP;J 
;=I 

(N - 1 )Pi - NP+ pi 

NPi-NP 

P -- P 
l 

These averages of the preference scores (indicated by 'mean ' in Figure 24) are calculated 
from the rows of the data matrices. Combining the data of different scenes gives the re
sults plotted in Figures 25 and 26 for the 4:3 television and 16:9 television, respectively. 
Stimulus points are coded b(barrel), c(concave-A), sa(seagull-A), sb(seagull-B), and the 
added number between brackets, gives the last 2 digits of the used number of the stimulus 
amplitude a. According to the used linear model, they give a measure for preference Pi 
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with a shift of P. 
Mean for four types of deformation (3 scenes, 4:3 tv) 

30 

20 
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·10 

-20 

-30 

~ b(26) 

1-4 barrel type 5-9 concave type 10-13 SMgUll A type 14-18 seagull B 

Figure 25 : A overall plot of the preference scores for 3 scenes with the 4:3 television. The codes b, 
c, sa and sb stand for barrel , concave-A, seagull-A and seagull-B distortion , respectively. The num
bers between parentheses indicate the distortion amplitudes a. On the horizontal axis the matrix stim
ulus number is plotted. The error bars indicate ±I standard deviation in the mean. 

Mean for four types of deformation (2 scenes, 16:9 tv) 

1-5 barrel type 6-1 o co"""ve type 11-14 oeegull-A type 15-18 seagul~B 

Figure 26: A overall plot of the preference scores for 2 scenes with the 16:9 television. The codes 
b, c, sa and sb stand for barrel, concave-A, seagull-A and seagull-B distortion, respectively. The 
numbers between parentheses indicate the distortion amplitude a. On the horizontal axis the matrix 
stimulus number is plotted. The error bars indicate ±I standard deviation in the mean. 
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The plots resulting form each scene and television seperately are included in the Appendix 
(see Appendix 4 Figs. 44 to 48) 

Experimental data are determined by first a perceptual process and second a response 
process. It should be kept in mind that absolute values for 'preferences' cannot be derived 
from the results . This is due to the fact that subjects adapt the metric of their response scale 
to the properties of the stimulus set. If we consider this effect, we can see that the data per 
experiment are only known up to a scaling transformation: 

Perceptual preference difference is: D ij = Pi - P j 

Response preference difference is: D' .. = aD .. = a(P
1
. - p

1
.) 

lj lj 

L D'ij = aN(Pi-P) 
j 7' i 

Averaging gives: 

IL -- D' .. = a(P .-P) 
N . . 11 1 

J 7' l 

In practice this means that quantitative comparison of experimental results is only mean
ingful within the content of a certain experiment. 

In order to analyse preference differences between the images, we also used the statictical 
program called DIFSCAL. This program is developed by Boschman (1997a), and is 
.meant to handle data obtained by paired comparison. DIFSCAL calculates the magnitude 
in which stimuli differ from each other at a perceptual level, based on the variability of 
subject's answers. 

Figures 27 and 28 show the DIFSCAL results obtained for the 4:3 and the 16:9 television 
and pooled over all scenes. In these figures preferences are plotted as a function of geo
metrical distortion amplitudes. The error bars indicate ±2 standard deviation in the mean. 
The results per image scene and television seperately, are shown in Figures 49 to 53 (see 
Appendix 4) . Figures 27 and 28 show that there is a monotonic relation between the am
plitude of the geometrical distortion and the preference of the stimulus. The more an im
age is deformed the less that image is prefered. 
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Figure 27: Pooled preference scores as a function of geometrical distortion amplitude for the average of 
the jigsaw, mosaic and windows scene with the 4:3 television. The distortion type is the parameter. The 
error bars represent ±I standard deviation in the mean. 
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The error bars represent ±I standard deviation in the mean . 
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Figures 27 and 28 demonstrate that at a given distortion amplitude, within the dynamic 
range of the measurements, the order of preference for distortion types is: concave, 
seagull-B, barrel and seagull-A. This holds for both aspect ratios . We can also see that the 
curves do not cross, meaning that once we know a preference order of the distortion type 
for a particular scene, this order will not change by changing the amplitude. 

Figure 29 shows a scatter diagram of preference estimates from the linear model against 
preference estimates from the DIFSCAL model. The linear model is based on a response 
process, whereas DIFSCAL is not. We can see that both models provide the same ~esults . 

Therefore the DIFSCAL results support the linear model. 
aspect ratio 16:9; pooled results 
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Figure 29: Scatter diagram of preference estimates form the linear model against preference estimates 
form the DIFSCAL model. 

The images used in our experiments differ in more than one attribute. For example they 
differ in scene content, distortion amplitude and deformation type. Subjects judged the 
image quality in different ways, because of their individual preferences for the different 
attributes . So subjects show some variability in preference for attributes. In order to de
termine which attributes play the most important role in judging the stimuli, we used the 
statistical program PRINCOM, developed by Boschman (1997b). PRINCOM tries to ex
plain differences in experimental results between subjects completely, by subjective pref
erence differences for the main attributes. PRINCOM assumes that all subjects perceive 
the stimuli in the same way, but judge their quality in different ways. The stimuli can 
therefore be represented as points in a joint perceptual space. In the same perceptual space 
subjects individual preferences for the different attributes can be shown as vectors. 

PRINCOM uses the mean preference scores per condition for different subjects as input, 
to construct a multi-dimensional perceptual space. In practice we used two dimensions. 
These two dimensions represent the two major attributes, and explain more then 85% of 
the variance in the data. The distances between the orthogonal projections of the stimulus 
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points, on a subjects vector are proportional to the differences of mean preference scores 
of this subject (see Fig. 30). 

