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Chapter 1 

Introduction 

The majority of electro-optical displays including liquid-crystal displays (LCD) 
and cathode ray tubes (CRT) use sampling and interpolation techniques. Sam
pling means that the images are no longer continuous but discrete. The samples 
are taken at regular intervals in both space and time. Within limits, the samples 
can have arbitrary values, i.e. they are not quantized. Sampling is applied in 
at least one of the two spatial dimensions. There are several degrees of freedom 
in the design of the sampling structure such as the sampling density and the 
sampling geometry. Interpolation fills in the gaps between the samples. The 
type and the degree of interpolation are free parameters. In practice, however, 
the interpolation functions are positive-valued and extend over a non-zero in
terval in both space and time. This interval is usually smaller than the distance 
between the samples. The spatial extension of the interpolation function can 
be arbitrarily expanded by combining the display with an optical filter placed 
in front of the display. 

Owing to sampling and interpolation the images reproduced by the display 
differ from the original images. The choice of the display and filter parameters 
influences the visibility of sampling and interpolation artefacts such as flicker, 
periodic structure and blur. Pre-filters, which process the electrical image 
signal before it is displayed, may reduce the strength of such artefacts and 
may, at the same time, introduce other artefacts. These filters can, for instance, 
deblur the displayed images. Again, the type and degree of filtering are free 
parameters. 

Measurements of perceptual image quality, i.e. the degree of excellence of 
an image (Roufs & Bouma, 1980), should be used to evaluate sampled and 
interpolated images produced by a display. It is possible to distinguish be
tween appreciation-oriented and performance-oriented perceptual image qual
ity (Roufs, 1992). The former is a measure ofimage fidelity as opposed to the 
latter, which denotes the human ability to extract relevant information (Pratt, 
1978). In this thesis we are concerned with appreciation-oriented perceptual 
image quality of sampled and interpolated images. In general, the perceptual 
image quality is not related linearly to the physical parameters specifying the 
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sampling and interpolation process. A comparison of displays with different 
sampling and interpolation combinations should be made by considering the 
differences of the perceptual image quality values of images produced by these 
displays. 

Perceptual image quality enables the perceptual optimization of the physi
cal display parameters specifying the sampling and interpolation process. More 
specifically, it enables the specification of the values of the display parameters 
for which the perceptual image quality of the displayed images is maximal. 
For example, Nijenhuis & Blommaert (1990) use perceptual image quality to 
determine perceptually optimal parameters of an optical interpolation filter for 
sampled images. Alternatively, we can determine all parameter settings that 
satisfy some perceptual image quality criterion. From these settings we can 
then choose the one that is economically most feasible. 

Much effort has been spent over the last decades to formulate quantitative 
perceptual error measures for the perceptual quality of sampled and interpo
lated images. These perceptual error measures predict the loss of perceptual 
image quality from the physical parameters specifying the sampling and in
terpolation process. Although perceptual image quality can also be assessed 
by means of subjective evaluation techniques such as category scaling, this is 
an elaborate and time-consuming process. Obviously, the predicted values of 
perceptual image quality should be consistent with the results of subjective 
evaluations. 

At present there are numerous quantitative error measures for sampled 
and interpolated images. This is probably due to the fact that sampling and 
interpolation can be described mathematically very well. Undoubtedly the 
most important theorem in this field is the sampling theorem introduced by 
Shannon (1949), Whittaker and Kotel'nikow. The theorem states that a contin
uous band-limited signal can be reconstructed without loss of information from 
a discrete series of regularly spaced samples. In addition, the theorem spec
ifies a minimum for the sampling rate which is better known as the Nyquist 
rate (Nyquist, 1928). Jerri (1977) gives an overview of the sampling theorem 
and reports various extensions such as to non-uniformly spaced samples and to 
non-bandlimited random signals. 

A transform of the signals is needed in order to implement the sampling 
theorem. The sampling theorem presented by Shannon is based on the Fourier 
transform. In this case the sample values are the values of the original signal 
at regular intervals and the interpolation function is the inverse Fourier trans
form of an ideal lowpass filter. Fourier transforms (e.g. Bracewell, 1978) are 
widely used, for instance in the field of electrical engineering and optics. Multi
dimensional Fourier transforms are applied in image processing for example by 
Kretz & Sabatier (1981), Dubois (1985) and Cheung & Marks II (1990). Shan-
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non's sampling theorem can be generalized to include more general transforms 
(e.g. Jerri, 1977). The generalized theorem is used by amongst others Oak
ley & Cunningham (1990) and Martens (1990b). The latter uses polynomial 
transforms. In this case the sample values are no longer values of the original 
signal. 

The mean-square error is frequently used as a quantitative measure of dif
ference between the reconstructed and the original image. This applies for 
sampling and interpolation as well as other image-processing techniques. The 
mean-square error is taken on the sample values and is hence defined in the 
space-time domain or in the domain of the transform used (e.g. Pratt, 1978; 
Oakley & Cunningham, 1990; Martens, 1992). Sometimes weighted mean
square errors or the weighted mean-square error of a non-linear function of the 
sample values of the image representation in either of the domains are used 
(e.g. Marmolin, 1986). Note that the mean-square error or the least-squares 
method is also often applied in mathematics, for instance in projections and 
linear regression (e.g. Chatfield, 1983). 

In general, perceptual image quality values predicted by error measures 
such as the mean-square error do not correlate well with the results of subjective 
tests because these measures do not incorporate properties of the human visual 
system. Although this is agreed upon in literature (e.g. Mannos & Sakrison, 
1974; Pearlman, 1978; Pratt, 1978; Saghri, Cheatham & Habibi, 1989) many 
image-processing engineers persist in using mean-square error criteria that do 
not consider any of the properties of the human visual system. Fortunately, 
however, there is a growing interest in error measures applying some model of 
the human visual system. 

Most error measures for perceptual image quality that do take human vi
sual processing into account model one or more specific properties of the vi
sual system (e.g. Girod, 1989). A frequently used property is the modulation 
transfer function of the eye, which specifies the threshold modulation depth 
of sine gratings as a function of the spatial and temporal frequencies of the 
sine grating. Modulation transfer functions have been studied extensively (e.g. 
Campbell, Kulikowski & Levinson, 1966; Campbell & Robson, 1968; van Nes, 
1968). Modulation transfer functions are a popular description in the frequency 
domain that can easily be included into mean-square error measures using a 
Fourier domain description of the sampling and interpolation theorem. Quan
titative measures based on the modulation transfer function have, for instance, 
been introduced by Charman & Olin (1965) for what is now called the MTFA 
method, Mannos & Sakrison (1974), Barten (1987) in his SQRI method and 
Saghri, Cheatham & Habibi (1989). The concept was used by Watson, Ahu
mada & Farrell (1986) to derive a minimum sampling rate for time-sampled 
images. The concept also forms the basis for the Kell factor which is reviewed by 
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Tonge (1984). For one-dimensional spatial sampling, the Kell factor is probably 
best described as the ratio of the number of resolved periods of a sine grating 
to the theoretical number of periods for which the sinusoid is not distorted and 
which is half the Nyquist rate (e.g. Tonge, 1984; Chen & Hasegawa, 1992). 

Many quantitative measures incorporate human visual system properties 
such as the modulation transfer function of the eye, but generally neglect the 
fundamental property that perceptual image quality is a global percept. Hence 
the underlying perceptual attributes such as periodic structure and blur, or 
their mutual relative weights are often not considered explicitly. Consequently, 
these measures lack proper understanding of the sampling and interpolation 
problem. Roufs (1992) and Roufs & Bouma (1980) pointed out that perceptual 
quality is a global perceptual attribute that is a combination of a multitude 
of perceptual attributes such as brightness, colour, brightness contrast, size 
and sharpness. The concept was applied by, for instance, Marmolin & Nyberg 
(1975) and Nakayama, Kurosu, Honjyo & Nishimoto (1980). The study of the 
combination of multiple attributes into a global attribute has led to combina
tion rules (e.g. de Ridder, 1991a). Multidimensional scaling (e.g. Kruskal & 
Wish, 1978) can be used to identify the perceptual attributes underlying the 
global perceptual quality attribute as well as to determine how these attributes 
are combined into perceptual image quality. 

In this thesis we specify a quantitative perceptual error measure for the 
perceptual quality of sampled and interpolated images relative to the originals 
which has an interpretation stage that explicitly states the perceptual attributes 
relevant to sampling and interpolation. The underlying perceptual attributes 
are combinedinto perceptual quality using a Minkowski metric (e.g. de Ridder, 
1991a). The relations between the physical parameters and the strengths of 
the attributes are formulated using properties of the human visual system. In 
chapter 2 the quantitative expression for perceptual quality is formulated in 
detail. We do not consider pre-filtering and limit ourselves to static images, 
i.e. omit the temporal aspect of sampling. The perceptual error measure con
tains some perceptual parameters that must be determined experimentally. In 
chapters 3, . 4 and 5 we study these parameters as well as the performance of 
the perceptual error measure for abstract, pseudo text and complex images in 
black and white as well as in colour. Some issues concerning the perceptually 
optimal combination of sampling and interpolation using the error measure 
defined in this thesis are discussed in chapter 6. 



Chapter 2 

A perceptual error measure for sampled and 
interpolated images - Theory 

2.1 Abstract 

The majority of display systems produce sampled and interpolated images that 
are visually impaired compared to the originals. The optimization of the dis
play parameters requires some error measure. Present measures, often distance 
measures, are all defined at the level of the physical signal and are inappropri
ate because they do not take the properties of the human visual system into 
account. In this chapter the distance in a perceptual space spanned by artefacts 
relevant to sampling and interpolation is used as a measure of the impairment 
of the processed image relative to the original image. It is shown that a two
dimensional perceptual space with the sensorial strengths of periodic structure 
and blur along the axes can be constructed from the physical parameters. The 
quantitative perceptual error measure can be used to determine a perceptually 
optimal combination of sampling and interpolation. The optimization problem 
is shown to be equivalent to minimizing a cost function known from standard 
regularization theory. The optimal solution is a compromise between conflict
ing demands in the perceptual space. 

2.2 Introduction 

An ideal display system produces sampled and interpolated images that are 
visually indistinguishable from continuous images. However, most display sys
tems are not ideal but produce impaired versions of continuous images. It 
is therefore important to develop error measures that define the quality of the 
sampled and interpolated image in comparison with the continuous image. Such 
measures facilitate the design of display systems that meet a certain quality 
criterion, and in general the optimization of display parameters. 

Existing quantitative measures for the evaluation of sampled and inter-
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polated imagery are defined at the level of the physical signal. These are 
usually based on some distance measure between the original and the sampled 
and interpolated image in function space (e.g. Pratt, 1978). For optimiza
tion purposes, the minimum square-error criterion is often used (Oakley . & 
Cunningham, 1990; Martens, 1990a). Although physical error measures are 
widely used in the field of image processing, they often correlate poorly with 
subjective testing (Pratt, 1978). Consequently, they cannot be used to specify 
display parameters without due consideration. 

The fact that physical measures neglect the perceptual stage of image for
mation is probably the cause of this poor correlation between the error value 
and the perceptual quality of the sampled and interpolated image. As an alter
native, we propose that the distance between the continuous version and the 
sampled and interpolated version of an image be defined by the total percep
tual impairment caused by the sampling and interpolation process. The nature 
as well as the magnitude of the distance measure is, in that case, determined 
by visual perception. Since perceptual quality is linearly related to perceptual 
impairment (de Ridder, 1991a), the perceptual distance measure is also propor
tional to the loss of perceptual quality due to the sampling and interpolation 
process. 

In this chapter we define a perceptual error measure for the total impair
ment. In the chapters which follow, this error measure is tested for single-edged 
black and white images, complex black and white images and complex colour 
images. 

2.3 The perceptual error measure 

In this section we formulate a quantitative expression for the total perceptual 
impairment of sampled and interpolated images relative to the originals. Fig
ure 2.1 shows the effects of sampling and interpolation for a portrait of a woman, 
'Wanda'. The original image is shown in figure 2.1.a. Figures 2.1.b, 2.1.c and 
2.l.d are impaired versions of the original in which sampling and interpolation 
artefacts are visible. Typical artefacts are periodic structure, blur, staircase 
and moire. By staircase are meant milled edges and lines. By moire we mean 
a low-frequency periodic brightness variation caused by the interaction of a 
periodic sampling structure of relatively high frequency with a periodic bright
ness variation in the image of approximately the same frequency. Each of the 
artefacts has its own specific effect on the total perceptual impairment. Peri
odic structure and blur are the most dominant artefacts in the 'Wanda' image. 
Staircase is only visible in a few local areas of the image. Although artefacts 
such as moire are not visible in figure 2.l.a, they can be perceived in local areas 
of other images. Figures 2.l.b, 2.l.c and 2.l.d also show that the perceptual 
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strength of periodic structure can be reduced by stronger interpolation at the 
expense of the sharpness of the image. 

Figure 2.2 shows the different computational steps of the perceptual error 
measure which determines the perceptual quality Q from the physical parame
ters <Pi specifying both the image and the sampling and interpolation process. 
The perceptual quality is determined from the total perceptual impairment 
I. The total perceptual impairment is a distance in a perceptual space. We 
assume that the artefacts relevant to the sampling and interpolation process 
are the orthogonal dimensions of the perceptual space. The most dominant 
artefacts, periodic structure and blur, are denoted by the subscripts p and b, 
respectively. It is this perceptual space that distinguishes the perceptual error 
measure from the conventional error measures. The impairments Ii, i.e. the 
weighted perceptual strengths si, of the individual sampling and interpolation 
artefacts are along the axes of the perceptual space. The sensorial strengths 
are determined from the physical parameters. 

2.3.1 Perceptual impairment and perceptual image quality 

Measurements plotted in figure 2.3 show that the relationship between 
perceptual impairment and perceptual image quality is linear to a good 
approximation1 • This relationship holds for different images, for different arte
facts, for a large quality range and for images with one as well as multiple 
artefacts (de Ridder, 1992). We assume it to hold for all combinations of sam
pling and interpolation artefacts. 

The perceptual impairment I can thus be converted from or into perceptual 
quality Q by 

1=1-Q. (2.1) 

In this thesis, inverse linearly related perceptual attributes such as perceptual 
impairment and perceptual quality are called complementary attributes. 

Note that there is a difference between the perceptual attributes in the 
model and their measured counterparts. Throughout this thesis we assume 
that, when category scaling experiments are used, the relations between the 
measured perceptual attributes are identical to the relations between the per
ceptual attributes except for a linear transformation. For computational con
venience, the perceptual attributes used in the perceptual error measure are in 
the interval [0, 1]. The measured perceptual attributes may be in a different 
interval. Usually, the difference between a perceptual attribute and the corre
sponding measured perceptual attribute is clear from the context. If this is not 
the case, we use subscripts to distinguish between the two. 

1 Unless otherwise stated, the length of a.n error bar in this and other figures is twice the 
standard error of the mean averaged over the data. points. 
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a b 

c d 

Figure 2.1: Effects of sampling and interpolation. (a) Original 
complex black and white image 'Wanda', (b) columnar sampling 
and optical Gaussian interpolation with small spread parameter, (c) 
do. with medium spread parameter and (d) do. with large spread 
parameter. 
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Q 

Figure 2.2: Schematic diagram of the computational steps of the 
perceptual error measure that relates perceptual image quality ( Q) 
or the total perceptual impairment (I) to the physical parame
ters (<Pi), using an intermediate perceptual space with sensorial 
strengths (Si) or impairments (Ji) of the individual sampling and 
interpolation artefacts along the orthogonal axes. 
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Figure 2.3: Scaled perceptual impairment versus scaled percep
tual image quality for complex black and white images impaired by 
additive white Gaussian noise. The data have been averaged over 
subjects. Unless otherwise stated, the length of an error bar in this 
and other figures is twice the standard error of the mean averaged 
over the data points. (D) Image 'Wanda', (o) image 'Fruit' and 
( .C:.) image 'Terrasgeel'. 

15 
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2.3.2 Combination rule for perceptual impairments 

Besides judging total perceptual impairment, people can also distinguish be
tween different artefacts that impair the displayed image and judge their per
ceptual impairments separately. Minkowski metrics (de Ridder, 1991a; de 
Ridder, 1991b) can be used to combine theM underlying perceptual impair
ments Ii into the total impairment I: 

M M 

r:. = Lif =I: +If:+ Lif, (2.2) 
i=l i=3 

where the Minkowski exponent a is a parameter to be determined experimen
tally. Since the artefacts are the dimensions of the perceptual space, the im
pairment I can alternatively be interpreted as some distance in this space. For 
a = 2 the distance is Euclidian. 

2.3.3 Perceptual strength and impairment of an artefact 

The perceptual impairment caused by a specific artefact increases as the arte
fact gets stronger. Measurements described below show that for the artefacts 
periodic structure (subscript p) and blur (subscript b) the impairments can be 
related linearly to the perceptual strengths S of the artefacts: 

Ip aPSP + bp, 

Ib = abSb + bb. 

(2.3) 

(2.4) 

Obviously, the constants bp and bb are zero since there is no impairment if the 
sensorial strength of an artefact is zero. We assume that this linear relation 
holds for other artefacts as well: 

(2.5) 

The constants a, carry the relative weights of the artefacts in the total percep
tual impairment. 

Since perceptual quality on the vertical axis of figure 2.4 can be converted 
linearly into impairment (equation (2.1)), the data from the periodic structure 
experiment (for details see Appendix 2.A), plotted in figure 2.4, indicate a lin
ear relation between impairment and perceptual strength of periodic structure. 
Similarly, the experimental data from Westerink (1991) in figure 2.5, showing 
a linear relation between quality and sharpness, can be used to illustrate the 
linear relation between perceptual impairment and the perceptual strength of 
blur. To this end we have to show that the relation between impairment and 
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quality and that between sharpness and perceived blur are both linear. Accord
ing to figure 2.3, quality can be converted linearly into impairment. Sharpness 
on the horizontal axis is the complementary perceptual attribute of perceived 
blur. Figure 2.6 indicates that these complementary attributes are linearly re
lated as would be expected from similar data for lightness and darkness and 
for loudness and softness (Torgerson, 1960; Curtis & Rule, 1978). 