~ stimulus i 

I\ 
I \ 

\ 

PPl 

Figure 30: An example of a perceptual space with stimulus i and 2 subject preferences PP I and PP2. P1 I 
and P12 correspond to the mean preference scores on stimulus i for subject I and subject 2, respectively. 

Assuming a two-dimensional space, the results obtained by PRINCOM are shown in Fig
ures 31 and 32. In these two figures the images are represented as points. The arrows (vec
tors) labeled with the names PPl to PPn depict the individual preferences of subjects. The 
arrows labeled with ah, ab, asa and asb show the direction in which the threshold ampli
tude increases for the different deformation types. The length of an arrow indicates the 
proportion of variance explained by the projection of the stimulus points onto that vector. 
The circle gives the 100% explained variance by the 20-model. The plots for each scene 
and television separately are shown in Figures 54 to 58 of the Appendix (see Appendix 4). 
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Figure 31 : PRINCOM analysis for the combined jigsaw, mosaic and windows scene with all subjects 
(PPI ... PPl8) for 4:3 television. Amplitude vector ab=bold , ah=concave, asa=seagull-A and 
asb=seagull-B type of deformation . The total explained variance for the 2 dimensional model is 85%. 
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The results of the principal component analysis (see Figs. 31 and 32) show that all subject 
vectors are roughly directed from left to right, i.e. the opposite direction as for increasing 
distortion amplitudes (amplitude vectors ah, ab, asa and asb). This expresses the fact that 
subjects are quite unanimous in judging the effect of amplitude. They all prefer the small
er distortion amplitudes. Subjects, however, disagree in judging the effect of the second 
dimension on preference. For some a concave shape of deformation is quite acceptable, 
for others not, with all preferences in between. The two dimensions (attributes) explain 
more than 85% of the variance in the results. 

Interpreting what these two dimensions are, we could think of distortion amplitude and 
aspects of the distortion type. Distortion amplitude plays an important role in the first di
mension, it can be seen by comparing the direction of the points with increasing distortion 
amplitudes (vectors ab, ah, asa and asb) for one type of distortion with the direction of the 
first dimension. The second dimension might be a variable related with the distortion 
type. The 4: 3 television data in Figure 31 show 2 groups of subjects and PP9 and PP 15 in 
between. PRINCOM analysis of 16:9 
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Figure 32: PRINCOM analysis for the combined jigsaw, and windows scene with all subjects (PPl .. . 
PPI 8) for the 16:9 television. Amplitude vector ab=bold, ah=concave, asa=seagull-A and asb=seagull
B type of deformation.The total explained variance for the 2 dimensional model is 89% . 

From Figure 31 it can be seen that one group (PP 11 etc.) prefers barrel type of distortion, 
the other group (PP6 etc.) prefers the concave type. The second dimension might be a var
iable that is related with the amount of concavety (or convexity). 
The 16:9 television (see Fig. 32) shows similar results as the 4:3 television, the vectors of 
the subjects are less grouped, but the same tendencies (see Fig. 32) are still visible. 
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From the principal components analysis it is concluded: 

• 2 dimensions are sufficient for meaningful interpretation, the first dimension in
dicates distortion strength, the second dimension indicates a perceptual variable 
which quantifies differences between distortion types, 

• subjects are unanimous about the influence of deformation strength: stronger de
formation decreases preference, 

• the second dimension might be described by a variable which quantifies the 
amount of convexity or concavity. Subjects are far from unanimous about_ the in
fluence of deformation type: some prefer concave others barrel with all prefer
ences in between. 

5. 7 Conclusion 
1. Distortion amplitude and type of distortion are the most important components in 

the judgement of preference. Moreover the results suggest that distortion amplitude 
is the most important and the type of distortion the second most important factor 

2. Increasing distortion amplitude leads to a monotonically decreasing preference 
3. The order of preference for deformation type at a given distortion amplitude is: con

cave-A, seagull-B, barrel abd seagull-A. 
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6. Model for the annoyance of geometrical deformations 
A complete model for the annoyance of geometrical deformations should describe the ef
fect of two types of variation: 
1. Effects of deformation shape variation, i.e. which deformation types are more 

annoying and how can this be quantified. 
2. Effects of varying the deformation amplitude. 
We only have sparse data to model the effects of deformation shape variation. 
Nevertheless, in the next paragraph we attempt to specify a model which quantifies the 
effect of shape on threshold for different deformation types. Furthermore, we wilf model 
annoyance magnitude as a function of deformation amplitude for the 4 deformation types 
used in the scaling experiments (2 seagulls, 1 concave and 1 barrel) . It is an attempt to 
combine threshold and annoyance data into a single description. 

6.1 Shape model 
The visibility of deviations from straight lines is studied and modeled in some recent psy
chophysical literature. Foster et al. ( 1993a,b) used singularly curved-line stimuli and eval
uated 8 possible detection mechanisms. Three of them, namely maximum deviation, area, 
and mean-deviation, performed well and satisfied the viewpoint-invariance condition 
which is assumed to hold for vision. Limitation is that the mechanisms were not tested for 
plurally curved-line stimuli, such as those that occur in seagull shapes. Watt et al. ( 1987) 
did use plurally curved-line stimuli and found that thresholds could be described well by 
the area of the largest bump in the target around a least squares regression line. Most of 
the stimuli they used, however, had only geometrical deviations in the middle of the target 
line. It is not trivial how such a mechanism can be adapted to, for instance, seagull-like 
stimuli where the largest deviations from straightness often occur at the edges. However, 
the mechanisms tested sofar form a suitable starting point for describing visibility of the 
class of deformations encountered for CRTs. 

In an attempt to model the threshold differences between different geometrical deviations, 
we tested two types of model: 
1. Models based on orientation deviations from the horizontal. These models take the 

form of first computing local derivatives, and next summing these local contribu
tions linearly or non-linearly over the horizontal direction. The results correlated 
quite poorly with the threshold data for different geometrical deviations. 

2. Models based on position deviations from a straight line. The computation of local 
deviations from the least-squares regression line, which equals the average horizon
tal straight line, is followed by a linear or non-linear summation over the horizontal 
direction. In formula, we computed the following quantity per deformation type: 

where 
Y / x) = normalized deformation amplitude of type i , 
Yi = average of yJx) over x , 
P = power which controls the type of summation. 

36 



The threshold criterion is expressed by the following identity: 
where 

Ai tlzr . q · = D • 
' l 

Ai, thr =threshold amplitude for deformation type i, 
D = threshold. 

It can be seen that 1 I q1 should be proportional to the experimentally determined thresh
old for deformation type i . In practice, we minimized the difference between 1l_q

1 
and 

experimental data by optimizing the power p . Optimal results are plotted in Figure 33 . 
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Figure 33: Threshold amplitude as function of the different types of defor
mation plotted for the 4:3 tv , 16:9 tv and the optimal model fit.The error 
bars indicate ±I standard deviation in the mean. 

It can be concluded that for p = 4 a fair model fit is achieved. So, the best fit is obtained 
not for quadratic deviations from a straight line, as was found by Foster and Watt, but by 
fourth-power deviations from the average straight line. However, in view of the variabil
ity between different images and subjects, conclusions should be drawn cautiously. 

6.2 Amplitude model 
The transformation of deformation amplitude to annoyance strength can be modeled in 
two consecutive steps: 
Step 1: 

The mapping of physical variable (deformation amplitude) to perceptual attribute 
(perceived deformation strength). Such a mapping is usually well described by a 
Stevens' power law: 

fl S = a·(x-x0 ), 
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where: 
S =perceived deformation strength, 
x = physical deformation amplitude, 
x0 = threshold amplitude, 

. p = Stevens power 0 ~ p ~ 1 
a = sensitivity constant. 

I am not aware that the power p has ever been estimated for geometrical deformations. 
The thresholds x0 follow of course from the first experiment described in this report. 

One of the disadvantages of the Stevens power law is that it neglects the influence of in
ternal (biological) noise on perceived attribute strength. This leads to a biased description 
of experimental results, especially in the neighborhood of the detection threshold. To ac
count for this effect, Wilson ( 1980) proposed an analytical expression of which we will 
use the following simplified version: 

s = 
a. (( 1 + (;J4)1 /4 -1) 

where 
x 1 = a threshold-proportional deformation magnitude, 
q = power which describes Stevens behaviour for large magnitudes, 
a = sensitivity constant. 

For values of x smaller than x 1 , this function can be approximated by: 

s z ~ . (;J4, 
which appears to be a reasonable description of visibility in the neighborhood of 
threshold. 
For x » x 1 , equation (2) can be approximated by 

Sza·(:J'-q, 
which of course is comparable to the Stevens description in the case that p = 1 - q. 

Step2: Annoyance is modeled as a linear function of visibility 

I= b · S, 

where 
I = annoyance magnitude, 
S =perceived deformation strength, 
b = sensitivity constant. 

This type of relation has already been used by Nijenhuis and Blommaert ( 1996) for mod
eling the impairment of images as a function of the magnitude of sampling and interpola-
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tion artefacts. 

The consecutive steps can, in case of the Stevens approximation, be modeled in one go 
as: 

I= c · (x-x0/'. 

For the Wilson description, the following expression can be derived: 

I = 

6.3 Estimation of model parameters from experimental data 
We did not measure annoyance directly but this quantity can be derived from the prefer
ence data under the assumption that there exists a linear relation between annoyance and 
preference. Or, in a formal description: 

P =a-~·/. 

According to the previous paragraph, the preference data can then be modeled in two al
ternative descriptions. According to the Stevens description as 

and according to the Wilson description as 

p = e-

We fitted these expressions to the average preference data for the 4:3 and 16:9 aspect ratio 
results, respectively. The thresholds x0 and x 1 were equated and taken from the experi
mental threshold data from the first experiment for the corresponding images and defor
mation types. The estimated parameters were the preference reference level e , and the 
four annoyance factors d for the four geometrical deformations used in the preference 
experiment. The powers p and q were varied, but the results were not really sensitive 
for this variation, so an optimal power could not be estimated. Figures 34-37 and 38-41 
show the results of least squares fits for the powers 1 (linear relation) and 0.5 (square-root 
relation), and according to the Stevens and the Wilson description, respectively. 
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Figure 34: Results of least-squares fit for the power p= I and aspect ratio 4:3, according the Stevens de
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sc ription 