0 
a.i 

0 
C\i 

Ell 

~+----.,----.----.----.----~ 
0.0 2.0 4.0 6.0 8.0 10.0 

scaled strength of periodic structure 

Figure 2.4: Scaled perceptual image quality versus scaled per
ceptual strength of periodic structure as measured in the periodic 
structure experiment described in Appendix 2.A. The data have 
been averaged over subjects. 

2.3.4 Physical parameters and perceptual strengths 

The strategy introduced by Fechner (1860) and recently advocated by Watt 
(1989) and by Wilson (1980) has been used to derive quantitative expressions 
for the sensorial strengths Sb and Sp of the artefacts blur and periodic structure 
as a function of the physical parameters. The interpolation function is assumed 
to have a Gaussian impulse response h( x) with spread parameter a: 

1 -x2 

h(x) = tn= exp(-2 ). 
v 2rra 2a 

(2.6) 

The reason for choosing the Gaussian interpolation function is twofold. First, 
it is frequently used. Second, as can be shown by using the central limit theo-



18 

0 
a;) 

0.0 

Chapter 2 A perceptual error measure - Theory 

0 

2.0 4.0 6.0 8.0 10.0 

scaled sharpness 

Figure 2.5: Scaled perceptual image quality versus scaled percep
tual sharpness. Adapted from Westerink (1991). 
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Figure 2.6: Category ratings for both sharpness and perceived 
blur for a black and white portrait of a woman, 'Wanda'. The 
data have been averaged over subjects. The perceived blur data 
have been published by de Ridder & Majoor (1990). Unpublished 
sharpness data have been measured by de Ridder under the same 
experimental conditions. Courtesy de Ridder. 
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rem, a combination of various resolution-degrading filters produces an overall 
response that is approximately Gaussian (Oakley & Cunningham, 1990). 

We assume that the perceptual strength of blur is a differentiable function 
of the physical spread parameter a: 

(2.7) 

Variations in the perceptual variable Sb are then related to variations in the 
physical variable a by 

(2.8) 

According to Fechner, a key property of perceptual attributes is that just no
ticeable differences (jnd 's) of the perceptual variable are independent of the 
strength of the attribute: b.S0 = k. Consequently, the sensorial strength func
tion for blur can be constructed by measuring jnd 's .Q.a as a function of a and 
deriving sb from the equation 

(2.9) 

Experimental results from Watt & Morgan (1983) are adapted in figure 2.7. 
These experimental data show that, for larger a values ( 2.5 ::=; a ::=; 10 arc min), 
.Q.a is proportional to al.5 • Therefore, the sensorial strength function for blur 
can be described by 

(2.10) 

Since this function is not suitable for describing the minimum in the Watt & 
Morgan {1983) data plotted in figure 2.7 for small values of a (0 ::=; a ::=; 2.5 
arc min), we use a slightly modified version of equation (2.10) in which a is 
replaced by J a2 + a~: 

1 
(2.11) ((;:)2 + 1)0.25' 

For convenience, the constants are chosen such that 0::; Sb::; 1. The parameter 
a 0 represents the intrinsic blur of the early-visual pathway which may contain 
both optical and physiological factors. 

The sensorial strength function for blur is consistent with both jnd and 
scaling data for blur. Substitution of the sensorial strength function for blur 
(Sb) of equation (2.11) into equation (2.9) yields an expression for Au as a 
function of a. The dipper-shaped curve in figure 2.7 is a plot of .Q.a as a 
function of a for a0 = 1.2 arc min and k = 0.03 and fits the jnd data of Watt 
& Morgan (1983) well. Figure 2.8 indicates that the sensorial strength function 
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Figure 2.7: Measured jnd's for edge blur as a function of the 
physical Gaussian blur parameter u for two subjects o and o. The 
solid curve represents calculatedjnd's (u0 = 1.2 arc min, k = 0.03). 
Adapted from Watt & Morgan (1983). 

for blur can be used successfully to predict the scaled perceptual quality of 
complex images blurred by a filter with a Gaussian impulse response with 
spread parameter u. 

The sensorial strength function for periodic structure (Sp) is derived simi
larly. If we assume that the sensorial strength of periodic structure is a differ
entiable function of the modulation depth m, then Sv can be derived from 

dSv k 
-= ' dm ~m(m) 

(2.12) 

provided that we know jnd's ~m as a function of m. Experimental results from 
Legge (1981) plotted in figure 2.9 and Carlson & Cohen (1978) show that, for 
larger m values, ~m is proportional to m/3. Hence, Sv must be of the form 

Sv = am1-/3 +b. (2.13) 

According to the data from Legge (1981) in figure 2.9 and Carlson & Cohen 
(1978), the value of the exponent [3 in ~m oc m/3 increases slightly with the 
frequency f of the sine grating. As a first-order approximation we assume that 
the exponent [3 increases linearly with frequency: 

(2.14) 
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Figure 2.8: Scaled perceptual quality of Gaussian blurred complex 
images versus the calculated sensorial strength of blur (o-0 = 0.70 
arc min). Adapted from Westerink & Roufs (1988). 
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where fo is a constant and fp0 is the frequency for which f3 = f3o. According to 
Legge (1981), Carlson & Cohen (1978) and analysis of the experimental data 
of the periodic structure experiment described in Appendix 2.A, typical values 
are f3o = 0.7, fo 98.4 cpd and ff3o = 12.7 cpd. 

For small values of m at threshold, jnd's Am are no longer proportional 
to mf3. Wilson (1980) derived a sensorial strength function valid for both 
threshold and supra-threshold values: 

A((1 + (SC)q)lf3 - 1) 
k(B +SC)E 

(2.15) 

where C is the contrast of the stimulus and S the sensitivity of the visual 
system to the stimulus, k ~ 0.26, q ~ 3, 

A 
k 

(2.16) = H(1 - f1)S1-f3' 

E 
q 

(2.17) = 3+/3-1, 

B = A1/E- 1 
' 

(2.18) 

and H is the proportionality constant in Am = H mf3. Here we use a simplified 
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Figure 2.9: Jnd's of a single subject for modulation depth of sine 
grating patterns as a function of the modulation depth m with the 
frequency as a parameter. The D and o symbols indicate jnd data 
for sine grating frequencies of 2 cpd and 8 cpd, respectively. Each 
point is the geometric mean of four measurements and the lines 
are regression lines. The dashed line has a slope of 0.59 and the 
continuous line has a slope of 0.68. Adapted from Legge (1981). 

versiOn: 
(1+(~)3)1/3 1 

Sp = c (;:: )f:l (2.19) 

where m0 is a threshold constant that has still to be determined. The constant 
c = (1/mo)f:Jo /((1+(1/mo)3)113 -1) is chosen such that 0 ~ Sp ~ 1 for f > ff:Jo· 
Note that for higher values of m the perceptual strength is proportional to 
mi-f:J. 

The modulation depth is specified by: 

(2.20) 

where 1/d is the sample frequency, uo is again the intrinsic blur of the early
visual pathway and u is the spread parameter of an optical Gaussian interpo
lation filter. The expression is consistent with the high-frequency envelope of 
experimentally determined contrast sensitivity functions {e.g. Watanabe, Mori, 
Nagata & Hiwatashi, 1968). 
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Figure 2.10 shows that the calculated sensorial strength of periodic struc
ture is consistent with experimental scaling data for the perceptual strength of 
periodic structure. 

~ I 

~§+----.----.----,----.----, 
0.0 0.2 0.4 0.6 0.8 1.0 

sp 

Figure 2.10: Scaled category data averaged over subjects of the 
periodic structure experiment described in Appendix 2.A for the 
sensorial strength of periodic structure as a function of the calcu
lated sensorial strength of periodic structure. (D) d = 1.47 arc 
min, ( o) d = 1.96 arc min, (6) d = 2.94 arc min and ( +) d = 3.92 
arc min (uo = 0.62 arc min, mo = 0.018, f3o = 0.7, fo = 98.4 cpd, 
ffJo = 12.7 cpd). 

2.4 Interpretation of the perceptual error measure 

By substitution of equation (2.5), which relates the perceptual strength to 
the impairment of an artefact, equation (2.2) for the total impairment can be 
written as 

M 

[a= aasa + ao.sa + "'ai:?-8'!' 
pp bb L....i~'' (2.21) 

i=3 

which is equivalent to 

M 

JU = a:[s; + >.bSf: + L >.iSf], (2.22) 
i:::3 



24 Chapter 2 A perceptual error measure - Theory 

with Ai = (ai/apyx. The Ai parameters tell us something about an observer's 
weight of the periodic structure artefact relative to the weights of the other 
sampling and interpolation artefacts. Equation {2.22) shows that optimiza
tion of the sampling and interpolation problem is equivalent to minimizing the 
function 

M 

s:+.AoSf+ l:.Aisr, (2.23) 
i=3 

which may be regarded as a cost function. 

Minimization of the cost function permits the specification of optimal physi
cal parameter values that minimize the perceptual impairment. If, for example, 
the interpolation is assumed to be Gaussian with spread parameter u, then the 
sensorial strengths of periodic structure, blur and other sampling and interpo
lation artefacts depend on u. In this case the optimal u value can be solved 
from 

a M 
au [s;(u) + .AbSf(u) + ~ .Aisr(u)] 0. 

•=3 
(2.24) 

Minimization of cost functions is a well-known variational2 regularization 
solution method for ill-posed problems (Poggio, Torre & Koch, 1985). The 
'ill-posedness' often manifests itself as the absence of a unique solution to the 
problem. Variational regularization imposes constraints on the possible solu
tions of an ill-posed problem in order to reduce the number of solutions and 
thus restore its 'well-posedness'. These constraints often conflict. The solution 
is then a compromise between several conflicting demands. The regularization 
parameters Ai control the relative importance of the constraints. 

The sampling and interpolation problem for a uniform image is ill-posed 
since there exists no unique solution for the interpolation function. Any inter
polation function that makes the periodic structure invisible is a solution. The 
sampling and interpolation problem can be made well-posed by imposing the 
additional constraint that non-homogeneous images should also be free from 
other sampling and interpolation artefacts. The regularization parameters Ai 
say something about an observer's weight of periodic structure compared to 
the observer's weight of other sampling and interpolation artefacts such as blur 
and staircase. Solutions obtained in this way give the best compromise between 
the various impairments in the image. 

What the best compromise is depends on the regularization parameters or 
more precisely on the relative weights of artefacts compared to the artefact 

2 Va.riational principles are used widely in physics, economics and engineering. In physics, 
for instance, most of the basic laws have a compact formulation in terms of variational 
principles which require minimization of a suitable functional such as the energy or the 
Lagrangian (Poggio, Torre & Koch, 1985). 
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periodic structure. The relative weights are thought to depend on observer 
properties as well as on image content. Subjective factors such as individual 
preference influence the relative weights. Image content determines the promi
nence of an artefact since it influences whether or not the artefact occurs and 
how often it occurs. For example, only a few images will contain moire and 
some more will contain the staircase effect. Almost all images will contain 
blur, but the periodic structure artefact caused by sampling will occur in all 
images. This is the compelling reason why the cost function should be written 
as equation (2.23). 

The usefulness of the approach depends to some extent on the generaliz
ability of the regularization parameters Ai over different observers and differ
ent images or, more generally, on the generalizability of the optimal sampling 
and interpolation solution over different observers and different images. In the 
chapters which follow, we will therefore investigate the behaviour of the regular
ization parameters for (1) different observers, (2) relevant physical parameters 
of edges such as average luminance and contrast, (3) complex black and white 
images consisting of a multitude of edges with different orientations, average 
luminances and contrasts, and ( 4) complex colour images. 

2.5 Discussion 

Because most of the current error measures are defined at the physical level, 
they are bound to neglect one or more of the perceptual aspects of the problem. 
Consequently, solutions are only optimal with respect to a perceptually subop
timal criterion and thus the solution will be suboptimal from a perceptual point 
of view. This leads to trial and error methods for defining useful physical error 
measures. Although this process usually leads to a criterion that produces a 
perceptually satisfactory solution, it is and remains an ad hoc way of formulat
ing error measures (Pratt, 1978) that lacks a perceptual understanding of the 
problem. 

The perceptual error measure makes it possible to formulate a perceptually 
optimal combination of sampling and interpolation in perceptual terms. Since 
the relations between the sensorial strengths of the artefacts blur and periodic 
structure on one hand and the physical parameters on the other hand are 
known for a Gaussian interpolation function, the optimal physical parameters 
can be determined. In future work, similar relations for other interpolation 
functions may also be specified. Once these relations are determined, we can 
then immediately specify the optimal physical values. Note that the optimal 
solution of the sampling and interpolation problem in perceptual terms remains 
the same, irrespective of the physical implementation. 
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The same formalism can also be used to derive measures for more complex 
sampling and interpolation schemes as well as for other image-processing tech
niques. In practical display systems, for instance, the electrical image signal 
can be processed before it is displayed. Although such a pre-filter is unable to 
influence the perceptual strength of periodic structure, it can be used to reduce 
the strengths of the other artefacts. A pre-filter can, for example, perform some 
deblurring. Unfortunately, such a filter itself introduces new artefacts which 
must be included in the perceptual error measure. 

Appendix 2.A Periodic structure experiment 

Stimuli: Single-edged black and white images consisting of two uniform re
gions with luminances £ 1 and £ 2 separated by a horizontal edge were generated 
on a Gould DeAnza IP 8400 image-processing system. The average luminance 
was I = (£1 + £ 2)/2 = 9.6 cdfm2 • The luminance contrast, defined as the 
Michelson contrast C = (Lt £2)/(£1 + £2), was C = 0.21. An image con
sisted of 512 by 512 eight-bit pixels3 • During the experiment only the centre 
496 by 496 pixels (size 0.28 m by 0.28 m or 4° by 4°) were shown on a Conrac 
model 2400 high-resolution 50 Hz interlace monochrome monitor. The view
ing distance was 4 m. Hence the pixel pitch was 0.49 arc min. Besides the 
original image there were images with a periodic structure. A vertical periodic 
structure was introduced by imposing a columnar sampling structure with a 
sampling distance of 3, 4, 6 and 8 pixel pitch units (1.47, 1,96, 2.94 and 3.92 
arc min). The widths of the columns were 1, 2, 3 and 4 pixel pitch units (0.49, 
0.98, 1.47 and 1.96 arc min), respectively. The modulation depth was varied 
by optical Gaussian filtering (see equation (2.6)) in the horizontal direction. 
Gaussian filtering was simulated on the Gould DeAnza using a filter with a 
binomial impulse response h( n) of length l (e.g. Martens, 1990b): 

1 (l-1)! 
= 21-1 ((l- 1)- n)!n! · (2.25) 

The relation between the spread parameter (a) of the Gaussian filter and the 
filter length (l) of the binomial filter was a = ~..;r=l. For each sampling 
distance modulation depth ranged from zero to maximal. Filter lengths were 
chosen such that the difference in perceived strength between successive filter 

3 The word pixel is restricted to indicating the elements of the combination of the image
processing system and the monitor used to display the stimuli. The area of a pixel is approx
imately equiluminant. Pixels lie next to each other and the distance between them (pixel 
pitch) is equal to the pixel's size. Pixels are sufficiently small to ensure that artefacts such 
as periodic structure and 'blockiness' are not visible. In addition, no moire effects are intro
duced during simulation since sampling distances of the simulated sampling structures are 
multiples of the pixel pitch. 



2.A Periodic structure experiment 27 

lengths was approximately equal. The filter lengths are listed in table 2.1. 
Thus far we have used the modulation depth of a periodic sine grating ( equa-

Table 2.1: Filter lengths of the binomial impulse response filters of 
the periodic structure experiment. If the filter length is unity, then 
the filtered and unfiltered image are identical. Sampling distances 
are given for a 4 m viewing distance, in which case the pixel pitch 
is 0.49 arc min. 

sampling distance filter length 
(pixel pitch units) (pixel pitch units) 

3 1, 2, 3, 5, 6, 9 
4 1, 3, 4, 6, 9, 12, 16 
6 1, 2, 5,8, 12, 17,22, 29,39 

i 8 . 1, 6, 11, 17, 23, 31, 41, 53, 71 

tion (2.20)). For the columnar periodic structure we use the modulation depth 
of the first harmonic of the structure: 

m (2.26) 

If this expression is used for the modulation depth, then the constant c in 
equation (2.19) must be changed in c = (2fm0 )f3o /((1 + (2/m0 ) 3 ) 113 - 1). 
The factor mp accounts for the additional interpolation of the columns of the 
structure. It can be shown that for columns with an ideal rectangular luminance 
profile mp = sinc(wfd) = sin(-rrwfd)/(-rrwfd), where dis the sampling distance 
and w the width of the columns. Since in practice the profile will not be 
exactly rectangular, practical values will be lower than the theoretical values 
(sinc(1/3) ~ 0.827 for the one pixel wide column and sinc(1/2) ~ 0.637 for 
the other three widths). Moreover, this additional attenuation may depend 
on the frequency and the luminance of the structure. We therefore measured 
the luminance profile of the columnar structure for different luminances and 
sampling distances with a Pritchard Photometer model1980A combined with 
a spatial line scanner. The modulation depth of the first harmonic that fitted 
the profile best was used to calculate the value for mp. Results are shown in 
figures 2.11 and 2.12. From the plots we conclude that (1) in practice mp values 
are lower than the theoretical values but the ratio of practical and theoretical 
values is to a good approximation independent of the width of the columns, 
(2) the value of mp is to a good approximation independent of the sampling 
distance and (3) the value of mp is to a good approximation independent of the 
peak luminance of the profile for the luminances relevant to the experiment. 
For computational purposes we use the mp values of figure 2.12. 
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Figure 2.11: Additional attenuation of the modulation depth due 
to the width of the columns of the columnar structure with sam
pling distance d = 2.94 arc min versus the peak luminance of 
the luminance profile on the Conrac monitor. The column width 
was half the sampling distance. Hence the theoretical mv value is 
mp R: 0.637. The theoretical value is indicated by the dashed line. 