2 

a.. 
QJ 0 
{) 
c 
Cll 
>-
0 
c 
~ -1 

-2 

o =barrel 
+=concave A 

-3 x = seagull A 
*=seagull B 

aspect ratio 16:9; power p=0.5 

-4 '--~~--'-~~~--'-~~~-'--~~--'~~~~~~~~~~~~~~~ 

0 0.5 1.5 2 2.5 3 3 .5 4 
deformation level A(mm) 
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Figure 38: Results of least-squares fit for the power p=l and aspect ratio 4:3, according the Wilsons de
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Figure 40: Results of least-squares fit for the power p= 1 and aspect ratio 16:9 , according the Wilsons de
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The figures show that (1) both models (Stevens and Wilson) yield comparable results, and 
(2) the results for the power p = 0.5 show a better fit than do the results for the power p = 1. 
The annoyance factors d are suitable indicators for the annoyances evoked by the differ
ent deformation types. The estimated p-factors differ substantially and consistently be
tween deformation types as can be seen in Figure 42. From this figure it can be concluded 
that barrel and seagull-A distortions grow faster in annoyance than do the concave and 
seagull-B deformation types. Figure 43 shows that the estimated annoyan.ce factors are 
negatively correlated with the experimentally determined threshold amplitudes, which 
implies that high threshold sensitivity correlates positively with high annoyance sensitiv-
ity. -
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Figure 42: Estimated annoyances factors d for the aspect ratios 4:3 and 16:9, 
respectively 
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Figure 43 : Estimated annoyance factors and the experimental determined thresh
old amplitudes. 

6.4 Consclusions 
1. A shape model is found that can be used as preference indicator. The squared areal 

distortion from a straight lines determines the annoyance difference between defor
mation types. 

2. Threshold amplitudes and preference data are consistent within a Stevens model. 
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7. Recommendations 
1. Absolute invisibility for geometrical deformation is realized if the maximum ampli

tude is smaller than 0.2 arcmin. For a screen of 40 cm and a viewing distance of 4 
times the screen hight this corresponds to 0.07 mm for the most sensitive subject. 

2. If forced accept visible distortions choose concave type of deformation. A void 
seagulls. 

3. For shape discrimination, a squared areal deviation from an average straight line is 
a suitable annoyance indicator. 

4. For amplitude discrimination, the Stevens power law (see Paragraph 6.2) can. be 
used. 

5. A crosshatch is a suitable image for visual inspection of geometrical deformations. 
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Summary 

A measurement method for specifying geometrical deformations of images, repro
duced on CRT's, is discussed. The method is based on a single measurement of the 
whole CRT screen with a CCD camera and subsequent processing. The applied test 
image consists of dots, which is convenient because their area is confined and thus it 
is easy to calculate spatial shifts in both directions. 

The problem of limited resolution of the CCD camera is solved by assuming that 
interpolation through calculating weighted means with the intensity of contributing 
CCD pixels to a dot yields a valid approximation of the relevant centre position of 
that dot . 

Possible deformations introduced by the lens of the CCD are investigated, but no 
significant effects were found. 

The effects of camera mis-positioning are considered and expressions to correct 
for these effects are given. After a subsequent normalization procedure (adapting a 
suitable coordinate system) the deviations can be fitted to polynomials in the two 
spatial coordinates by a standard statistical package, such as SAS. 

The resulting polynomial fit can be used either to correct the initial deformations 
of the CRT or to check whether enforced deformations in the image are calibrated in 
the right way. Both possibilities are investigated and checked. From the calibration 
of a series of enforced seagull deformations it can be concluded that this tool is 
sufficiently powerful to do well-controlled experiments. 
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CCD-captured image 

t 
dot allocation 

calculated dot locations 

precorrections 

precorrected locations 

normalization 

raster locations and deviations 

SAS . I 

t 
polynomial fit of deviations 

Fig. l. Overview of actions to arrive from a CCD-captured image at the poly
nomial fit of deviations. The precorrections are meant to correct for camera 
mis-positioning. 

1 Introduction 

A method for raster measurement is proposed here, which is applied at IPO to calib
rate stimuli and test devices for threshold and scaling experiments in the framework 
of the geometry project (owner Van Alphen, Philips Components/BGDC/PPD, 
01-12-1995 - 30-11-1996). The advantages of this method are that: 

• it resembles the situation of human vision itself, more than other methods (e.g. 
XY-frame-steered multi-position measurements) , and thus it is perceptually 
more relevant , 

• it is extremely fast compared to other methods (multi-camera or multi-position) , 
and 

Raster measurement Page 4 of 16 IPO 



Fig. 2. Example of a CCD captured image of a dot pattern. The image is 
inverted (so black is highest intensity) . In this case we applied a 15 x 16 dot 
pattern, but applying more points is easily achievable: we have also applied 
32 x 32 points. 

• it is a simple method . 

One of the main problems of this approach is the limited resolution of the CCD 
camera. This is solved by applying an interpolation technique. It is supposed that 
the weighted average of the intensity distribution belonging to one point corresponds 
to the centre position of that point. This assumption is exactly true if the sampling 
function of the CCD camera is pyramid with a square base extending to the eight 
neighboring sampling points. Of course, this condition is not completely fulfilled , but 
the obtained results don't contradict the validity of the method. The final achieved 
resolution is at least a factor 10 better than the basic resolution of the CCD image. 

A schematic overview is given in Fig. 1. Its elements are further elaborated in the 
next section. 

2 Overview of the method 

2.1 The basic CCD measurement 

The test image that is most convenient to use, consists of a set of dots , placed at 
regular intervals in both the x and y direction on the screen. 

The measurement has to be carried out quite precisely with respect to parameters 
which are relevant for raster deformations. These are the following: 
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1 ~ - ~ - ·- 1 
----+ transsection of image 

Fig. 3. A horizontal cross-section of a CCD image of a dot pattern. The 
dashed line indicates the threshold value Lo that should be applied in order 
to get a reasonable definition of the dot areas (see text). 

• The CCD camera should be positioned perpendicularly to the middle of the 
screen and relative rotation between image and camera should be minimized . 

• The effect of lens deformation of the CCD camera itself should be corrected for. 

• Less important, but still relevant is that the dynamic range of the CCD camera 
should be exploited as much as possible. This influences the accuracy of the 
estimation of the coordinates of the points (a larger range implies more intensity 
"resolution" and thus guarantees a better interpolation to estimate positions). 

Subsequently, an image is captured; an example is given in figure 2. Multiple 
frames can be grabbed and averaged in order to reduce noise on the measured intensity 
(luminance-like1

) values. A cross-section of such a measured image is displayed in 
figure 3. 

The fact that the spectral sensitivity function (SSF) of the CCD camera does 
not exactly equal V(>.) (the SSF of the eye) constitutes a second order error. The 
most important effect is that the red phosphor location is over-weighted by a small 
amount. 

1The spectral sensitivity resembles the eye sensitivity curve, but deviates in the (infra)red. 
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front view 

Fig. 4. Sketch of definitions of angles of rotation and tilt. 

2.2 Procedure to extract dot locations 

An adjustable level as indicated in figure 3 defines the CCD image areas of the 
dots. Such an area defines the location of the dot by simply calculating the weighted 
averages of the x and y coordinates. The weighting is done by the intensity function. 
The weighted mean can be used as an estimator here, because the assumption is that 
the average position, weighted by the luminance, is equal to the centre location of 
the dot. 

Hence, we have the following estimates for the Xi and Yi coordinates of the dot i 
defined by area A through the cut-off level L 0 

Xi= wl J dx dy (L(x, y) - Lo). x, 
i A; 

(2.1) 

Yi= Wl. j dx dy (L(x, y) - Lo)· y 
i A; 

(2.2) 

where 
(2.3) 

The cut-off level was introduced because black is not always represented by the value 
0 in CCD images. 

A routine has been written in order to extract these estimated locations. The 
output file has lines with the format ni Xi Yi, where ni denotes the size of A in pixels. 
The output can be constrained by imposing lower and upper bounds on the printed 
values of ni· This is necessary for suppression of noise (just one pixel slightly above 
L 0 ) and suppression of larger structures in the image (a complete border around the 
screen). By varying the level L 0 the areas can be extended or confined. This is an 
iterative process at this moment, to be carried out by the experimenter. 

2.3 Precorrection: relative rotation and tilt of camera 

An important precorrection is needed in order to avoid the influence of ill-positioning 
of the camera. The effects that can be introduced are: 
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1. relative rotation of the camera around the axis that is perpendicular to the 
image plane, specified in one angle ( </>) 

2. tilt of the camera axis with respect to the aforementioned perpendicular axis, 
specified in two angles (we chose to specify this in the angles (x .and (y) 

These angles are indicated in figure 4. Other possible deformations that can occur 
are resizing and translation, but these are removed by the normalization procequre 
as described in the next section. 

The rotation and tilt deformations are assumed to be small, because one tries 
to align the camera as well as possible. In that case the transformations can be 
expressed as a Taylor series expansion as follows (see Appendix for a derivation): 

dx = ; · x2 
- </> · y + higher order terms, (2.4) 

dy = 1 · y 2 + </> · x + higher order terms, (2.5) 

where d denotes the object distance (distance between image plane and lens). Typ
ically, this distance is about 4 to 6 times the image height. 

The procedure to extract these transformations is following the polynomial fit 
procedure as described in section 2.5. The appropriate coefficients of the complete 
polynomial can be inverted in order to find the necessary precorrection before further 
processmg. 

2.4 Coordinate system conversion (normalization) 

The estimated coordinates from the last section are given in the CCD-image coordin
ate system. The target coordinate system for calculations and polynomial fits is 
(x , y) E [-1, 1] x [-1, 1] . Therefore, a program was written to transform the coordin
ate system and at the same time to express the found locations in reference locations 
(based on an ideal raster) and deviations thereof. 

The normalization is done in two steps. First , the program uses the minimal and 
maximal values of Xi and Yi to determine initial scaling factors , whereby it is possible 
to allocate the points which are on the edge. Secondly, all edge points are used to 
determine a new set of scaling factors. Through this procedure, the offset and overall 
scaling factors are minimized. 

A problem with this procedure is caused by deviations which are larger than the 
size of the basic area belonging to a single dot. If a dot is shifted into the area of 
another dot , the aforementioned script yields erroneous results. For known systematic 
deviation, S- correction or enforced deformations like seagull , the interpolation can 
be explicitly corrected. In these cases, linear interpolation is precorrected through 
adding a deviation with opposite sign and a strength that can be given by the user 
of the program. However, if there · still are multiple allocations, they are explicitly 
mentioned. 
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Horizontal lines: horizontal deformation Horizontal lines: vertical deformation 

-I -0.5 0 0.5 -I -0.5 0 0.5 

normalised x-position normalised x-position 

Fig. 5. Deviations as a function of (normalized) horizontal position, plotted 
for 16 different vertical positions . It is clear that the number of points to 
guarantee a smooth polynomial fit might be just too low. The units along the 
vertical axes represent CCD pixel units. 

An example of a measurement of a 15x16 dot pattern, which has been transformed 
in this way is given in figure 5. 

2.5 Polynomial fit 

The resulting data (deviations dx(x, y) and dy(x, y)) can be modelled by means of 
polynomials. Such models can be fit by a standard statistical package, such as SAS. 