Procedure: Seven male subjects between 27 and 43 years of age participated 
in two sessions. Subjects had normal or corrected-to-normal vision and a vi
sual acuity, measured on a Landolt chart, between 1.25 and 2. Although two 
of the subjects (FB and GS) had a slight red-green deficiency, their results 
did not differ significantly from those of the other subjects. Subjects rated 
both perceptual strength of the periodic structure and perceptual quality of 
the displayed images on a 10-point numerical category scale ranging from one 
to ten. Three subjects started with the quality session and four subjects rated 
perceptual strength of periodic structure first. Subjects received an instruction 
form in which the quality of the single-edged image was defined as depending 
only on the periodic structure in the uniform regions. Before the start of the 
actual experiment, subjects judged a test series of nine stimuli containing the 
extreme stimuli in order to adjust the sensitivity of their scale. All 32 stimuli 
were presented four times in each session except for the original image with zero 
modulation depth, which was presented 20 times. The sequence of the images 
was random except that stimuli with the same sampling distance did not ap
pear in consecutive trials. Images were presented for five seconds and followed 
by a homogeneous adaptation field with a luminance of 15 cd/m2 that lasted 
until subjects pressed a key but had a minimum duration of two seconds. The 
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Figure 2.12: Additional attenuation of the modulation depth due 
to the width of the columns versus the sampling distance. (D) The 
peak luminance of the profile on the Conrac was 23 cdfm2 and the 
column width ( w) was half the sampling distance (d), hence the 
theoretical mp value is mp ~ 0.637. ( o) The peak luminance was 
35 cdfm2 and w = d/3, so the theoretical value is mp ~ 0.827. The 
theoretical values are indicated by the dashed lines. 

29 

viewing conditions satisfied CCIR recommendation 500 {CCIR, 1986) except 
for the viewing distance, which was 4 m. All category data were transformed 
into an interval scale on the psychological continuum using Thurstone's law of 
categorical judgement. We applied a class I model involving replications over 
trials within a single subject with condition D constraints (Torgerson, 1958). 
These constraints limit the number of model parameters by assuming that the 
correlation between the momentary position of stimuli and category boundaries 
as well as the dispersion of both category boundaries and stimuli are constant. 
Previous to the Thurstone correction, data were processed in accordance with 
Edwards' method (Edwards, 1957) in order to correct scale values of the ex
treme categories. The Thurstone-corrected data were averaged over subjects. 
Averaging over subjects is allowed because, as shown in figure 2.13, the trends 
in the data are similar for all subjects. The group of subjects contained both 
subjects who were accustomed to doing scaling experiments as well as subjects 
who were not. In addition, two subjects (FB and MN) knew the purpose of 
the experiment whereas the others did not. 
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Figure 2.13: Scaled perceptual image quality versus scaled per
ceptual strength of periodic structure as measured in the periodic 
structure experiment. The symbols indicate data for different sub
jects. (D) FB, (o) GS, (.6.) HR, (+) MB, (V) MN, (x) RS and 
( o) SP. The error bar is twice the standard error of the mean aver
aged over the data points and subjects. 



Chapter 3 

Perceptual error measure for a single-edged 
. 
Image 

3.1 Abstract 

The perceptual error measure presented in the previous chapter uses the total 
perceptual impairment of an image as a measure of distance between the origi
nal and a sampled and interpolated version of the image. The parameters of the 
model are thought to depend on image content and observer. The usefulness 
of the perceptual error measure depends on the generalizability of the param
eters over different images and observers. In this chapter we experimentally 
determine the parameters for a single-edged image. The focus is on the param
eter specifying the weight of the artefact blur relative to the artefact periodic 
structure. It was found that the parameters are relatively independent of edge 
contrast and average luminance but depend in some degree on the observer. 
Impairments calculated by the perceptual error measure are shown to fit quite 
well the measured impairments caused by the artefacts, periodic structure and 
blur, in the single-edged image. 

3.2 Introduction 

Sampling and interpolation is a technique widely used in display systems. In re
produced images, it often introduces visible artefacts whiclJ. impair these images 
relative to the originals. In the previous chapter we formulated a perceptual 
error measure for the perceptual distance between the original and reproduced 
images. Within the model we distinguish three computational steps each with 
one or more still undetermined parameters. In the first step the physical pa
rameters specifying the image and the sampling and interpolation process are 
mapped into sensorial strengths of the artefacts. In the strength functions for 
the most dominant artefacts, periodic structure and blur, we encounter the 
intrinsic blur of the early-visual pathway and the periodic structure threshold 
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parameters. The sensorial strengths of the artefacts are converted into percep
tual impairments in the second step. The relative weight parameters specify 
the weights of the artefacts. In the final step the total perceptual impairment is 
determined from the impairments of the individual artefacts using Minkowski's 
combination rule in which the Minkowski exponent is a parameter. 

To be able to use the perceptual error measure quantitatively, e.g. to specify 
a perceptually optimal combination of sampling and interpolation, the values of 
the parameters of the model must be specified. The usefulness of the perceptual 
error measure depends on the generalizability of the parameters over image 
content and observers. Currently we lack knowledge about the parameters. 

In this chapter we experimentally determine the parameters of the model 
and investigate how they depend on image content and observers. We restrict 
ourselves to a single-edged black and white image. The single-edged image 
is relatively easy to describe yet does not oversimplify the problem since the 
most dominant sampling and interpolation artefacts, periodic structure and 
blur, both occur in this image. Furthermore, an edge can be interpreted as a 
local part of a complex image. If we zoom in on an arbitrary complex black and 
white image, we always find a local part that contains only an approximately 
straight edge. In this view a complex image is a collection of straight edges 
with various contrasts and average luminances and orientations. Note that in 
such a concept an image is merely a physical signal and cognitive aspects are 
ignored. 

3.3 Rationale of single-edged images 

A single-edged image as indicated in figure 3.1.a is formed by two adjacent 
uniform regions with different luminances £ 1 and £2 which are separated by 
a horizontal straight edge. The image is completely specified by these two 
physical parameters or alternatively by the average luminance L (L1 +£2)/2 
and some luminance contrast measure such as the Michelson contrast C 
(£1 L2 )/(L1 + £ 2 ). The horizontal orientation of the edge has been chosen 
for convenience. 

Besides the fact that the image content of the single-edged image is com
pletely specified by only two parameters, the single-edged image can offer addi
tional advantages if we make appropriate choices for the sampling and interpo
lation process. For the columnar sampling structure and Gaussian interpolation 
of figures 3.1.b and 3.1.c, only the most dominant sampling and interpolation 
artefacts, periodic structure and blur, can occur. Furthermore, the strengths 
of these artefacts can be controlled independently since (1) the structure is 
perpendicular to the edge, and (2) we can control the degree of interpolation 
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in the horizontal and vertical direction separately. 
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Figure 3.1: (a) Single-edged image with uniform regions with lumi
nance L1 for the lower and L2 (L1 > L2) for the upper region, the 
two being separated by a horizontal straight edge. (b) Magnified 
part of the single-edged image with a columnar sampling structure 
with sampling distance d and column width w. The luminance of 
the columns is a factor d/w higher than the uniform regions in 
figure 3.1.a, so that the average luminances of the lower and up
per regions remain equal to L 1 and L2, respectively. (c) Impulse 
response of an elliptical optical Gaussian interpolation filter with 
spread parameters uh (horizontal) and Uv (vertical). 
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According to equations (2.11), (2.19) and (2.20), the perceptual strengths 
of periodic structure and blur do not depend on the physical parameters aver
age luminance and Michelson contrast of the image. Such dependences have, 
however, been reported. Watt & Morgan ( 1983), for instance, found just no
ticeable differences (jnd's) of blur to be a power function of edge contrast with 
an exponent of -0.5. Watanabe, Mori, Nagata & Hiwatashi (1968) and van 
Nes (1968) showed that contrast detection thresholds for sine gratings are lower 
for higher average luminances. 

Influence of the image content parameters, average luminance and Michel
son contrast, on the impairments of artefacts will be included in the relative 
weight parameters ai of the perceptual error measure. Although the image 
content parameters should be included in the sensorial strength functions, the 
parameters will be included in the relative weight parameters ai of the percep
tual error measure. If data from experiments described in this chapter indicate 
that the relative weight parameters depend on average luminance or Michelson 
contrast, then this factor should be transferred from the relative weight pa
rameters in the sensorial strength functions. For the single-edged image from 
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figure 3.1 the parameters ai from equation (2.5) can be written as 

ai = ai(G,L). (3.1) 

If we vary the Michelson contrast or the average luminance of the single
edged image, we expect some effect on the perceptual image quality. The 
perceptual attributes induced by Michelson contrast and average luminance 
are brightness contrast and brightness, respectively. The influence of these at
tributes is intuitively expected to be second-order if the values for both £ 1 and 
L2 are representative for standard monitors. The total perceptual impairment 
of the single-edged image will decrease if the brightness or the brightness con
trast increases. We therefore use the complementary perceptual attributes as 
artefacts. Since proper terminology for these artefacts is lacking, we adopt the 
terms complement of brightness and complement of brightness contrast. 

3.4 Perceptual error measure 

On the basis of equation (2.2), the total perceptual impairment of the single
edged image with columnar sampling structure and Gaussian interpolation, as 
indicated in figure 3.1, can be written as 

(3.2) 

where the subscripts -G and -B denote the artefacts complement of bright
ness contrast and complement of brightness, respectively. The total perceptual 
impairment can be written as a function of the sensorial strengths since im
pairments are proportional to the sensorial strengths (equation ( 2.5)): 

(3.3) 

The weight parameters ai depend on average luminance and Michelson contrast 
as indicated by equation (3.1). In accordance with equations (2.11) and (2.19) 
the perceptual strengths of periodic structure and blur are 

(1 + (~)3)1/3 -1 
Sv = c (,: )f:J , (3.4) 

1 sb = 1 - -:-:-:::--:-::-----;-::-::-:;-
((~ )2 + 1)0.25' 

(3.5) 

where, according to Appendix 2.A and equation (2.14), the modulation depth 
m, the constant c and the exponent {3 are equal to 

(3.6) 
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( ~o )~o 
c = 

(1+(~0)3-1)1/3' 

{3 = f3o(1 + f J:f3o ). 
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(3.7) 

(3.8) 

As in the previous chapter, we use f3o = 0.7, fo = 98.4 cpd and /~0 = 12.7 cpd. 
The modulation depth is the modulation depth of the first harmonic of the 
columnar structure and the attenuation mp accounting for the interpolation of 
the columns of width win figure 3.1 is 

mp = sinc(wfd), (3.9) 

where sinc(x) = sin(7rx)/(7rx). The relative weight parameters (ai), the intrin
sic blur of the early visual pathway parameter ( a0 ) and the periodic structure 
threshold parameter ( mo) must be determined experimentally. 

For the sensorial strengths of the complement of brightness and the com
plement of brightness contrast, we use 

s_B = 
S_c = 

1- (- L )o.3, 
Lma:n 

1 co.3 
' 

(3.10) 

(3.11) 

where Lma:n is the maximum average luminance of a set of single-edged images 
which is used in an experiment. The second term on the right in the perceptual 
strength function for the complement of brightness is based on the the 1976 CIE 
definition of lightness used in the L*u*v* colour space (CIE, 1986). The mi
nus sign is included since we are interested in the complement of brightness. 
The function is normalized such that 0 ~ S_B ~ 1. The sensorial strength 
function for complement of brightness contrast is derived from measurements 
of fl.C as a function of C, i.e. the contrast discrimination function. The proce
dure is identical to the derivation of the sensorial strength function for periodic 
structure described in the previous chapter. Note that the Michelson contrast 
of a sine grating is the modulation depth. Legge & Kersten (1983) measured 
contrast discrimination of light and dark bars with a rectangular luminance 
profile and concluded that the data closely resemble the corresponding result 
for sine gratings. For larger C values in which we are interested, fl.C is approx
imately proportional to C0·1 • Hence we use -G0·3 for the perceptual strength 
of complement of brightness contrast. The strength function was normalized 
such that 0 ~ S_c ~ 1. 



36 Chapter 3 Perceptual error measure for a sjngle-edged jmage 

3.5 Experiments 

Although it is possible to obtain all data necessary to study the values of the 
parameters and their dependencies on image content and observers from one 
experiment, we opt for a stepwise approach. Instead of one there are two 
experiments. The first addresses the fundamental problem of the value of the 
exponent in the combination rule for impairments. In the second experiment we 
determine the values of the relative weight, intrinsic blur and periodic struc
ture threshold parameters and study the dependence on observers, average 
luminance and Michelson contrast. 

In both experiments subjects were instructed to rate perceptual image qual
ity of the stimuli. Since it is not trivial for subjects to be able to use the concept 
of perceptual image quality of a single-edged image, we experimentally verified 
whether subjects can employ the concept for abstract images such as the single
edged image. In a small experiment three subjects judged the perceptual qual
ity of 24 black and white stimuli. The stimuli were sampled and interpolated 
versions of the portrait of a woman ('Wanda') and an abstract ('Mondrian') 
image. The abstract image consisted of seven partially overlapping rectangles 
of varying size. There were three different luminances for the rectangles. Be
fore the experiment subjects viewed a test series including the extreme stimuli 
in order to familiarize themselves with the images and adjust the sensitivity 
of their scale. Experimental results indicate that the trends for the data of 
'Wanda' and the abstract image are similar. There are no unexpected effects. 
We thus conclude that the subjects are able to use a stable perceptual quality 
criterion for abstract images. Since the 'Mondrian' image has already little 
meaning from a cognitive point of view, we assume, in addition, that subjects 
can also use the concept of perceptual quality for other more abstract images 
such as the single-edged image. 

Scaled perceptual quality values can be converted into impairments using 
equation (2.1). In the sequel, these impairment values are referred to as mea
sured impairments. 

3.6 Minkowski exponent experiment 

With the experiment described below we determine the value of the Minkowski 
exponent (a) in the combination rule for impairments (equation (3.2)). Since 
it is sufficient to vary the impairments of two artefacts in order to be able to 
determine this exponent, we varied only the most dominant artefacts, periodic 
structure and blur. Equation (3.2) then reduces to 

(3.12) 
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The experiment had a complete factorial design, i.e. all combinations of periodic 
structure and blur were presented. 

3.6.1 Method 

Stimuli: Single-edged black and white images (see figure 3.1) consisting of 
two uniform regions with luminances £ 1 and £ 2 separated by a horizontal 
edge were generated on a Gould DeAnza IP 8400 image-processing system. 
The average luminance was L = (L1 + £ 2 )/2 = 9.6 cdfm2 and the Michelson 
contrast was C = (L1 - L2)/(L1 + L2) = 0.21. An image consisted of 512 
by 512 eight-bit pixels1• During the experiment only the centre 496 by 496 
pixels (size 0.28 m by 0.28 m or 4° by 4°) were shown on a Conrac model 2400 
high-resolution 50 Hz interlace monochrome monitor. The viewing distance 
was 4 m. Hence the pixel pitch was 0.49 arc min. A vertical periodic structure 
was introduced by imposing a columnar sampling structure with a sampling 
distance of 8 pixel pitch units (3.92 arc min) and a column width of 4 pixel pitch 
units (1.96 arc min). The modulation depth was varied by optical Gaussian 
filtering in the horizontal direction. Gaussian filtering was simulated on the 
Gould DeAnza using a filter with a binomial impulse response of length l (e.g. 
Martens, 1990b). This filter length is related to the spread parameter a of the 
Gaussian impulse response filter by ~Jf=l. Filter lengths were 14, 23, 33, 43 
pixel pitch units and infinite, i.e. zero modulation depth. Blur of the horizontal 
edge was varied by a similar filter in the vertical direction with filter lengths 
1, 10, 18, 33 and 60 pixel pitch units. The lengths were chosen such that for 
both periodic structure and blur the difference in perceived strength between 
successive filter lengths was approximately equal. 

Procedure: Six male subjects between 27 and 43 years of age rated per
ceptual quality of the displayed images on a 10-point numerical category scale 
ranging from one to ten. Subjects had normal or corrected-to-normal vision 
and a visual acuity, measured on a Landolt chart, between 1.25 and 2. Al
though two of the subjects (FB and GS) had a slight red-green deficiency, their 
results did not differ significantly from those of the other subjects. Subjects 
received an instruction form in which the quality of the single-edged image was 
defined as depending only on the periodic structure in the uniform regions and 

1The word pixel is restricted to indicating the elements of the combination of the image
processing system and the monitor used to display the stimuli. The area of a pixel is approx
imately equiluminant. Pixels lie next to each other and the distance between them (pixel 
pitch) is equal to the pixel's size. Pixels are sufficiently small to ensure that artefacts such 
as periodic structure and 'blockiness' are not visible. In addition, no moire effects are intro
duced during simulation since sampling distances of the simulated sampling structures are 
multiples of the pixel pitch. 
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blur of the edge. Before the start of the actual experiment, subjects judged 
a test series of four stimuli containing the extreme stimuli in order to adjust 
the sensitivity of their scale. Each test stimulus was presented twice. All 25 
stimuli were presented four times. The sequence of the images was random. 
Images were presented for five seconds and followed by an adaptation field 
with a luminance of 15 cdjm2 that lasted until subjects pressed a key but had 
a minimum duration of two seconds. The viewing conditions satisfied CCIR 
recommendation 500 (CCIR, 1986) except for the viewing distance, which was 
4 m. All category data were transformed into an interval scale on the psycho
logical continuum using Thurstone's law of categorical judgement. We applied 
a class I model involving replications over trials within a single subject with 
condition D constraints (Torgerson, 1958). These constraints limit the number 
of model parameters by assuming that the correlation between the momentary 
position of stimuli and category boundaries as well as the dispersion of both 
category boundaries and stimuli are constant. Previous to the Thurstone cor
rection, data were processed in accordance with Edwards' method (Edwards, 
1957) in order to correct scale values of the extreme categories. It was found 
that the trends in the Thurstone-corrected data of the individual subjects were 
similar. It was therefore permissible to average the Thurstone-corrected data 
over subjects. 

3.6.2 Results 

We use the perceptual impairments that can be derived from the scaled quality 
values to determine the value of the Minkowski exponent. Figure 3.2 displays 
the data averaged over subjects of the Minkowski exponent experiment and 
shows that a Minkowski exponent a = 2 is satisfactory2 • In this geometrical 
representation each data point is characterized by a Euclidian distance from the 
origin of the plot and a direction. The distance is equal to the total perceptual 
impairment. The direction is determined by the constituent impairments of the 
artefactsperiodic structure and blur. In figure 3.2 the constituent impairment 
values are indicated by the horizontal and vertical lines. The position of each 
line is equal to the average of the constituent impairments of the five data points 
along the line. Since the position of the data points and thus their constituent 
impairments depend on the position of the lines, it took some iterations to 
determine the correct average values. 

Although a Minkowski exponent a = 2 is satisfactory, it may not be opti
mal. We therefore determine the value of the exponent for which the model fits 
the data best. A measure of fit is the root-mean-square of the differences be
tween the measured impairments and impairments calculated from constituent 

2Unless otherwise stated, the length of an error bar in this and other figures is twice the 
standard error of the mean averaged over the data points. 
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Figure 3.2: Perceptual impairments determined from experimen
tal scaling data of the Minkowski exponent experiment averaged 
over subjects are indicated by a D. The impairment is equal to the 
Euclidian distance of a data point from the origin of the plot. Im
pairments caused by the artefacts periodic structure and blur are 
on the horizontal and vertical axis, respectively. The intersections 
of horizontal and vertical lines represent the calculated impairment 
values for a Minkowski exponent a = 2. Unless otherwise stated, 
the length of an error bar in this and other figures is twice the stan
dard error of the mean averaged over the data points. For correct 
interpretation of the error bar the direction of the bar must coincide 
with that of the line through the data point and the origin. 
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impairments using equation (3.12). This root-mean-square of differences is plot
ted in figure 3.3 as a function of the Minkowski exponent. There is a curve for 
each subject and for the data averaged over subjects. The symbols indicate the 
optimal values of the exponent for which the root-mean-square of differences 
is minimal. The curves in figure 3.3 are similar to those found by Ronacher & 
Bautz (1985), who estimated the Minkowski exponent from multidimensional 
scaling data for the dissimilarity of pairs of discs that differed in both size 
and luminance. The curves in figure 3.3 yielding the two highest values of the 
exponent ate very fiat near the minima. Ronacher & Bautz (1985) explained 
the fiat curves from the fact that some fixed deviation in the root-mean-square 
of differences corresponds to a deviation in the Minkowski exponent which is 
larger for larger values of the exponent. Owing to the less pronounced minima, 
the estimates for the two highest values of the Minkowski exponent are less 



40 Chapter 3 Perceptual error measure for a single-edged image 

accurate. 

The optimal values for the exponent of figure 3.3 are in good agreement 
with optimal values determined using another measure of fit, namely the mean 
of differences between the measured and the calculated impairments. This 
mean of differences is plotted in figure 3.4 as a function of the Minkowski 
exponent. Again there is a curve for each subject and for the data averaged 
over subjects and the symbols indicate values for which the mean of differences 
is zero. The use of the mean of differences as a measure of fit is based on the fact 
that, if a model fits the data well, there will be no systematic errors but only 
random normally distributed errors with an average value of zero. This is put 
into practice by determining the value of the Minkowski exponent for which the 
mean of differences between measured and calculated impairments is zero. Note 
that none of the curves in figure 3.4 is flat near the zero crossings. We therefore 
think that the estimates for the Minkowski exponent are approximately equally 
accurate. 

0.0 2.0 4.0 6.0 8.0 10.0 

Figure 3.3: Root-mean-square of the differences between measured 
and calculated impairments of the Minkowski exponent experiment 
as a function of the Minkowski exponent (a:). The symbols indicate 
the minima of the curves for each subject and for the data averaged 
over subjects. (V) FB, (<>) GS, (x) HR, (®) MB, (o) MN, (6) RS 
and (D) AVERAGE. The dashed curve is for the data averaged over 
subjects. The standard errors of the mean of the measured impair
ments for each subject and for the data averaged over subjects are 
shown for comparison. 
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0.0 2.0 4.0 6.0 a.o 10.0 

Figure 3.4: Mean of the differences between measured and cal
culated impairments of the Minkowski exponent experiment as a 
function of the Minkowski exponent (o:). The symbols indicate 
the zero-axis crossings of the curves for each subject and for the 
data averaged over subjects. ('V) FB, (<>) GS, (x) HR, (®) MB, 
(o) MN, (L}.) RS and (D) AVERAGE. The dashed curve is for the 
data averaged over subjects. The standard errors of the mean of the 
measured impairments for each subject and for the data averaged 
over subjects are shown for comparison. 
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The values of the Minkowski exponent determined from figures 3.3 and 3.4 
are listed in table 3.1. Apart from the values for subjects HR and MB which 
have flat curves near the minima in figure 3.3, the results from the root-mean
square of the differences criterion are consistent with the mean of differences 
criterion. According to table 3.1 and figures 3.2 to 3.4, a Minkowski exponent 
o: 2 is satisfactory for the data of the individual subjects as well as for the 
data averaged over subjects. This value is consistent with values found by de 
Ridder (1992). 

Table 3.1 and figures 3.3 and 3.4 also indicate that there are fair individ
ual differences. Besides the fact that there is always some variation in psy
chophysical experiments, the variation is not unusual for experimentally deter
mined Minkowski exponents. According to Melara, Marks & Lesko (1992) the 
Minkowski exponent may depend on the instructions. Encouraging subjects 
either to attend to the stimuli as wholes or to consider the stimulus dimensions 
separately led to Minkowski exponents of two and unity, respectively. 
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Table 3.1: Minkowski exponent values determined with a root
mean-square of the differences criterion (figure 3.3) and a ·mean of 
the differences criterion (figure 3.4) for the data of the individual 
subjects and for the data averaged over subjects. 

subject root-mean-square mean of 
of differences differences 

FB 1.5 1.7 
GS 2.4 2.9 
HR 6.3 5.2 
MB 8.6 3.6 
MN 2.5 2.5 
RS 1.3 1.3 

AVERAGE 2.3 2.3 

3. 7 Contrast and luminance experiment 

The contrast and luminance experiment is used to study the influence of ob
servers as well as average luminance and Michelson contrast of the single edged
image on the regularization parameter for blur and to study the performance 
of the perceptual error measure. To this end we varied the sampling distance, 
modulation depth, and filtering of the edge as well as average luminance and 
Michelson contrast. 

3. 7.1 Method 

Stimuli: In this experiment we used the configuration of figure 3.1 again. 
Single-edged black and white images consisting of two uniform regions with 
luminances £ 1 and £ 2 which are separated by a horizontal edge, a columnar 
sampling structure and an optical Gaussian interpolation were generated on 
a Gould DeAnza IP 8400 image-processing system. An image consisted of 
512 by 512 eight-bit pixels1 . During the experiment only the centre 496 by 
496 pixels (size 0.36 m by 0.29 m or 9.7° by 7.9°) were shown on a Conrac 
model 2400 high-resolution 50 Hz interlace monochrome monitor. Although 
the monitor was of the same type as in the Minkowski exponent experiment, it 
was a different apparatus. For computational purposes we use the mp values 
of figure 2.12 again. The viewing distance was 2.1 m. The pixel pitch was 1.18 
arc min in the horizontal direction and 0.94 arc min in the vertical direction. 
The average luminance of the images L = (L1 + £ 2 )/2 was 2.1 cdfm2

, L = 9.7 
cdfm2 and L = 43.9 cdfm2 • The Michelson contrast C = (L1 - L 2 )/(L1 + L 2 ) 

was 0.10 and C = 0.21. For the images with L = 9.7 cdfm2 there were two 
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additional contrast levels, C = 0.43 and C = 0.90. The sampling distance 
of the columnar structure was 2 and 4 horizontal pixel pitch units (2.36 and 
4.72 arc min) and the width of the columns was half the sampling distance. 
The modulation depth was varied from zero to maximum in four and six steps, 
respectively, by optical Gaussian filtering in the horizontal direction which was 
simulated on the Gould DeAnza using a filter with a binomial impulse response 
(e.g. Martens, 1990b ). The filter length l of the binomial filter is related to the 
spread parameter q of the Gaussian filter by CT = ~v'f=-1. Blur of the edge 
was varied in five steps by an identical filter in the vertical direction. In order 
to reduce the number of stimuli, not all combinations of horizontal and vertical 
filtering were used. For each of the eight luminance contrast combinations 
there were 27 different combinations of sampling, interpolation and edge blur 
as indicated in table 3.2. 

Four of the stimuli are shown in figure 3.5. 

Procedure: In four sessions six male subjects between 27 and 43 years of 
age rated perceptual quality of the displayed images on a 10-point numerical 
category scale ranging from one to ten. Subjects had normal or corrected-to
normal vision and a visual acuity between 1.25 and 2, measured on a Landolt 
chart. Although two of the subjects (FB and GS) had a slight red-green de
ficiency, their results did not differ significantly from those of other subjects. 
Subjects received an instruction form in which the quality of the single-edged 
image was defined as depending only on the periodic structure in the uniform 
regions and blur of the edge. Before the start of the actual experiment, subjects 
judged a test series of 16 stimuli containing the extreme stimuli in order to ad
just the sensitivity of their scale. The 216 stimuli were presented once in each 
session. The sequence of the stimuli was random. Images were presented for 
five seconds and followed by an adaptation field with a luminance of 15 cdjm2 

which lasted until subjects pressed a key but had a minimum duration of two 
seconds. The viewing conditions satisfied CCffi recommendation 500 (CCIR, 
1986). The viewing distance was 2.1 m. All category data were transformed 
into an interval scale on the psychological continuum using Thurstone's law of 
categorical judgement. We applied a class I model involving replications over 
trials within a single subject with condition D constraints (Torgerson, 1958). 
These constraints limit the number of model parameters by assuming that the 
correlation between the momentary position of stimuli and category boundaries 
as well as the dispersion of both category boundaries and stimuli are constant. 
Before the Thurstone correction, data were processed in accordance with Ed
wards' method (Edwards, 1957) in order to correct scale values of the extreme 
categories. It was found that the trends in the Thurstone-corrected data of the 
individual subjects were similar. It was therefore permissible to average the 
Thurstone-corrected data over subjects. 
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a b 

c d 

Figure 3.5: Four of the 216 stimuli from the contrast and luminance 
effect experiment. (a) L = 2.1 cd/m2 , C = 0.21, zero modulation 
depth and no filtering of the edge (VOl), (b) L = 43.9 cdjm2 , C 
= 0.21, zero modulation depth and maximum filtering of the edge 
(V60), (c) L = 9.7 cdjm2 , C = 0.10, maximum modulation depth 
of the coarsest sampling structure (d = 4.72 arc min) and maxi
mum filtering of the edge, (d) L = 9.7 cNm2 , C = 0.10, maximum 
modulation depth of the finest sampling structure ( d = 2.36 arc 
min) and maximum filtering of the edge. 
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Table 3.2: The 27 sampling and interpolation combinations used 
for each of the eight combinations of average luminance and Michel
son contrast in the contrast and luminance experiment. The num
bers indicate the filter lengths of the binomial impulse response 
filters in the horizontal (H) and vertical (V) directions in horizon
tal and vertical pixel pitch units. If the filter length is unity then 
the filtered and unfiltered image are identical. An infinite filter 
length in the horizontal direction corresponds to a zero modulation 
depth of the periodic structure. These stimuli are indicated by D. 
The o and !:::,. indicate stimuli with a sampling distance of 2 and 4 
horizontal pixel pitch units, respectively. 

V60 
V25 
Vll 
V05 
VOl 

ol::,. ol::,. 0 
:0!:::,. !:::,. 0 
ol::,. ol::,. 0 
ol::,. !:::,. 0 
ol::,. !:::,. ol::,. !:::,. ol::,. 0 

HOI H02 H03 H07 Hl5 Hoo 

3. 7.2 Perceptual strength of blur 
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Below we determine the value of the intrinsic blur parameter ( a 0 ) in the percep
tual strength function for blur (Sb) as given in equation (3.5). The a0 value is 
determined iteratively such that the experimental data optimally satisfy equa
ti<?n (2.5), which in this case implies that the impairment caused by blur is 
proportional to the sensorial strength of blur. Since the total impairment was 
measured rather than the impairment of blur, the process of determining a0 is 
slightly more complicated. We rewrite equation (3.3) for the total perceptual 
impairment and use the value a = 2 obtained from the Minkowski exponent 
experiment: 

(3.13) 

If the second term on the right is kept constant, then S~ and / 2 are related 
linearly. The condition is satisfied by stimuli with the same luminance, contrast, 
sampling distance and modulation depth. These stimuli are shown in the same 
column of table 3.2 and have the same symbol. Since there are eight luminance 
contrast combinations there is a total of 8 x 9 72 of such stimulus sets. 
We used the eight sets of stimuli with zero modulation depth shown in the 
right-hand column of table 3.2. For each set we can determine the regression 
line of I! on Si and calculate the coefficient of determination which measures 
how well the straight line fits the data and which is equal to the ratio of the 
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explained variation to the total variation3 (e.g. Chatfield, 1983). The subscript 
m indicates that the impairment is obtained from measured quality data. The 
parameter O"o is iteratively determined as the value for which this coefficient 
is closest to unity, i.e. for which the points are closest to an exactly straight 
line. See Appendix 3.A for further details of the fitting procedure and the 
calculation of the variance. The O"o values and the variances were averaged 
over the eight sets. Table 3.3 shows the uo values and the standard deviations 
Su0 • Figure 3.6 shows the corresponding curves of s: versus I'¢n for the data 
averaged over subjects with the O"o value from table 3.3. 

The impulse response of a Gaussian filter with the intrinsic blur values 
of table 3.3 as spread parameter is in good agreement with the point spread 
function determined by Blominaert, Heynen & Roufs (1987). Moreover, the 
intrinsic blur values are consistent with the visual acuity of the subjects (1.25 
for subject SP and 2.0 for the other subjects). The variation of the u0 values 
over subjects is not unusual for psychophysical experiments. 

We determined the intrinsic blur values using the Minkowski exponent a = 
2. It follows from the Minkowski exponent experiment that a 2 is not 
always the best value to describe the data of this experiment. Although we 
could have re-analysed the data of the contrast and luminance experiment for 
individual subjects using the individual Minkowski exponents, we chose not to 
do so for two reasons. First, we are primarily interested in the results for the 
data averaged over subjects, for which a = 2 is satisfactory. Second, we can 
use it as a test to see how well the model with a = 2 can predict data of an 
individual subject. 

3. 7.3 Perceptual strength of periodic structure 

The values of the intrinsic blur parameter ( uo) and the threshold parameter 
for periodic structure ( m0 ) in the perceptual strength function for periodic 
structure (Sp) of equation (3.4) are calculated in a way similar to that of the 
previous subsection. Now both u0 and m 0 are iteratively determined such 
that the experimental data optimally satisfy the proportional relation between 
the impairment of periodic structure and the sensorial strength of periodic 
structure (equation (2.5)). Since we measured the total impairment rather 
than the impairment of periodic structure, equation (3.3) is again reformulated 
using a = 2 from the Minkowski exponent experiment, but now / 2 is written 
as a linear function of s;: 

(3.14) 

3 The total variation is often called the total corrected sum of squares and the explained 
variation is equal to the difference between the total variation and the residual sum of squares 
(Chatfield, 1983). 
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Table 3.3: Values for the intrinsic blur parameter ( u0 ) and the 
standard deviation ( sa0 ) in the perceptual strength of blur function 
determined in the contrast and luminance experiment for data from 
the individual subjects and for data averaged over subjects. 

subject uo (arc min) Sao (arc min) 
FB 1.09 0.47 
GS 0.50 0.18 
HR 0.70 0.23 
MB 0.36 0.14 
RS 0.60 0.22 
SP 0.50 0.27 

AVERAGE 0.59 0.14 
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Figure 3.6: The squared measured perceptual impairment versus 
the squared perceptual strength of blur for the data of the contrast 
and luminance experiment averaged over subjects (<To = 0.59 arc 
min). The horizontal error bar is twice the standard deviation in 
St calculated from sao using standard error propagation methods. 
For each increase in L or C the curves are shifted vertically by 
0.2 units. The bottom curve has not been shifted. The average 
luminance (L) is given in cdfm2 • 
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The second term on the right is constant for stimuli with identical luminance, 
contrast and vertical filtering. In table 3.2 these stimuli have identical symbols 
and are in the same row. There are 80 sets of stimuli that satisfy this condition. 
We combined corresponding sets of different sampling distances within one row 
and used the eight resulting.sets with vertical filter length unity. Thus for each 
luminance contrast combination there is a set made up of the stimuli in the 
bottom row of table 3.2. For each set we determined m0 and u0 values from 
linear regression using a procedure similar to that of the previous subsection. 
See also Appendix 3.A for details. The parameter values and the variances 
were averaged over the eight sets. Table 3.4 lists the m0 and u0 values and 
the standard deviations Bu0 and Sm0 for each of the subjects and for the data 
averaged over subjects. Curves of S~ versus I! for the data averaged over 
subjects are drawn in figure 3.7. 

The m0 values in table 3.4 are consistent with results frorri Wilson (1980). 
The u0 values yield Gaussian impulse response filters that are consistent with 
point spread functions determined by Blommaert et al. (1987). Although the 
intrinsic blur parameters were determined as parameters of two different senso
rial strength functions for blur (table 3.3) and for periodic structure (table 3.4), 
the values are in good agreement. We use the average of these values in the 
sensorial strength functions for blur and periodic structure. 