We have taken the following models for the deviations: 

6 6 

dx =LL ai1xiy1 , 
i=O j=O 

6 6 

dy = LL bijXiyj' 
i=O j=O 

(2.6) 

(2.7) 

in which the coefficients a20 , a01 , b02 , and b10 can be attributed to ill-positioning of 
the camera. 

In order to fit seagull-type deformations, the second polynomial should be replaced 
by 

3 3 

"'"'"'"' 2i 2 -1 dy = L., L., b(2i)(2j)X y J IYL (2.8) 
i=l j=l 

because these deformations are asymmetrical in vertical direction. 
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Fig. 6. Deformation of the CCD camera applied to a cross-hatch image. Note 
that in order to make the deformation visible, the fitted deviation was multi
plied by a factor 10. 

3 Calibration of the CCD camera 

In order to calibrate the measuring equipment, i.e., the camera, one should have 
a stimulus with a known raster performance, preferably as linear as possible. To 
this end we used a printed dot pattern on a sheet of paper with dimensions 62 x 47 
cm. This printed pattern was the most accurate raster display we could think of. 
Moreover, its size enabled us to imitate the CRT situation quite closely. 

There exist some differences between this printed pattern and a series of dots 
displayed on a CRT. First, because of printing reasons it is most convenient to have 
black points on a white background, instead of white dots on a black background 
like on a CRT. Secondly, it is very difficult to illuminate the paper homogeneously. 
Therefore, the captured CCD image was divided pointwise by the recording of a white 
paper without dots, and subsequently the result was inverted. 

The precorrection was calculated ( ¢> = -0.0078 rad, (x = -0.00l5d rad, and 
(y = 0.00l 7d rad). Subsequently, the data were transformed to polar coordinates in 
order to find a possible lens deformation, which should depend only on the radius 
r. It appears that the found effects are very small. Moreover, they are corrupted by 
other effects, caused by the fact that the paper was not ideally fixed to the wall. 

The effect that was found had the following form: 

dr = -0.00207 · r 2 + 0.00144 · r 5 + 0.00007 · r6
, (3.1) 

where r was calculated from the normalized x and ~y and had values in the range 
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correct byte image ~ DISPLAY f------+ 
incorrectly displayed image 

(plain original image) 

l 
specification for the transformation ( x, y) --+ ( x', y') by 

GEOMETRY functions fx and fy, in which x = fx(x', y') and y = 

fv(x'' y') 

l 
precorrected byte image ~ DISPLAY f------+ 

correctly displayed image 
(corrected reference) 

! 
GEOMETRY specification of controlled deformations 

! 
deformed byte image - DISPLAY - deformed displayed image 

(image under test) 

Fig. 7. The principle of correcting a CRT-displayed image and subsequently 
producing controlled deformations on the screen. The image processing pro
gram GEOMETRY uses bilinear interpolation to transform the image. 

[O , 1.5625]. The factor ~ had to be included, because the normalization of x and y 
on an individual basis does not comply with the transformation to polar coordinates. 
This deformation is shown in figure 6, where the amplitude is multiplied by a factor 
10. 

The coefficients in the above equation were found with SAS, and only the first 
one was significantly different from zero at the 5% confidence level. The correlation 
coefficient (squared) of the full model fit with the data was p2 = 0.225, which is low. 
A further fit for the r 2-term only yielded no useful results. 

Based on these measurements, in further experiments no corrections for lens de
formations were included. 
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4 Application to psychophysical experiments 

The calibration procedure described in this report is used in the so-called geometry 
project, in which thresholds and acceptability criteria for deformations of lines are 
measured. In order to be able to conduct such experiments on a regular CRT, one 
firstly has to correct this CRT to have an impeccable raster performance. Secondly, 
it has to be tested whether deformed images are deformed correctly. This_ section 
deals with the second problem. The complete scheme is shown in Fig. 7. 

A CRT was corrected and a range of seagull deformations on a regular dot pattern 
was created. These images were captured as well as a corrected regular dot pattern 
itself. The polynomial fit on the undeformed dot pattern (which should give zero in 
an ideal case) was used to precorrect the other images before proceeding with the 
fit procedure. This was done to separate the errors due to imperfect calibration and 
intended deformations. 

The seagull deformations that were applied, were symmetrical in x, with a maxima 
at lxl = 0.7 and zero-crossings at lxl = 0.9. The strengths of the seagull deformations 
varied with y position in a seagull-like way, with a extrema at IYI = ~ and half of 
the maximal strengths at IYI = 1. This function was asymmetrical in y. The set of 
deformations that was created, varied in overall strengths: 0.0000, 0.0020, 0.0060 , 
0.0119 , 0.0953. The amplitude of these strengths should be interpreted as follows: 
they indicate the maximum deviation (for (x, y) = (0.7, ~) in units of the normalized 
screen dimensions (a screen is represented by [-1, 1] x [-1, 1]) . The set of strengths 
yield a set of deformation functions which we call Jo ... f 4 , respectively. This labeling 
is used in figures 8 and 9. 

In Figures 8 and 9 the results of the fits are displayed. In order to be able to 
compare the different strengths to each other, 3 of the functions are multiplied by a 
relative strength factor. It appears from the graphs that the positions of maximal 
strength and zero-crossing do not meet the requirements. This is due to an normaliz
ation error in the deformation procedure, which has been solved afterwards. It only 
means a scaling factor in the positions, which is apparently about 1.1. Except for the 
smallest deformation , the results meet the expectations. The smallest deformation 
has a maximal shift of only 0.1 % of the image height. 

A Derivation of the effects of camera mis-positioning 

In this appendix we derive the expressions for the Taylor expansion up to second 
order of tilt, rotation, magnification, and translation effects of the camera relative to 
the display. 

A.1 Tilt 

In figure 10 it is shown how we choose our definitions. The transformations of ho
rizontal and vertical tilt angles (x and (y completely decouple. For the situation in 
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Fig. 8. Calibration results for x direction. 

y-dependence of measured seagull 
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Fig. 9. Calibration results for y direction. 
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fig. 10 we have the following equalities: 

x' PO' 

sin a sin(90 - ( - a) 
PO= d ·cos( PO'= _d_ 

cos( 

PO . x 
cos Q = ----;::=== 

VP02 + x2 
Slll Q = ----;::=== 

Jpo2 + x2 

From these expressions we can calculate the transformation rule: 

(A.l) 

(A.2) 

, sin a d sin a d x d 
x = ·--= ·--= ·--

cos( ( + a) cos ( cos (cos a - sin (sin a cos ( d cos2 ( - x sin ( cos ( 

The Taylor series expansion of the last expression can be reduced as follows: 

x' 
x d 

d(l - ~(2 ) 2 - x( . 1 - ~(2 

x d( 1(2) 
d(l - ~x - ( 2) • 

1 + 2 

x(l + ~x + ( 2 + ~~ x 2)(1 + l(2
) 

x(l + ~(2 ) + x2f + x3
(

2 

2 d d2 

So the transformations rules for tilt are: 

x' '.::::'. x(l + ~(2) + x2(x + x3(; 
2 x d d2 

A.2 Rotation 

The rules for rotation are as follows: 

II I ,!,. I • ,!,. x = x · cos 'I-' - y · sm 'I-' 

y" = x' · sin </> + y' · cos </> 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

(A.7) 

(A.8) 

The expansion of these expressions and the substitution of the expressions for x' and 
y' yield: 

/ 3 1 ( (2 ( </> 
x' '.::::'. x + -(2x - -</>2x + --=.x2 + -2x3 - </>y - _Y_y2 

2x 2 d d2 d 
(A.9) 

y" '.::::'. y + ~(2y _ ~</>2y + (y y2 + (; y3 + </>x + (x</> x2 
2 y 2 d d2 d 

(A.10) 
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Fig. 10. Schematic overview of definitions with tilt. 
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dx dy 

- ax ay 

x 3 2 1 2 
Dx + 2(x - 2 ¢ ¢(1 +by) 

x2 ;(l+ox) (x¢ 
d 

x3 c; 
--

d2 

y - ¢(1 +ox) f; ~(2 - ~¢2 y + 2 y 2 

y2 - (y¢ ~ (1 + oy) 
d 

y3 -
(~ 
d2 

Table 1. Overview of the transformation coefficients of the precorrections 
caused by tilt, rotation , magnification , and translation. 

A.3 Magnification and translation 

The rules for these two transformations can easily be summarized in one set of equa
tions: 

x"' = (1 + Dx)x" +ax 

y"' = (1 + oy)y" + ay 

(A.11) 

(A. 12) 

These can be combined with the above expressions for tilted and rotated coordinate 
systems: 

x"' 
3 1 . ( ( 0 ( 2 

x( l + f; + _12 - _,-1,2) + x2(_=. + --=----=-) + x3 2. 
x 2 '>x 2 '+' d d d2 

-y( ¢+¢ox) - y2 (~¢ +ax (A.13) 

y"' y(l + oy + ~(; _ ~¢2) + y2(~ + (y:y) +ya~~ 
+x(¢ +¢by)+ x2 (~¢ + ay (A.14) 

This result is summarized in table 1, in which the expressions for the relevant coeffi
cients are tabulated. 
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Appendix 2 
Text (see below) used to instruct the subject in case of the threshold experiment with 
seagull distortion. In addition to this text a picture of the scenes (see Fig.2) was shown and 

· verbal explanation was given. 

Instruction 
This experiment forms part of a study on the visibility of geometrical deformations 
of images presented on television screens. · 

In this experiment we want to measure threshold values of a special type of defor
mation, called 'seagull' (see Figure 1). We therefore show you 5 different images 
with varying levels of seagull deformation in the horizontal image lines. In this ex
periment we call an image deformed if the horizontal lines appear to be (slightly) 
curved in the shape of a seagull. 

The experiment will start with the presentation of two images shown shortly 
after each other. One of the two images is deformed according to the ' seagull' type. 
The other one, the reference image, contains no seagull deformation. You have to 
respond which of the two images is the reference. This means which of the two im
ages contains no seagull type of deformation. 
Type 1 if you find that the first picture contains no seagull deformation. Type 2 
if you think that the second image is not deformed l~ke a seagull. 
Press <enter> to get the next serie of two images. 
Once more: We only call an image deformed if the horizontal lines appear to be 
(slightly) curved in the shape of a seagull. 
The experiment will stop if you can no longer distinguish the reference image from 
the seagull deformed image. 
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Appendix 3 
Text (see below) used to instruct the subject in case of the scaling experiment. In addition 
to this text verbal explanation was given. 

Instruction 
This experiment forms part of a study on the visibility of geometrical deformations 
of images presented on television screens. 
In this experiment we want to measure the annoyance of three types of deformation, 
called 'seagull' (Figure 1), 'barrel' (Figure 2) and 'concave' (Figure 3). In this ex
periment we only call an image deformed if the horizontal lines appear to be 
(slightly) curved in the seagull, barrel or concave shape. 