Table 3A: Values for the intrinsic blur parameter (u0 ), the peri
odic structure threshold parameter ( m0 ) and the standard devia
tions (Suo and Sm0 ) in the perceptual strength of periodic structure 
function determined in the contrast and luminance experiment for 
data from the individual subjects and for data averaged over sub
jects. 

subject mo Bmo uo (arc min) Suo (arc min) 
FB 0.005 0.008 0.91 0.16 
GS 0.209 0.658 0.42 0.25 
HR 0.024 0.014 1.00 0.10 
MB 0.028 0.018 0.79 0.10 
RS 0.044 0.030 0.56 0.13 
SP 0.010 0.022 0.76 0.56 

AVERAGE 0.013 0.007 0.81 0.08 
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Figure 3.7: The squared measured perceptual impairment versus 
the squared perceptual strength of periodic structure for the data 
of the contrast and luminance experiment averaged over subjects 
(ao = 0.81 arc min and mo = 0.013). The horizontal error bar is 
twice the standard deviation in s: calculated from so-0 , Sm0 and 
their covariance using standard error propagation methods. For 
each increase in Lor C the curves are shifted vertically by 0.2 units. 
The bottom curve has not been shifted. The average luminance (L) 
is given in cdfm2 • 
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3. 1.4 Perceptual strength of complement of brightness and complement of 
brightness contrast 

In this subsection we check how well the sensorial strength functions for the 
artefacts complement of brightness and complement of brightness contrast can 
be used to predict the total perceptual impairment due to variations in average 
luminance and Michelson contrast. To this end we use the eight stimuli which 
differ in luminance and contrast but all have zero modulation depth and a 
vertical filter length of one vertical pixel pitch unit. These stimuli occur in 
the lower right-hand compartment of table 3.2. Since the sensorial strengths of 
both blur and periodic structure are zero for these stimuli, equation (3.3) for 
the total perceptual impairment reduces to 

12 2 8 2 2 8 2 = a_c -c + a_B -B· (3.15) 

The sensorial strength functions for complement of brightness contrast and 
complement of brightness contain no parameters. Hence, we can immediately 
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solve the relative weight parameters a_c and a_B from the set of eight linear 
equations in a~c and a~8 . The results are listed in table 3.5. Figure 3.8 shows 
a comparison of the measured and the calculated perceptual impairments of the 
eight stimuli for the data averaged over subjects. Note that only a part of the 
total range of the squared impairment (0 ~ 12 ~ 1) is plotted in figure 3.8. 

Table 3.5: Values of the squared relative weight parameters a~c 
and a~B in the contrast and luminance experiment for each subject 
and for the data averaged over subjects. 

subject a~c a~B 
FB 0.16 -0.01 
GS 0.65 -0.08 
HR 0.26 -0.07 
MB 0.31 -0.12 
RS 0.33 0.06 
SP 0.78 0.09 

AVERAGE 0.39 -0.04 

Table 3.5 indicates that the squares of the relative weights of complement 
of brightness (a~ 8 ) are relatively small compared to those of complement of 
brightness contrast (a~c) for all subjects and the data averaged over subjects. 
Sometimes the a~B parameter has negative values, meaning that the impair
ment increases instead of decreasing with increasing average luminance. We 
conclude that the influence of average luminance is small. This is in accor
dance with the data in figure 3.8. Figure 3.8 further shows that the impair
ment caused by variation of the average luminance and Michelson contrast is 
relatively small, yet too large to be called second-order. Although the senso
rial strength functions for the complement of brightness and the complement 
of brightness contrast are only first-order approximations, the functions are 
considered satisfactory since the difference between calculated and measured 
impairments is within the experimental error. 

3. 7.5 Regularization parameter for blur 

The relative weight parameters of blur and periodic structure and thus the 
regularization parameter for blur can be determined with the following equation 
obtained by substitution of a = 2 from the Minkowski exponent experiment in 
equation (3.3): 

(3.16) 
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Figure 3.8: Squared measured perceptual impairments versus 
squared calculated perceptual impairments of the non-sampled and 
non-filtered stimuli of the contrast and luminance experiment for 
the data averaged over average subjects. (D) Michelson contrast 
C 0.10, (o) C = 0.21, (+) C = 0.43 and (A) C = 0.90. The three 
stimuli for C 0.10 as well as C = 0.21 differ in average luminance 
(L = 2.1 cdjm2 , L = 9.7 cdjm2 and L = 43.9 cdjm2 ). Luminance 
increases as the horizontal position of the stimulus in the group of 
three is more to the right. The dashed line indicates points with 
Ic = Im. 
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The right-hand side of this equation can alternatively be written as a~[s; + 
AbS~] where Ab is the regularization parameter for blur. Since the intrinsic blur 
and periodic structure threshold parameters are known, the sensorial strengths 
of the artefacts blur and periodic structure can be calculated for each stimulus. 
The squares of the relative weights a:_c and a:_B are specified in the preceding 
subsection and the sensorial strengths of complement of brightness and com
plement of brightness contrast can easily be calculated. Substitution of the 
measured impairments leads to a set of 216 linear equations in the squared rel
ative weight parameters a~ and a~. We first split the set of 216 equations into 
eight subsets such that each subset contains the 27 equations of the stimuli with 
the same average luminance and Michelson contrast. Next we determine the 
relative weights for each luminance contrast combination by solving the subsets 
separately. The regularization parameter for blur is the quotient of the relative 
weights: Ab = aVa;. Details on the calculation of the standard deviations of 
the regularization and weight parameters can be found in Appendix 3.B. 
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The parameter data are represented in three ways. Figure 3.9 shows the 
interaction between the relative weight parameters and the regularization pa
rameter as a function of average luminance and Michelson contrast for the data 
averaged over subjects. Figure 3.10 plots the regularization parameter for each 
luminance contrast combination. There is a separate curve for each subject and 
for the data averaged over subjects. The relation between the regularization 
parameter for blur and observers is illustrated in figure 3.11. Parameter values 
for the same luminance contrast combination are connected. 
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-t:jr~ 
c: 0.10 0.21 

L = 2.1 

0.10 0.21 0.43 0.90 

9.7 
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Figure 3.9: Values of the squared relative weights for periodic 
structure (a;) and blur (a~) and the regularization parameter for 
blur ( Ab = aVa!) of the contrast and luminance experiment for 
each luminance contrast combination for the data averaged over 
subjects. The average luminance (L) is given in cd/m2 • 

Despite the relatively large standard error of the mean, figure 3.9 suggests 
that there is a systematic tendency for the regularization parameter for blur to 
increase if the Michelson contrast increases. To a lesser extent, this tendency 
holds also for an increase in average luminance. The values of the regularization 
parameter for blur corresponding to the extreme Michelson contrasts are about 
two standard errors of the mean apart. 

Average luminance and Michelson contrast influence the relative weights of 
both periodic structure and blur. The increase of the relative weight parameter 
of blur with Michelson contrast is consistent with the finding, mentioned earlier, 
that jnd's of blur are a power function of edge contrast with an exponent of 
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-0.5: l:!.u ex: 1/VC (Watt & Morgan, 1983). This can easily be shown to imply 
that the relative weight of blur should be proportional to the square root of the 
Michelson contrast: a0 ex: v'C. In figure 3.12 we have replotted the square of 
the relative weight of blur for an average luminance of9.7 cdjm2 from figure 3.9 
as a function of the Michelson contrast. Despite the relatively large standard 
error of the mean, there is a systematic tendency for the points to be close to 
a straight line, indicating that it is possible that a~ ex: C and hence a0 ex: v'C. 
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Figure 3.10: Regularization parameters for blur in the contrast 
and luminance experiment as a function of the luminance contrast 
combination with the observer as a parameter. ('V) FB, (¢) GS, 
(x) HR, (+) MB, (~) RS, (o) SP and (D) AVERAGE. The aver
age luminance (L) is given in cdfm2 • The dashed curve is for the 
data averaged over subjects. The error bar is twice the standard 
deviation in >.b for the data averaged over subjects. 

3. 7. 6 Performance of the perceptual error measure 

In this subsection we compare the measured impairment values (/m) with the 
calculated impairments (Ic)· The measured impairments are determined from 
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Figure 3.11: Regularization parameters for blur in the contrast and 
luminance experiment as a function of observer with the luminance 
contrast combination as a parameter. (D) C = 0.10 L = 2.1 cdfm2 , 

(o) C = 0.21 L = 2.1 cdfm2 , (.6.) C = 0.10 L = 9.7 cdjm2 , (+) 
C = 0.21 L = 9.7 cdjm2 , (x) C 0.43 L = 9.7 cd/m2 , (<>) 
C = 0.90 L = 9.7 cd/m2 , (\7) C 0.10 L = 43.9 cd/m2 and(®) 
C = 0.21 L = 43.9 cdjm2 • The error bar is twice the standard 
deviation in Ab for the data averaged over subjects. 

the measured quality values. Impairments can be calculated by substituting 
equations (3.4) to (3.11) in 

(3.17) 

and using the parameters {m0 , cr0 , a_c, a_B and the eight pairs of ap and 
ab for each of the luminance contrast combinations) specified in the preceding 
subsections. Again we have averaged the corresponding intrinsic blur parame
ters from tables 3.3 and 3.4. Note that we used all216 measured data values to 
estimate the twenty parameters of the perceptual error measure and now use 
these parameters to calculate the impairments of all 216 stimuli. 

The most direct comparison of measured and calculated impairments is 
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Figure 3.12: Square of the relative weight parameter of blur (a~) 
of the contrast and luminance experiment for the data averaged 
over subjects for an average luminance of 9.7 cdjm2 as a function 
of Michelson contrast (C). 
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shown in figure 3.13, where the squares of the measured impairments are plotted 
versus the squares of the calculated impairments. According to figure 3.13, the 
predictions of the perceptual error measure correlate quite well with scaling 
data. 

The comparison in figure 3.13 is an overall one that does not give any 
insight into whether the deviations are random or whether there is some sys
tematic error in the calculated values. Figures 3.14 and 3.15 therefore give 
some comparisons of calculated and measured impairments as a function of 
the sensorial strengths. In these figures the squared values of impairments and 
squared sensorial strengths are along the axes and only one artefact is varied 
at a time, so that, according to equation (3.17), the relations should be linear. 
Since the average value for the intrinsic blur parameter was used for the curves 
in figures 3.14 and 3.15, the maximum values of the sensorial strengths differ 
slightly from those in figures 3.6 and 3.7. The slopes in figures 3.14 and 3.15 
show little variation as would be expected since the regularization parame
ter for blur is only slightly influenced by variations in average luminance and 
Michelson contrast. 
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Figure 3.13: Squared measured perceptual impairments versus 
squared calculated perceptual impairments of the contrast and 
luminance experiment for the data averaged over subjects. The 
dashed line indicates points with Ic = Im. 

3.8 Discussion 

In this chapter we determined the parameters of the perceptual error measure 
for a single-edged black and white image with a columnar sampling struc
ture perpendicular to the edge and Gaussian interpolation and examined the 
performance of the error measure. Figures 3.13, 3.14 and 3.15 indicate that 
the perceptual error measure calculates impairments quite well. Typical val
ues for the parameters are: Minkowski exponent a 2, intrinsic blur of the 
early-visual pathway a0 = 0.7 arc min and threshold for periodic structure 
m0 = 0.013. The parameters vary somewhat with the observer but this varia
tion is normal for the results of psychophysical experiments. The accuracy of 
the intrinsic blur and periodic structure threshold may be improved, e.g. by es
timating these parameters from jnd data. A typical value of the regularization 
parameter for blur is Ab = 1.3. At first glance, the regularization parameters for 
different luminance contrast combinations are comparable though noisy. This 
statement also holds for the relative weight parameters. Both the regulariza
tion and the relative weight parameters depend to some extent on the observer. 
If we look more closely, the parameters also depend on average luminance and 
Michelson contrast of the single-edged image. This influence of average lumi
nance and Michelson contrast should be incorporated in the sensorial strength 
functions for periodic structure and blur. The variation of the regularization 
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Figure 3.14: Squared perceptual impairments plotted as a function 
of the squared sensorial strength of periodic structure for the data 
averaged over subjects participating in the luminance contrast ex
periment. The 0 and x symbols indicate measured and calculated 
impairments, respectively. For each increase in L or C the curves 
are shifted vertically by 0.2 units. The bottom curve has not been 
shifted. The average luminance (L) is given in cd/m2 • 
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parameter for blur caused by the observer can be attributed to differences 
between observers. On the other hand, the variation may also be caused by 
deviations between the real and estimated intrinsic blur and periodic struc
ture threshold parameter values. These parameters are used in the sensorial 
strength functions. Since the sensorial strength functions are used to estimate 
the regularization parameter for blur, estimation errors in the intrinsic blur 
and periodic structure threshold parameters indirectly influence the value of 
this regularization parameter. Note that, compared to other subjects, subject 
GS has both a deviating m0 value and deviating values of the regularization 
parameter for blur. 

The focus of the remaining part of the discussion is on formulating a per
ceptual error measure for complex images using the results of the single-edged 
image. As already mentioned in the introduction of this chapter, a complex 
black and white image can be seen as a collection of straight edges with vari
ous contrasts, average luminances and orientations. In this discussion we use 
a bottom-up concept to reconstruct the complex image from the local single
edged images and, at the same time, construct a perceptual error measure 
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Figure 3.15: Squared perceptual impairments plotted as a function 
of the squared sensorial strength of blur for the data averaged over 
subjects participating in the luminance contrast experiment. The 
0 and x symbols indicate measured and calculated impairments, 
respectively. For each increase in L or C the curves are shifted 
vertically by 0.2 units. The bottom curve has not been shifted. 
The average luminance (L) is given in cd/m2 • 

for this complex image from the perceptual error measures, as summarized by 
equation (3.17), for the local single-edged images. Note that cognitive factors 
start playing a role when multiple single-edged images are combined. In addi
tion, the perceptual error measure for the local single-edged image should be 
extended to include terms for other sampling and interpolation artefacts such 
as staircase. 

We conducted an experiment to study the staircase artefact. In the exper
iment we varied the orientation of the edge in the single-edged image relative 
to the columns of the columnar sampling structure. We employed an optical 
Gaussian interpolation filter which had identical spread parameters in the hor
izontal and vertical directions. In addition to the orientation we varied the 
sampling distance and the spread parameter. Subjects were instructed to rate 
perceptual image quality. Figure 3.16 shows some of the results. The im
pairment caused by staircase depends closely on orientation. When the edge 
coincides almost but not completely with the vertical direction of the columns, 
the staircase impairment is of the same order of magnitude as the periodic 
structure impairment. The staircase impairment decreases as the orientation 
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Figure 3.16: Scaled perceptual image quality averaged over eight 
subjects versus the angle 9 between the edge of the single-edged 
image and the columns of the columnar sampling structure. (D) 
Sampling distanced= 0.47 arc min and column width w = 0.47 
arc min, ( o) d = 1.88 arc min and w = 0.94 arc min and ( ~) 
d = 2.82 arc min and w = 1.41 arc min. 
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of the edge is more perpendicular to the columns. This influence of the im
age content parameter orientation is included in the relative weight parameter 
for staircase just as was done for the weight parameters for blur and periodic 
structure which were influenced by average luminance and Michelson contrast 
(e.g. equation(3.1)). It was found that the total impairment satisfies the com
bination rule for impairments of equation (3.3) with an additional term for 
staircase and a Minkowski exponent a= 2. 

The total perceptual impairment for a local area ( l) thus satisfies 

(3.18) 

where S,. is the sensorial strength of staircase, a,. is the relative weight of the 
staircase artefact and 9 is the angle between the edge and the columns of a 
columnar periodic structure. 

The total impairment (I) of the entire complex black and white image is 
considered to be a weighted sum of the local impairments of the single-edged 



60 Chapter 3 Perceptual error measure for a single-edged image 

images: 

(3.19) 

The weighting coefficients may depend on the position of the local area in the 
image, conspicuity of the local area or the observer's attention. Note that a 
cognitive factor such as the recognition of a contour in a complex image may, 
for instance, yield higher weighting coefficients for the local areas containing 
the edges that make up this contour. Without loss of generality we can take 
L:1 f.Ll = 1. Substitution of equation (3.18) in equation (3.19) yields 

or, equivalently, 

where 

2 """"'z-z 2 z-!0 LJ JLz[a_c(Ll)S_c(Cz) + a_ 8 (Cz)S_ 8 (L!)], 
l 

a;
2 L f.Lla;(c~,Il), 

l 

af L JLza~(Cz, Lz), 
I 

a:2 

= LJLla:(cl,Il,e). 
l 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

The impairment Io is a sampling- and interpolation-independent impairment 
expressing the lack of average luminance and average contrast in the image. 
This impairment has a fixed value for each particular image. We hypothesize 
that the squares of the relative weight parameters a;, a;; and a; of the arte
facts periodic structure, blur and staircase are the weighted sums of the corre
sponding squares of the relative weights of local areas. These relative weight 
parameters thus depend on the distribution density function of the local area 
weight parameters as a function of the average luminance and the Michelson 
contrast of the local areas. 

The set with weighting coefficients which are all equal or almost equal seems 
an appropriate choice for the set of weighting coefficients f.Ll· A set with equal 
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coefficients corresponds to the case that all local areas are equally important. 
As indicated by the experiment described below, such a set is more likely than 
an extreme alternative set in which all coefficients but one are zero. In this case 
the total perceptual impairment of the entire image is completely determined 
by the impairment in a local area of the image. 

The blur experiment supports the idea of a set of equal or almost equal 
weighting coefficients. In the blur experiment subjects judged the quality of 
Gaussian blurred images. The image consisted of a square of 0.10 m side with 
a luminance of 45 cdfm2 that was centred on a 0.28 m by 0.28 m background 
with a luminance of 10 cd/m2 • The Gaussian filter had spread parameters Un 
and Uv in the horizontal and vertical directions, respectively. The filter spreads 
were varied independently. Figure 3.17 shows the results. The curves do not 
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Figure 3.17: Scaled perceptual image quality averaged over seven 
subjects versus the horizontal spread parameter of the Gaussian 
interpolation filter. The vertical spread parameter (uv) given in 
arc min, is a parameter. 

coincide and are approximately parallel. The perceptual strength of blur of 
both the horizontal edges and the vertical edges is therefore important. Since 
the edges are at different spatial locations, we need two non-zero weighting 
coefficients. Moreover, these coefficients must have approximately the same 
values because of the approximately equal quality values for stimuli of which 
only the horizontal edges or only the vertical edges were filtered. 

We conclude that it seems reasonable to assume that we need to consider 
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only the artefacts periodic structure and blur in an expression for the total 
perceptual impairment of complex images: 

(3.26) 

Compared to equation (3.21 ), the term for the staircase artefact has been left 
out. This seems appropriate if we combine two of the facts mentioned above. 
First, the weighting coefficients JLi are approximately equal. Second, the rela
tive weight parameter of staircase is only large for a relatively small number 
of local areas for which the direction of the edge is almost the same as the 
direction of the periodic structure. Other sampling and interpolation artefacts 
are not included for similar reasons. 

In the next chapter, we study (1) whether the expression for the total 
perceptual impairment of complex images can satisfactorily predict the total 
impairment of sampled and interpolated complex black and wpite images and 
(2) whether image content influences the relative weight parameters of periodic 
structure and blur and thus the regularization parameter for blur. 

Appendix 3.A The value and the standard deviation of the u0 and 
mo parameters 

The procedures for the estimation of the u0 and m0 parameters in the sensorial 
strength functions for blur and periodic structure as well as the calculation of 
the corresponding variances are described in this appendix. They are described 
only for the periodic structure case. The procedures for blur are identical but 
simpler since we do not have to consider the mo parameter. 

We want to find the parameter values uo and mo such that the squares 
of the calculated sensorial strengths of periodic structure (S;) are identical to 
the squares of the measured impairments ( J!) but for a linear transformation. 
This linear transformation is characterized by the parameters ao and a1 . The 
method of least squares is applied to determine the four parameters: 

where the residual sum of squares (RSQ) is equal to 

sc 
RSQ(uo, mo, ao, a!)= L [ats;(sc; uo, mo) + ao I~(sc)] 2 • 

sc=l 

(3.27) 

(3.28) 

The summation is over the different stimulus conditions (sc). Note that in 
practice the minimization is split into two: 

(3.29) 
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The minimization over a0 and a 1 corresponds to finding the linear regression 
of I! on Sp(uo,mo). Subsequently, uo and mo minimize the linear regression 
residual sum of squares. 

The approximate variances and covariances of the least-squares estimates 
u0 , mo, ao and a 1 are specified in the four-by-four variance matrix V which 
equals (Bates & Watts, 1988) 

V [JT( A A A A)J( A A A A)J-lRSQ(cio,mo,ao,a!) (330) = sc;u0 ,m0 ,ao,al sc;uo,mo,ao,al SC _ NP ' · 

where u0 , m0 , ao and a1 are the least-squares estimates. The superscripts T 
and -1 denote matrix transposition and matrix inversion, respectively. The 
elements of the Jacobian matrix J are the partial derivatives of the residual sum 
of squares to the parameters evaluated for the stimulus conditions and using 
the least-squares estimates of the parameters. The partial derivatives were 
computational approximations. The residual sum of squares is divided by the 
number of stimulus conditions ( SC) minus the number of estimated parameters 
(NP), which is four in this case. Note that the number of parameters is only 
three for the perceptual strength function for blur. 

The expression for V in equation (3.30) is an approximation that is valid 
only when the residuals a1S!(sc; u0 , mo)+ao- I!(sc) are linear in the parame
ters or when the residuals are small. Since the residuals are already linear in two 
parameters and, according to calculations, small, we adopt this approximation. 

Appendix 3.B Standard deviation of the regularization parameter 
for blur 

In order to determine the standard deviation of the regularization parameter for 
blur (,\b) we need the variances of the squares of the relative weight parameters 
for periodic structure (ap) and blur (ab) since the regularization parameter for 
blur is the squared quotient of these weight parameters: 

a2 
\ - b 
"-b- 2' 

aP 
(3.31) 

The squares of the relative weight parameters are solved from a set of linear 
equations: 

(3.32) 

The elements of the vector I are the squares of the measured impairments for 
each stimulus condition. The elements of the matrix S are the squares of the 
sensorial strengths of periodic structure and blur for each stimulus. 
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The variances and covariances of the squared relative weight parameters 
are approximated by the two-by-two variance matrix V: 

(3.33) 

where u2 is the variance of the measured impairments4 and the superscripts T 
and -1 denote matrix transposition and matrix inversion, respectively. 

The sensorial strengths which constitute the elements of the matrix S de
pend on the parameters u0 and mo. Since there is some variation on these 
parameters (see Appendix 3.A), the matrix Sis a 'noisy' matrix. Hence equa
tion (3.33) for the variance matrix is not correct. Calculation shows that the 
variation of the matrix elements is relatively small compared to the matrix el
ements and is of the same order as the variance of the measured impairments. 
The variance matrix of equation (3.33) is therefore considered a close enough 
approximation. 

The variance of the regularization parameter for blur can be calculated 
using standard error propagation methods (e.g. Chatfield, 1983): 

(3.34) 

where s!2 , s2
2 and Sa2a2 are the variances of aP2 and a~ and their covariance, 

ll' a" b " 
respectively. The variances are on the diagonal of matrix V. The covariance is 
equal to the elements of the diagonal of VT. 

4 The variance ot'the measured impairments is identical for all stimuli due to the Thurstone 
correction. 



Chapter 4 

Perceptual error measure for complex black and 
white images 

4.1 Abstract 

In the preceding chapter we argued that the perceptual error measure consider
ing only the artefacts periodic structure and blur should be able to predict the 
perceptual impairment of sampled and interpolated complex black and white 
images. In single-edged images observers perceive only the artefacts periodic 
structure and blur. Nothing else can be seen in the image. Complex black and 
white images on the other hand, have meaning, so that cognitive factors start 
playing a role. In this chapter we experimentally verify that the perceptual er
ror measure, which was shown to perform adequately for single-edged images, 
can also be applied successfully to predict the impairment of complex black 
and white images. The regularization parameter for blur that depends on the 
observer's weight of blur relative to the observer's weight of periodic structure, 
is relatively independent of image content. The regularization parameter for 
blur depends to some extent on the observer. 

4.2 Introduction 

In the previous chapters we specified a quantitative perceptual error measure 
that predicts the total perceptual impairment of sampled and interpolated 
images and verified that it was applicable to single-edged images. For the 
single-edged image the impairments of the individual sampling and interpola
tion artefacts such as periodic structure, blur and staircase combine into the 
total impairment according to a Minkowski metric with an exponent of two. 
The individual impairments are equal to the weighted sensorial strengths of the 
artefacts. For complex black and white images, which in our view can be seen 
as a large collection of local areas each containing a small single-edged image, 
we have suggested a similar measure which, however, considers only the arte
facts periodic structure and blur. The relative weights of these artefacts are 
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weighted averages of the corresponding weights of the error measures for the 
local areas. The regularization parameter for blur is the square of the quotient 
of the averaged weight parameters for blur and periodic structure. It is an 
important parameter since the usefulness of the error measure depends on the 
generalizability of this regularization parameter for blur over different images 
and observers. 

Only the artefacts periodic structure and blur can be perceived in single
edged images. Blur and periodic structure can be seen at the edge and in the 
uniform regions, respectively. Unlike a single-edged image, a complex image 
has meaning. Hence a complex image is more than a collection of small local 
single-edged images with various average luminances, Michelson contrasts and 
different orientations. With complex images, observers are interested in the 
recognition of features, naturalness and content of the images. The perception 
of the sampling and interpolation artefacts is no longer the primary goal of 
an observer. We must therefore check whether the perceptual error measure 
also adequately predicts the impairments of sampled and interpolated complex 
black and white images. In addition, it should be verified that impairments of 
artefacts other than periodic structure and blur need not be included in the 
error measure. 

In this chapter we experimentally determine the perceptual quality of sam
pled and interpolated complex black and white images and verify whether the 
data can be predicted with the perceptual error measure. To enable us to ex
amine the influence of image content on the regularization parameter for blur, 
we used different images including text and abstract and natural images. 

4.3 Perceptual error measure 

In the preceding chapter we suggested that the total impairment of complex 
b}ack and white images satisfies 

(4.1) 

Substitution of the linear relation between impairment and sensorial strength 
of an artefact (equation (2.5)) yields 

(4.2) 

or, equivalently, 
(4.3) 

where Ab = aU a~ is the regularization parameter for blur. In this chapter 
we again apply the columnar sampling structure with sampling distance d and 
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column width w and the optical Gaussian interpolation filter illustrated in 
figure 3.1. The spreads in the horizontal and vertical direction are, however, 
both equal to u. The perceptual strengths of periodic structure and blur are 

Sp 
(1 + (.: )3)1/3- 1 

c (.: ).B ' (4.4) 

sb 1 
(4.5) = 1 - ( ( ~ )2 + 1 )0.25 . 

The modulation depth m, the constant c and the exponent {3 are 

m = 2mp exp( -2( ~)2 (u2 + u~)), (4.6) 

c = 
( ,!o ).Bo 

(4.7) 
(1 + (,!0)3)1/3 1' 

{3 = f3o(1 + f f:.Bo ). (4.8) 

( 4.9) 

In correspondence with the previous chapter, the values for {30 , fo and f fJo are 
0.7, 98.4 cpd and 12.7 cpd, respectively, and mp is again determined by the 
width of the columns relative to the sampling distance: 

mp = sinc(w/d). (4.10) 

The remaining parameters (as, ab, mo and uo) are determined experimentally. 

4.4 Complex black and white experiment 

4.4.1 Method 

Stimuli: The images in this experiment were displayed using a Gould DeAnza 
IP 8400 image-processing system. Each image consisted of 512 by 512 pixels 
with eight bits per primary colour per pixeP. During the experiment only the 
centre 496 by 496 pixels (size 0.26 m by 0.26 m or 3.7° by 3.7°) were shown 
on a Barco CCID 7351B high-resolution 70 Hz interlace colour monitor. The 

1 The word pixel is restricted to indicating the elements of the combination of the image
processing system and the monitor used to display the stimuli. The area of a pixel is approx
imately equiluminant. Pixels lie next to each other and the distance between them (pixel 
pitch) is equal to the pixel's size. Pixels are sufficiently small to ensure that artefacts such 
as periodic structure and 'blockiness' are not visible. In addition, no moire effects are intro
duced during simulation since sampling distances of the simulated sampling structures are 
multiples of the pixel pitch. 
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viewing distance was 4 m. Hence the pixel pitch was 0.45 arc min. The display 
system was calibrated in such a way that for each of the primaries there was 
a power law relation L oc g-r, with an exponent 'Y 2.5, between the eight
bit pixel value (g) and the luminance ( L) of a pixel. The D 65 illuminant with 
colour coordinates z = 0.31 andy= 0.33, adopted as a white reference for PAL 
systems, was obtained for equal pixel values of the primaries. For the black and 
white images in this experiment the pixel values of the three primaries were 
equal. 

Six different black and white images (see figure 4.3) were used in this exper
iment: The complex portrait of a woman 'Wanda', the complex terrace scene 
'Terrasgeel', a bright pseudo text on a dark background, a dark identical text 
on a bright background, the abstract 'Mondrian' image and the single-edged 
image. In this thesis we adopt the terms positive contrast pseudo text to in
dicate bright text on a dark background and negative contrast pseudo text for 
dark text on a bright background. As in previous experiments, the single-edged 
image consisted of two uniform regions separated by a horizontal edge. The 
luminances were £ 1 = 21.2 cd/m2 and £ 2 0.66 cdjm2 • The average lumi
nance was thus L = (L1 + £ 2 )/2 = 10.9 cdjm2 and the Michelson contrast 
C = (L1 - L2 )/(L1 + L2 ) = 0.94. The 'Mondrian' image consisted of seven 
partially overlapping uniform rectangles of varying size and luminance. The 
brightest and the darkest rectangles had the same luminances as the regions of 
the single-edged image. The text of the pseudo text image comprised six lines 
of ten characters each with pseudo words of random length. Characters were 
upper-case letters and numbers of the IPO-normal font (e.g. van Nes, 1986). 
The IPO-normal font defined on a 12 by 20 matrix was magnified so that each 
matrix element corresponded to a square of two by two pixels. Luminances 
of the characters and the background were equal to those of the single-edged 
image. For the positive contrast text the luminance of the characters and the 
luminance of the background were thus 21.2 cd/m2 and 0.66 cd/m2 , respec
tively. For the negative contrast the opposite was the case. 

Both sampled and non-sampled versions of the images were used in the 
experiment. The sampling distance of the columnar sampling structure was 
4, 6 and 8 pixel pitch units (1.81, 2.72 and 3.63 arc min) and the width of 
the columns was half the sampling distance. According to equation (4.10), 
the attenuation of the modulation depth caused by these structures is mp = 
sinc(w/d) = sinc(1/2) ~ 0.637. In practice this attenuation value is lower 
since the luminance transitions at the edges of the columns are not ideal. In 
addition, it may depend on sampling frequency and luminance. As in chap
ter 2, we measured the luminance profile of the columnar structure for different 
luminances and sampling distances with a Pritchard Photometer model1980A 
and a spatial line scanner. The modulation depth of the first harmonic that 
fitted the profile best was used to calculate mp. Results are shown in figures 4.1 
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and 4.2. From the plots we conclude that (1) mp values are lower in practice 
than the theoretical values, (2) the value of mp is to a good approximation 
independent of the sampling distance and (3) the value of mp is to a good 
approximation independent of the peak luminance of the profile for the lumi
nances relevant to the experiment. For computational purposes we use the 
mp values of figure 4.2 . 

., --------------------------------------------------------- .. 
0 

g~·------.-----.------.-----. 
0.0 25.0 50.0 75.0 100.0 

luminance (cd/m 2) 

Figure 4.1: Additional attenuation of the modulation depth due 
to the width of the columns of the columnar structure with sam
pling distance d = 2. 72 arc min versus the peak luminance of the 
luminance profile on the Barco monitor. The column width was 
one-third of the sampling distance so that the theoretical mp value 
is mp ~ 0.827. The theoretical value is indicated by the dashed 
line. 

Images were interpolated by an optical Gaussian filter which was simulated 
on the Gould DeAnza using a filter with a binomial impulse response of length 
l (e.g. Martens, 1990b). The relation between the filter length and the spread 
parameter of the Gaussian filter is a = lv'f=l. The filter lengths of the 
binomial filter in both the horizontal and vertical direction were equal and the 
values were 1, 7, 14, 28 and 60 pixel pitch units. Stimuli with a sampling 
distance of 4 pixel pitch units and filter length 28 and 60 pixel pitch units were 
not used. In order to facilitate the determination of the values of the a0 and 
m0 parameters, there were ten extra stimuli of the single-edged image in which 
only the modulation depth of the periodic structure was varied, i.e. the vertical 
filter length was 1 pixel pitch unit. The horizontal filter lengths were 7, 14, 28 
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Figure 4.2: Additional attenuation of the modulation depth due 
to the width of the columns of a columnar sampling structure with 
a 42.1 cdfm2 peak luminance of the profile on the Barco monitor 
versus the sampling distance. The column width was half the sam
pling distance corresponding to a theoretical mp value mp ::::::l 0.637. 
The theoretical value is indicated by the dashed line. 

and 60 pixel pitch units. 

Six of tht; stimuli are shown in figure 4.3. 

Procedure: In two sessions one female and five male subjects between 27 
and 43 years of age rated perceptual quality of the displayed images on a 10-
point numerical category scale ranging from one to ten. Subjects had normal 
or corrected-to-normal vision and a visual acuity between 1.25 and 2, measured 
on a Landolt chart. Although two subjects (FB and GS) had a slight red-green 
deficiency their results did not differ significantly from those of the other sub
jects. Subjects received an instruction form in which the quality was defined as 
depending only on periodic structure and blurof the displayed images. Before 
the start of the actual experiment, subjects judged a test series of 18 stimuli 
containing the extreme stimuli in order to adjust the sensitivity of their scale. 
All 118 stimuli were presented twice in each session except for the unfiltered 
single-edged image without periodic structure which was presented six times 
for practical reasons. The sequence of the images was random. However, stim
uli from the same group never occurred in consecutive trials. There were three 
groups: the first with positive and negative contrast pseudo text images, the 
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Figure 4.3: Six of the 118 stimuli from the complex black and white 
experiment. (a) 'Wanda', no sampling and maximum filter length 
( 60 pixel pitch units), (b) 'Terrasgeel', no sampling and no filter
ing (filter length 1 pixel pitch unit), (c) positive contrast pseudo 
text, middle sampling distance (d = 2.72 arc min) and no filtering, 
(d) negative contrast pseudo text, middle sampling distance and 
maximum filtering. 

71 
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e f 

Figure 4.3 continued: (e) 'Mondrian', middle sampling distance and 
middle filter length (28 pixel pitch units), (f) single-edged image, 
coarsest sampling structure ( d = 3.63 arc min) and no filtering. 

second with the single-edged and 'Mondrian' images and the third with the 
'Wanda' and 'Terrasgeel' images. Images were presented for five seconds and 
followed by an adaptation field with a luminance of 12 cdfm2 which lasted 
until subjects pressed a key but had a minimum duration of two seconds. The 
viewing conditions satisfied CCIR recommendation 500 (CCIR, 1986) except 
for the viewing distance, which was 4 m. All category data were transformed 
into an interval scale on the psychological continuum using Thurstone's law 
of categorical judgement. We used a class I model involving replications over 
trials within a single subject with condition D constraints (Torgerson, 1958). 
These constraints limit the number of model parameters by assuming that the 
correlation between the moment(l.ry position of stimuli and category boundaries 
as well as the dispersion of both category boundaries and stimuli are constant. 
Prior to the Thurstone correction data were processed in accordance with Ed
wards' method (Edwards, 1957) in order to correct scale values of the extreme 
categories. It was found that the trends in the Thurstone-corrected data of the 
individual subjects were similar. It was therefore permissible to average the 
Thurstone-corrected data over subjects. 