The experiment will start with the presentation of two images shown shortly after 
each other. You have to respond which of the two images you prefer to look at, on 
a scale ranging from 0 to 5. Add a '-'sign to indicate that you prefer the first image. 
You can leave out the ' -' sign if you favor the second image. 
So: Type 0 if you have no preference for one of the two images. 
Type 5 if you prefer the second image much above the first. 
Type -5 if you think that the first image is much better. 
Press <enter> to get the next serie of two images. 
Once more: We only call an image deformed if the horizontal lines appear to be 
(slightly) curved in the seagull, barrel or concave shape. 
The experiment will stop if you have judged 153 pairs of images. 

I Ill! .. , 
,l!llil liil! 

~--.. 

"" ---11!!11 ..,, 
ii1!ll / 

ii1!ll ll!!':il 

Figure 1: Seagull shape Figure 2: Barrel shape 

Figure 3: Concave shape 
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Appendix 4 

Mean for four type• of defonnatlon (llC- wlndo-, 6 aubj., 4:3 tv) 
15 ~~~~~~~~ 
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1-..-1ype 5-9-lype 10-13-.-Alype 14-1a_..ll 

Figure 44: The results of the preference scores of 6 subjects for the windows scene with the 4:3 tel
evision. The codes b, c, sa and sb stand for barrel, concave-A, seagull-A en seagull-B distortion re
spectively . The numbers between parentheses indicate the distortion amplitude a. On the horizontal 
axis a matrix stimulus number is plotted. The error bars indicating ±I standard deviation in the 
mean .. 

Mean for four type• of deformation {llC- moNlc, 6 aubj., 4:3 tv) 

-15 

Figure 45 : The results of the preference scores of 6 subjects for the mosaic scene with the 4:3 tele
vision. The codes b, c, sa and sb stand for barrel , concave-A, seagull-A en seagull-B distortion re
sp:ectively. The numbers between parentheses indicate the distortion amplitude a. On the horizontal 
axis a matrix stimulus number i-s plotted. The error bars indicating ±I standard deviation in the 
mean .. 
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Mean for four type• of deforrN1tlon (- jlguw, 6 aubj., 4:3 Iv) 
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Figure 46: The results of the preference scores of 6 subjects for the jigsaw scene with the 4:3 televi
sion. The codes b, c, sa and sb stand for barrel, concave-A, seagull-A en seagull-B distortion respec
tively . The numbers between parentheses indicate the distortion amplitude a. On the horizontal axis 
a matrix stimulus number is plotted. The error bars indicating ±I standard deviation in the mean .. 
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Figure 47: The results of the preference scores of 6 subjects for the windows scene with the 16:9 
television . The codes b, c, sa and sb stand for barrel, concave-A, seagull-A en seagull-B distortion 
respectively . The numbers between parentheses indicate the distortion amplitude a. On the horizon
tal axis a matrix stimulus number is plotted. The error bars indicating ±I standard deviation in the 
mean .. 
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Mean for four type• of defonn.1tlon (ec:- Jlgeaw, 6eubj.,16:9 tv) 
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Figure 48: The results of the preference scores of 6 subjects for the jigsaw scene with the 16:9 tele
vision. The codes b, c, sa and sb stand for barrel, concave-A, seagull-A en seagull-B distortion re
spectively, The numbers between parentheses indicate the distortion amplitude a. On the horizontal 
axis a matrix stimulus number is plotted. The error bars indicating ±I standard deviation in the 
mean .. 
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Pooled annoyance scores for MOZ 4:3 
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Figure 49: Pooled preference scores as a function of geometrical distortion amplitude for the mosaic scene 
with the 4:3 television. The distortion type is the parameter. The error bars represent ±2 standard deviation 
in the mean. 
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Pooled annoyance scores for JIG 4:3 
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Figure 50: Pooled preference scores as a function of geometrical distortion amplitude for the jigsaw scene 
with the 4:3 television. The distortion type is the parameter. The error bars represent ±2 standard deviation 
in the mean . 
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Figure 51: Pooled preference scores as a function of geometrical distortion amplitude for the windows 
scene with the 4 :3 television. The distortion type is the parameter. The error bars represent ±2 standard 
deviation in the mean . 
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Figure 52: Pooled preference scores as a function of geometrical distortion amplitude for the jigsaw scene 
with the 16:9 television. The distortion type is the parameter. The error bars represent ±2 standard devi
ation in the mean. 
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Figure 53: Pooled preference scores as a function of geometrical distortion amplitude for the windows 
scene with the 16:9 television. The distortion type is the parameter. The error bars represent ±2 standard 
deviation in the mean. 
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Figure 54: PRINCOM analysis for the jigsaw scene with 6 subjects (PPI ... PP6) for the 4:3 television. 
The total explained variance for the 2 dimension stimulus space is 96%. 
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Figure 55: PRINCOM analysis for ·the mosaic scene with 6 subjects (PPl ... PP6) for the 4:3 television. 
The total explained variance for the 2 dimension stimulus space is 82%. 
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Figure 56: PRINCOM analysis for the windows scene with 6 subjects (PPI ... PP6) for the 4:3 television. 
The total explained variance for the 2 dimension stimulus space is 93%. 
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Figure 57: PRINCOM analysis for the jigsaw scene with 6 subjects (PPI ... PP6) for the 16:9 television. 
The total explained variance for the 2 dimension stimulus space is 91 % 
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Figure 58: .Principal components analysis for the windows scene with 6 subjects (PPl ... PP6) for the 4:3 
television. The total explained variance for the 2 dimension stimulus space is 91 % 
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