4.4.2 Perceptual strength of blur and periodic structure 

We determine the intrinsic blur of the early-visual pathway and the periodic 
structure threshold parameters of the sensorial strength functions for blur and 
periodic structure using the measured impairments (Jm) of the single-edged 
image stimuli. Only these stimuli of the single-edged image allow a separate 
estimation of the parameters in the sensorial strength functions for periodic 
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structure and blur. This has the advantage that, mutatis mutandis, we can use 
the procedures of the preceding chapter. See subsections 3.7.2 and 3.7.3 and 
also Appendix 3.A for details. 

The intrinsic blur parameter (a0) in the sensorial strength function for 
blur (Sb) of equation ( 4.5) is determined from the five non-sampled stimuli 
that were filtered with filters of length 1, 7, 14, 28 and 60 pixel pitch units. 
Values of the intrinsic blur parameter for which the coefficient of determination 
(e.g. Chatfield, 1983) of the regression line of I~ on Sl is closest to unity and 
the corresponding standard deviations are listed in table 4.1 for each of the six 
subjects and for the data averaged over subjects. Figure 4.4 shows the plot of 
I! versus Sl for the data averaged over subjects2 • 

Table 4.1: Values for the intrinsic blur parameter (a0 ) and the 
standard deviation (suo) in the perceptual strength of blur function 
determined in the complex black and white experiment for data 
from the individual subjects and for data averaged over subjects. 

subject ao (arc min) Suo (arc min) 
FB 0.50 0.16 
GS 0.50 0.16 
HR 0.66 0.19 
MN 0.41 0.12 
MV 0.45 0.20 
RH 0.96 0.15 

AVERAGE 0.57 0.16 

The periodic structure threshold parameter ( m0 ) and the intrinsic blur 
parameter (a0 ) in the sensorial strength function for periodic structure (Sp) of 
equation ( 4.4) are determined from the ten extra stimuli plus the four sampled 
and non-sampled single-edged stimuli that were not filtered. Again, the values 
of the threshold and the intrinsic blur parameters are determined such that the 
coefficient of determination of the regression line of I! on s; is closest to unity. 
The values and the standard deviations are listed in table 4.2 and figure 4.5 
shows a plot of I! versus s; for the data averaged over subjects. 

The intrinsic blur parameter was determined in two different ways. We 
use the average of these values in the sensorial strength functions for blur and 
periodic structure. 

2 Unless otherwise stated, the length of an error bar in this and other figures is twice the 
standard error of the mean averaged over the data points. 
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Figure 4.4: The squared measured perceptual impairment versus 
the squared perceptual strength of blur for the data of the complex 
black and white experiment averaged over subjects (ao = 0.57 arc 
min). The length of the vertical error bar is twice the standard 
error of the mean averaged over the data points. The horizontal 
error bar is twice the standard deviation in Sl calculated from Suo 

using standard error propagation methods. 

Table 4.2: Values for the intrinsic blur parameter (a0 ), the peri
odic structure threshold parameter ( m0 ) and the standard devia
tions ( Sa0 and snlO) in the perceptual strength of periodic structure 
function determined in the complex black and white experiment 
for data from the individual subjects and for data averaged over 
subjects. 

subject mo 8 mo ao (arc min) Su0 (arc min) 
FB 0.020 0.007 0.68 0.05 
GS 0.094 0.054 0.51 0.09 
HR 0.013 0.009 0.59 0.10 
MN 0.004 0.004 0.71 0.14 
MV 0.038 0.028 0.84 0.12 
RH 0.009 0.007 0.62 0.10 

I AVERAGE 0.020 0.007 0.65 0.05 
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Figure 4.5: The squared measured perceptual impairments versus 
the squared perceptual strength of periodic structure for the data 
of the complex black and white experiment averaged over subjects 
(o-0 = 0.65 arc min and mo = 0.020). The horizontal error bar is 
twice the standard deviation in s; calculated from Su0 , Sm0 and 
their covariance using standard error propagation methods . 
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Below we calculate the squares of the relative weight parameters a! and al in 
equation ( 4.2). The regularization parameter for blur is equal to the square 
of the ratio of these weight parameters (>.b alfa!)· Since the intrinsic blur 
and periodic structure parameters are known, we can determine the values 
of the sensorial strength functions for blur and periodic structure for each 
stimulus. When these values plus the measured impairments are substituted in 
equation (4.2), we obtain a set of 108 equations in a! and al. More specifically, 
there is a subset of 18 equations for each of the six images in the experiment. 
Obviously, the equations of a subset correspond to the various sampling and 
interpolation combinations. · 

We solve the squares of the weight parameters for each of the subsets. 
The corresponding regularization parameters for blur are plotted in figures 4.6 
and 4.7. In figure 4.6 they are plotted as a function of the observers. There 
is a separate curve for each image. Figure 4.7 illustrates the relation between 
image content and the regularization parameters. There is a curve for each 
subject and for the data averaged over subjects. 
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Figure 4.6: Regularization parameters for blur of the complex black 
and white experiment as a function of the observers with image 
content as a parameter. {D) 'Wanda', ( o) 'Terrasgeel', (6) positive 
contrast pseudo text, ( +) negative contrast pseudo text, ( x) 'Mon
drian' and (<>) single-edged. The error bar is twice the standard 
deviation in Ab for the data averaged over subjects. 

Note that the value for the single-edged image for the data averaged over 
subjects is in good agreement with the value of the previous chapter. 

4.4.4 Performance of the perceptual error measure 

Impairments (Ic) calculated with the perceptual error measure using the pa
rameters specified in the preceding subsections are compared with the exper
imentally measured impairments (/m)· The direct comparison in figure 4.8 
shows that calculated and measured impairments correlate satisfactorily. A 
more detailed comparison is found in figures 4.9 to 4.14. In these figures we 
have plotted one minus the impairment, i.e. quality versus the spread ( u) of the 
optical Gaussian interpolation filter. Again we conclude that the perceptual 
error measure performs well. 

The figures 4.9 to 4.14 clearly illustrate the effect of the columnar sampling 
structure and the optical Gaussian filter on perceptual image quality. For 
the non-filtered stimuli (u = 0), image quality drops if the sampling distance 
increases. The effect of filtering on the sampled images is twofold. First, the 
perceptual quality of the sampled images increases as the spread parameter 
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Figure 4.7: Regularization parameters for blur of the complex 
black and white experiment as a function of image content with 
the observer as a parameter. (V) FB, (<>) GS, (x) HR, (+) MN, 
(.6.) MV, (o) RH and (D) AVERAGE. The dashed curve is for the 
data averaged over subjects. The error bar is twice the standard 
deviation in Ab for the data averaged over subjects. 
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increases until it reaches some maximum. Beyond this point quality decreases 
as the filtering gets stronger. The first part of the curves corresponds to a 
decrease of the perceptual strength of periodic structure while the sensorial 
strength of blur remains relatively small. In the second part of the curves the 
perceptual strength of blur increases while the perceptual strength of periodic 
structure hardly decreases. The value of the spread parameter for which the 
quality is maximal increases monotonically with the sampling distance. For 
non-sampled images the quality is highest if the image is not filtered. 

Figures 4.15 and 4.16 show that the perceptual error measure also ade
quately predicts the quality for individual subjects as well as for different values 
of the relative weight parameter for blur. Again perceptual quality is plotted 
as a function of the spread parameter of the Gaussian interpolation filter. The 
values of the regularization parameter for blur are the extreme values for the 
'Wanda' image. Subject FB in figure 4.15 has a low value, indicating that 
this subject's weight for periodic structure is greater than his weight for blur. 
This agrees with the fact that quality for the sampled and non-filtered image 
is lower than the quality of the non-sampled and filtered image. For subject 
GS in figure 4.16, who has a high value of the regularization parameter, it is 
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Figure 4.8: Squared measured perceptual impairments versus 
squared calculated perceptual impairments for the data of the com
plex black and white experiment averaged over subjects. The 
dashed line indicates points with Ic = Im. 

just the opposite. 

4.5 Discussion 

The experimental results of this chapter indicate that it is possible to describe 
the total perceptual impairment of columnar sampled and Gaussian interpo
lated images with the perceptual error measure that considers only the artefacts 
periodic structure and blur. The regularization parameter for blur, which ex
presses the relative weight of periodic structure compared to blur, has been 
determined from the experimental data. The regularization parameter has a 
typical value of At. = 2. 

Although the regularization parameter for blur seems to vary rather ran
domly with observer and image content, a closer look reveals that there may 
be some small systematic effects. Before these effects are discussed, we wish 
to make an observation about the Ab axis of the plots in figures 4.6 and 4.7. 
The At. axis is a linear axis whereas this regularization parameter expresses 
the ratio of the relative weight of blur to the relative weight of periodic struc
ture. Consequently, care must be taken in the interpretation of the variations 
in the regularization parameter. It may be advantageous to use a logarith
mic axis. Similar changes in the ratio of the relative weight parameters, e.g. 
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Figure 4.9: Comparison of measured (D) and calculated ( x) per
ceptual quality. The perceptual quality averaged over subjects is 
plotted versus the spread parameter ( u) of the optical Gaussian 
interpolation filter for the 'Wanda' image of the complex black 
and white experiment. From top to bottom the four pairs of 
curves are for the non-sampled images and the sampled images 
with d = 1.81 arc min, d = 2. 72 arc min and d = 3.63 arc min. 
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Ab = 0.5 --+ Ab = 1.0 and Ab = 1.0 --+ .Ab = 2.0, will then correspond to equal 
distances on this logarithmic axis. 

Variation of the regularization parameter for blur with the observer may 
be explained by inter-observer differences rather than by deviations between 
the real and estimated intrinsic blur and periodic structure threshold param
eter values since the latter seem fairly accurate. According to figure 4.6, the 
regularization parameter for blur is somewhat higher than average for subject 
HR and somewhat lower for subjects FB and MN. Subject HR has participated 
in many experiments concerning sharpness whereas subjects FB and MN have 
a considerable experience in judging sampling structures. This would suggE;lst 
that there might be a tendency for a subject to dislike more markedly an arte
fact that he or she sees frequently. 

Variation of the regularization parameter for blur with image content is 
attributed to two factors. The first accounts for cognitive aspects that may 
lead to different sets of weighting coefficients. Recall that these weighting 
coefficients, which were introduced in the discussion in the previous chapter, are 
used in the summation of impairments of local areas to the total impairment of a 
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Figure 4.10: Perceptual quality averaged over subjects for the 
'Terrasgeel' image of the complex black and white experiment. See 
the caption to figure 4.9 for further details. 
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Figure 4.11: Perceptual quality averaged over subjects for the 
positive contrast pseudo text image of the complex black and white 
experiment. See the caption to figure 4.9 for further details. 
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Figure 4.12: Perceptual quality averaged over subjects for the 
negative contrast pseudo text image of the complex black and white 
experiment. See the caption to figure 4.9 for further details. 
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Figure 4.13: Perceptual quality averaged over subjects for the 
'Mondrian' image of the complex black and white experiment. See 
the caption to figure 4.9 for further details. 
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Figure 4.14: Perceptual quality averaged over subjects for the 
single-edged image of the complex black and white experiment. See 
the caption to figure 4.9 for further details . 
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Figure 4.15: Perceptual quality for subject FB for the 'Wanda' 
image of the complex black and white experiment. See the caption 
to figure 4.9 for further details. 
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Figure 4.16: Perceptual quality for subject GS for the 'Wanda' 
image of the complex black and white experiment. See the caption 
to figure 4.9 for further details. 
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complex image. The second factor accounts for variations in the regularization 
parameter caused by the fact that different images have different distribution 
density functions of the local area Michelson contrasts and average luminances. 
In the preceding chapter, we have already stated that the Michelson contrast 
and average luminance should be part of the sensorial strength functions and 
preferably not included in the relative weights of periodic structure and blur. 

Since the regularization parameter for blur plotted in figure 4.7 shows 
hardly any systematic variation with image content and, as pointed out in the 
subsequent paragraphs, small variations can be explained by variations in the 
distribution density functions of Michelson contrasts and average luminances, 
we see, as yet, no reason for believing that the regularization parameter for 
blur depends on cognitive factors. 

·It looks as if the regularization parameter for blur in figure 4.7 for the 
negative contrast pseudo text image is lower than for the positive contrast 
pseudo text image. This result is consistent with our intuition. The influence 
of the periodic structure artefact is larger in the light background of the negative 
contrast pseudo text image than in the dark background of the positive contrast 
pseudo text image. Since these images differ only in average luminance, we 
try to explain the differences from the fact that these images have different 
distribution density functions of local area average luminance, using the results 
of the previous chapter. The total impairment of a complex image is a weighted 
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sum of the impairments of local areas containing a single edge. The relative 
weight parameters for periodic structure and blur are also the weighted sums 
of the corresponding weights for the local single-edged images. We divide the 
set of local areas of the pseudo text images into two subsets. The first subset 
contains areas with edges. These areas are at the borders of the text characters. 
Areas without edges which are located in the background form the second 
subset. The relative weights of areas of the first subset are identical for the 
positive contrast and the negative contrast pseudo text image. Since there are 
no edges in the local areas of the second subset we assume the relative weight 
parameters of blur to be identical for the positive and the negative contrast 
pseudo text images. According to figure 3.9, the relative weight of periodic 
structure is larger for areas of the second set with higher luminance values 
such as the areas of the second subset of the negative contrast pseudo text 
image. The weighted sum of the local relative weights for periodic structure 
is therefore higher for the negative contrast pseudo text image. The weighted 
sum of the local relative weights for blur remains the same. Consequently, the 
regularization parameter is lower for the negative contrast than for the positive 
contrast pseudo text image. 

Similar reasoning using distribution density functions of local weight pa
rameter values can possibly explain differences in the relative weight parameters 
for other pairs of images. The values of the regularization parameter for blur 
might even be corrected for these differences. In this case the regularization 
parameter would depend only on 'true' image content and the observer. This 
analysis has been omitted because of the limited accuracy of the data. 



Chapter 5 

Perceptual error measure for con1plex colour 
. 
Images 

5.1 Abstract 

In the previous chapter it was shown that the quantitative perceptual error 
measure, considering only the artefacts periodic structure and blur, adequately 
predicts the perceptual quality of sampled and interpolated complex black and 
white images. The periodic structure is caused by luminance variations. Be
sides luminance variations, sampled and interpolated complex colour images 
may also contain periodic chrominance variations. In this case the strength 
of periodic structure depends on both luminance and chrominance variations. 
In this chapter we show that the perceptual· error measure which considers 
only luminance variations can predict the experimentally determined quality 
of sampled and interpolated complex colour images. It was found that the 
regularization parameter for blur varies relatively little with image content but 
depends in some degree on the observer. 

5.2 Introduction 

In previous chapters we have specified a perceptual error measure which pre
dicts the perceptual quality of sampled and interpolated black and white im
ages. The measure includes a term for the periodic structure artefact. The 
periodic structure is caused by periodic variations in luminance. The sensorial 
strength of periodic structure is a non-linear function of the modulation depth 
of the structure's first harmonic. 

Colour displays often consist of so-called RGB-triplets regularly arranged 
on a sampling lattice. In most cases such a triplet consists of three spatially 
separated display elements with the primary colours red, green and blue. The 
RGB-triplet can be regarded as a unit area of a colour display which is char
acterized by its colour and luminance. The ratio of the luminances of the red, 
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green and blue elements determines the colour of the triplet. For most colours 
the luminances of the red, green and blue elements are not equal. Owing to 
the regular arrangement of the elements, this causes a periodic hJminance vari
ation similar to the luminance variation in sampled and interpolated complex 
black and white images. With colour displays, however, there are also peri
odic chrominance variations caused by the regular arrangement of red, green 
and blue elements. Neither the periodic chrominance structures nor the colour 
dependence of the periodic luminance structure are taken into account by the 
sensorial strength function for periodic structure that was applied in the pre
vious chapters. 

In this chapter we formulate a sensorial strength function for periodic struc
ture that is able to account for the colour-dependent luminance variations. The 
function is similar to the one used in previous chapters. However, the expression 
for the modulation depth contains a factor that depends on the ratio of the lu
minances of the red, green and blue elements of the RGB-triplets. The strength 
function neglects the periodic chrominance structures. We note that the reso
lution for chrominance gratings such as red-green and blue-yellow gratings is 
roughly a factor three smaller than the resolution for luminance gratings such 
as a green monochromatic grating {Mullen, 1985). In addition, the periodic 
chrominance structure is perceived best in the absence of luminance variations. 
In practice, however, chrominance variations often occur simultaneously with 
relatively large luminance variations. 

In the rest of the chapter we check whether the perceptual error measure 
with the sensorial strength function for colour-dependent periodic luminance 
structures is able to predict experimentally obtained quality values for sam
pled and> interpolated complex colour images. We used coloured versions of 
the six images of the complex black and white experiment described in the 
previous chapter. The six different images enable the study of the influence 
of image content on the regularization parameter for blur. For comparison we 
also included the black and white versions in the experiment. 

5.3 Modulation depth as a function of colour 

In this section we determine the modulation depth of the periodic luminance 
structure caused by a sampling structure with RGB-triplets arranged on a 
columnar lattice. Figure 5.1 shows a part of the luminance profile of the RGB
triplet columnar structure along a horizontal line. In the same figure we also 
encounter a plot of the luminance profile of the columnar sampling structure 
which we have used in the previous chapters for black and white images. This 
structure will be referred to as the columnar structure with grey columns. 
The RGB-triplet luminance profile is a summation of three spatially shifted 
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grey column luminance profiles each with its own maximum luminance. The 
luminances of these three profiles are the luminances of the red, green and blue 
elements. 

grey grey G G 

w www 
-d~ d 

horizontal position 

a b 

Figure 5.1: Luminance profiles along a horizontal line of a columnar 
sampling structure with sampling distance d and column width 
w = d/3. (a) Grey columns, (b) RGB-triplet columns. Note that 
if the average luminance of a displayed image is equal for both 
structures, then the luminance of the grey column must be equal to 
the sum of the red, green and blue luminances of the corresponding 
RGB-triplet. If black and white images are displayed using the 
RGB-triplet structure, then the ratio of the red, green and blue 
luminances is fixed. For colour images this ratio may vary from 
RGB-triplet to RGB-triplet. 

The modulation depth of the RGB-triplet columnar structure is the modu
lation depth of the first harmonic of the luminance profile of figure 5.1.b. This 
harmonic is the sum of the first three harmonics of the red, green and blue 
columns. Note that the frequencies of these three harmonics are identical to 
the fundamental frequency of the columnar sampling structure (1/d). How
ever, there are also two differences. First, the phase of the red, green and blue 

· harmonics are different since the red, green and blue columns are located at 
different spatial locations. Second, the amplitudes of the three harmonics are 
in general not the same. The amplitudes are equal to the luminances LR, La 
and L B of the red, green and blue columns. Addition of the three harmonics 
yields the harmonic of the RGB-triplet columnar structure which has frequency 
1/d and a modulation depth that can be written as 

(5.1) 

The factor me accounts for the attenuation caused by the spatially shifted 
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positions and the luminances of the red, green and blue columns: 

(5.2) 

The factor mp accounting for the attenuation of the modulation depth due to 
the width w of the columns is 

mp:::;::: sinc(wjd). (5.3) 

According to equation (5.2), the modulation depth depends on the ratio of the 
luminances LR, LG and LB of the red, green and blue columns of the RGB
triplet columnar structure. It is easily verified that the modulation depth is 
zero if LR = LG = LB. On the other hand, the modulation depth has its 
maximum value (m = 2mp) if two out of three luminances are zero. For 
example, LR = LB = 0 and L9 i= 0 yields a luminance profile of the RGB
triplet structure in figure 5.l.b which is identical to the grey column structure 
of figure 5.1.a. 

Since the ratio of the red, green and blue luminances also determines the 
colour of the image with the RGB-triplet structure, the modulation depth 
depends on the colour of the image. Colours can be characterized by the ( x, y) 
colour coordinates in a CIE chromaticity diagram. Two coordinates suffice 
since only the ratios of luminances are important for determining the colour. 
Figure 5.2 shows iso-modulation depth curves in the chromaticity diagram. 
The modulation depth is maximal for the red, green and blue primary colours 
located at the corners of the triangle. It is zero for LR = LG LB, which 
corresponds to some bluish colour. 

5.4 Perceptual error measure 

The perceptual error measure that we propose for complex colour images is 
identical to that for complex black and white images. The total perceptual 
impairment is equal to 

(5.4) 

or, by substitution of the linear relation between impairment and perceptual 
strength (equation (2.5)), to 

(5.5) 

Isolating the relative weight parameter of periodic structure yields 

(5.6) 
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Figure 5.2: !so-modulation depth curves in the CIE chromatic
ity diagram for the modulation depth of the first harmonic of the 
luminance profile of the RGB-triplet columnar sampling structure 
as a function of the ( x, y) colour coordinates. The colour coordi
nates of the primary phosphor colours of a Barco colour monitor 
are indicated by 0 for red, o for green, and o for blue phosphors. 
Colours with coordinates within the triangle can be displayed on 
this monitor. The X indicates the colour of the D6s standard PAL 
white illuminant for which me = 0.55. 

89 

where A!>= aUa; is the regularization parameter for blur. In accordance with 
the previous chapter, the sensorial strengths of periodic structure and blur 
introduced by a columnar sampling structure and a Gaussian interpolation 
filter with spread parameter a are 

(5.7) 

{{:a )2 + 1)0.25. 
(5.8) 

The modulation depth for a Gaussian filtered RGB-triplet columnar structure 
lS 

(5.9) 

where J a 2 +a~ is the spread parameter of the Gaussian filter and 2mcmp 
is the modulation depth specified in equations (5.1) to (5.3) for a non-filtered 
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RGB-triplet structure. Since the colours and hence the modulation depths vary 
within a complex colour image, it is not clear what value we should take for me. 
We must make a choice, however, since we do not know how the me values for 
the local RGB-triplet areas combine into a global me value. Suppose we were to 
make a distribution density function of local area colours in a natural complex 
image. We would expect it to show that the image was predominantly greyish 
with some colour. The more a colour is saturated, the less frequently it will 
occur in the image. We therefore assume the distribution density function to be 
centred around the D65 illuminant. In this chapter, we use the corresponding 
me value me = 0.55 for colour images. For black and white images we use 
me = 1. Note that me = 0.55 is also close to the average of the extreme 
me values me = 0 and me = 1. A wrong choice for the me value can be 
identified afterwards from deviating values of the regularization parameter for 
blur. The constant c and the exponent f3 are equal to 

c 
( ~o )l'o 

(5.10) 
(1+(~0)3)1/3 1' 

f3 = f3o(1 + f f:l'o ), (5.11) 

with f3o = 0.7, fo = 98.4 cpd and fp0 = 12.7 cpd. The intrinsic blur parameter 
(u0 ), the periodic structure threshold parameter (mo) and the relative weight 
parameters ( ap and ab) are determined experimentally. 

5.5 Complex colour experiment 

5.5.1 Method 

Stimuli: In the experiment we used both colour and black and white images. 
Images were displayed using a Gould DeAnza IP 8400 image-processing system. 
Each image consisted of 512 by 512 pixels with eight bits per primary colour per 
pixel1• During the experiment only the centre 496 by 496 pixels (size 0.26 m 
by 0.26 m or 3.7° by 3.7°) were shown on a Barco CCID 7351B high-resolution 
70Hz interlace colour monitor. The colour coordinates (xR,YR) = (0.62,0.35), 
(xc,Yc) = (0.30,0.59) and (xB,YB) = (0.15,0.07) of the monitor's primary 

1The word pixel is restricted to indicating the elements of the combination of the image
processing system and the monitor used to display the stimuli. The area of a pixel is approx
imately equiluminant. Pixels lie next to each other and the distance between them (pixel 
pitch) is equal to the pixel's size. Pixels are sufficiently small to ensure that artefacts such 
as periodic structure and 'blockiness' are not visible. In addition, no moire effects are intro
duced during simulation since sampling distances of the simulated sampling structures are 
multiples of the pixel pitch. 
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colours red, green and blue did not deviate much from the standard PAL colour 
coordinates (a;R,YR) = (0.64,0.33), (xa,ya) = (0.29,0.60) and (xB,YB) = 
(0.15, 0.06). The viewing distance was 4 m. Hence the pixel pitch was 0.45 arc 
min. The display was calibrated in such a way that for each of the primaries 
there was a power law relation L ex g-r, with an exponent 'Y 2.5, between the 
eight-bit pixel value (g) and the luminance L of a pixel. The D65 illuminant 
(xw,Yw) (0.31,0.33), adopted as a white reference for PAL systems, was 
obtained for equal pixel values of the primaries. In this case the ratio of the 
red, green and blue luminances was LR : La : LB = 0.230 : 0.689 : 0.081 
against LR: La: LB = 0.222: 0.707: 0.071 for standard PAL. For black and 
white images the pixel values of the three primaries were equal. 

The six black and white images were the same as in the complex black 
and white experiment described in the previous chapter. The six colour im
ages were coloured versions of the black and white images. . The luminances 
of the colour and the black and white images were identical. However, the 
luminances of all images in this experiment were only two-thirds of the lumi
nances of the corresponding images in the black and white experiment. The 
reason for this is that the width of the columns of the sampling structure 
specified below is only two-thirds of the width used in the black and r white 
experiment. Unlike in the 'Wanda' and 'Terrasgeel' images, colours had to 
be specified for the pseudo text, 'Mondrian' and single-edged images. The 
low and high luminance regions of the single-edged image were coloured ma
genta ((z, y) = (0.23, 0.11)) and yellow ((x, y) = (0.48, 0.46)), respectively. The 
positive contrast pseudo text image had bright yellow ((x,y) = (0.48,0.46)) 
text on a dark blue ((x,y) (0.15,0.07)) background. The negative con
trast pseudo text image had dark red ((x, y) = (0.62, 0.35)) text on a bright 
green ((x,y) = (0.30,0.59)) background. The colours of the 'Mondrian' rectan
gles were red ((x,y) = (0.62,0.35)), green ((z,y) = (0.30,0.59)), blue ((z,y) = 
(0.15,0.07)), magenta ((x,y) = (0.23,0.11)), yellow ((x,y) (0.50,0.44)), cyan 
((z,y) (0.17,0.12)) and grey ((x,y) = (0.31,0.33)). Chromatic aberration 
of the eye lens may cause retinal blur at the edge of two rectangles with dif
ferent colours. Although chromatic aberration also occurs with other images, 
the effects are expected to be stronger with the 'Mondrian' image. The reason 
is that, unlike in most natural complex images, primary colours occur side by 
side. To avoid the visibility of aberration effects in the 'Mondrian' image, the 
transitions between the rectangles were replaced by black lines six pixel pitch 
units wide of zero luminance in both the colour and the black and white version 
of the 'Mondrian' image. 

Both sampled and non-sampled versions of the colour and black and white 
images were used in the experiment. The sampling distance of the columnar 
structure was 6 pixel pitch units (2.72 arc min) and the widths of all columns 
(red, green, blue and grey) was 2 pixel pitch units (0.91 arc min). The columnar 
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structure of figure 5.l.a was applied only to the black and white images. The 
columnar RGB-triplet structure of figure 5.1.b was used for the colour as well 
as the black and white images. 

As in previous experiments, the factor mp for the attenuation of the modu
lation depth due to the non-zero width of the columns deviates in practice from 
the theoretical value mp = sinc(w/d) = sinc(1/3):::::: 0.827. The mp value may 
depend on sampling frequency and luminance. In addition, the factor may 
be different for the grey column and RGB-triplet column of figure 5.1. The 
frequency is ignored since there is only one sampling distance in the experi
ment. Using a Pritchard Photometer model1980A and a spatial line scanner, 
we measured the luminance profile for different peak luminances for each of 
the two structures of figure 5.1 applied to a uniform grey ((x,y) = (0.31,0.33)) 
image. The modulation depth of the first harmonic that fitted the profile best 
was used to calculate mv· The results for the grey column structure are shown 
in figure 4.1. Those for the RGB-triplet structure are plotted in figure 5.3. Ac
cording to equation (5.9), the total attenuation is equal to the product mpmc. 
We assume that deviations in the total attenuation for the RGB-triplet columns 
are caused solely by deviations in mp. For me we used the value me= 0.55. 
This is reasonable since the colour of the test images did not visibly change with 
luminance. We conclude that (1) practical values for mp are lower than the 
theoretical values and (2) values are slightly lower for the grey columns than 
for the RGB-triplet columns (compare figures 4.1 and 5.3). For computational 
purposes we use the average mp values of the three highest peak luminances 
of figure 4.1 for the grey columns and that of figure 5.3 for the RGB-triplet 
columns. 

Images were interpolated by an optical Gaussian filter which was simulated 
on the Gould DeAnza using a filter with a binomial impulse response of length l 
(e.g. Martens, 1990b). The filter length is related to the spread parameter a of 
the Gaussian filter by u = ~v'f=l. The filter lengths of the binomial filter in 
both the horizontal and vertical direction were equal and the values were 1, 3, 
7, 13 and 22 pixel pitch units. To facilitate the determination of the values of 
the a0 and mo parameters, there were twelve extra stimuli of the single-edged 
image. In these stimuli only the modulation depth of the periodic structure 
was varied, i.e. the vertical filter length was 1 pixel pitch unit. The horizontal 
filter lengths were 3, 7, 13 and 22 pixel pitch units. 

Procedure: In two sessions perceptual quality of the displayed images was 
rated on a 10-point numerical category scale ranging from one to ten, by one 
female and five male subjects between 27 and 43 years of age. Subjects had 
normal or corrected-to-normal vision and a visual acuity between 1.25 and 2, 
measured on a Landolt chart. Although two subjects (FB and GS) had a slight 
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Figure 5.3: Additional attenuation of the modulation depth in a 
grey test stimulus due to the width of the columns of the columnar 
structure with sampling distance d = 2. 72 arc min versus the peak 
luminance of the luminance profile of the green columns of the 
RGB-triplets on the Barco monitor. The column width was one
third of the sampling distance. The theoretical mp value is therefore 
mp ~ 0.827. The theoretical value is indicated by the dashed line. 
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red-green deficiency, their results did not differ significantly from those of other 
subjects. Every subject also participated in the complex black and white ex
periment described in the previous chapter. Subjects received an instruction 
form in which the quality was defined as depending only on periodic structure 
and blur of the displayed images. Before the start of the actual experiment, 
subjects judged a test series of 18 stimuli containing the extreme stimuli in 
order to adjust the sensitivity of their scale. All 162 stimuli were presented 
twice in each session except for the three sampled, non-filtered single-edged 
images, which were presented four times. The sequence of the images was ran
dom. However, in consecutive trials there were never two non-sampled colour 
stimuli, two non-sampled black and white stimuli, two sampled colour stimuli, 
or sampled black and white stimuli with the same sampling structure. Images 
were presented for five seconds and followed by a white adaptation field with 
a luminance of 12 cd/m2 which lasted until subjects pressed a key but had a 
minimum duration of two seconds. The viewing conditions satisfied CCIR rec
ommendation 500 (CCIR, 1986) except for the viewing distance, which was 4 m. 
All category data were transformed into an interval scale on the psychological 
continuum using Thurstone's law of categorical judgement. We applied ~ class 
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I model involving replications over trials within a single subject with condition 
D constraints (Torgerson, 1958). These constraints limit the number of model 
parameters by assuming that the correlation between the momentary position 
of stimuli and category boundaries as well as the dispersion of both category 
boundaries and stimuli are constant. Prior to the Thurstone correction data 
were processed in accordance with Edwards' method (Edwards, 1957) in order 
to correct scale values of the extreme categories. It was found that the trends 
in the Thurstone-corrected data of the individual subjects were similar. It was 
therefore permissible to average the Thurstone-corrected data over subjects. 

5.5.2 Perceptual strength of blur and periodic structure 

The procedure to determine the intrinsic blur of the early visual system and 
the periodic structure threshold parameters of the sensorial strength functions 
of periodic structure and blur is identical to that of previous chapters. See 
subsections 3.7.2, 3.7.3 and 4.4.2 and also Appendix 3.A for details. We use 
only the measured impairments (Im) of the stimuli with the single-edged black 
and white image in order to estimate these parameters. 

The intrinsic blur parameter (a0 ) in the sensorial strength function for blur 
(Sb) of equation (5.8) is determined from the five non-sampled stimuli that were 
filtered by filters of length 1, 3, 7, 13 and 22 pixel pitch units. Table 5.1lists for 
each of the six subjects and for the data averaged over subjects the values and 
the standard deviations of the intrinsic blur parameter for which the coefficient 
of determination (e.g. Chatfield, 1983) of the regression line of I:n on S~ is 
closest to unity. Figure 5.4 shows a plot of I! as a function of S~ for the data 
averaged over subjects2 • The figure contains an extra curve for the data of the 
coloured single-edged image. 

The periodic structure threshold parameter ( mo) and the intrinsic blur pa
rameter (a0 ) in the sensorial strength function for periodic structure (Sp) of 
equation (5.7) are determinedJrom the non-sampled and non-filtered stimulus, 
the grey column sampled and non-filtered stimulus and the four extra grey 
column sampled and horizontally filtered stimuli of the single-edged black and 
white images. The columnar sampling structure had grey columns. The pa
rameters are determined in such a way that the coefficient of determination of 
the regression line of I! on S~ is closest to unity. The estimates of the param
eters and the standard deviations are listed in table 5.2 and figure 5.5 shows 
a plot of I! versus S~ for the data averaged over subjects. Besides the curve 
for the points mentioned above we plotted two additional curves: one for the 

2 Unless otherwise stated, the length of an error bar in this and other figures is twice the 
standard error of the mean averaged over the data points. 
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Table 5.1: Values for the intrinsic blur parameter (uo) and the 
standard deviation (suo ) in the perceptual strength of blur function 
determined in the complex colour experiment for data from the 
individual subjects and for data averaged over subjects. 

subject O'o (arc min) Bu0 (arc min) 
FB 0.34 0.45 
GS 0.25 0.20 
HR 0.93 0.15 
MN 0.25 0.08 
MV 0.59 0.35 
RH 1.06 0.55 

AVERAGE 0.49 0.19 
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b 

Figure 5.4: The squared measured perceptual impairment versus 
the squared perceptual strength of blur for the data of the complex 
colour experiment averaged over subjects {u0 = 0.49 arc min). 
(D) Single-edged black and white image and ( o) single-edged colour 
image. The length of the vertical error bar is twice the standard 
error of the mean averaged over the data points. The horizontal 
error bar is twice the standard deviation in St calculated from Bu0 

using standard error propagation methods. 
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black and white single-edged image with RGB-triplet columns and one for the 
sampled single-edged colour image. 

Table 5.2: Values for the intrinsic blur parameter (a0), the peri
odic structure threshold parameter ( mo) and the standard devia
tions ( Bu0 and Sm0 ) in the perceptual strength of periodic structure 
function determined in the complex colour experiment for data from 
the individual subjects and for data averaged over subjects. 

subject mo Bmo ao (arc min) Suo (arc min) 
FB 0.022 0.042 0.77 0.41 I 
GS 0.090 0.204 0.77 0.76 
HR 0.012 0.133 0.74 2.35 
MN 0.012 0.274 0.64 5.88 
MV 0.012 0.101 0.68 2.04 
RH 0.012 0.437 0.57 10.43 

AVERAGE 0.022 0.089 0.73 0.88 

For each subject and for the data averaged over subjects we estimated the 
intrinsic blur parameter in two different ways. We use the average of these two 
values in the sensorial strength functions for blur and periodic structure. 

5.5.3 Regularization parameter for blur 

In this subsection we solve the squares of the relative weight parameters a:; and 
a~ from equation (5.5) and calculate the regularization parameter for blur >.b 
aU a!. Except for the twelve extra stimuli we use the data of all stimuli of the 
complex colour experiment. The values of the sensorial strength functions SP 
and Sb in equation (5.5) can be calculated for each stimulus since the intrinsic 
blur and periodic structure threshold parameters are known. Substitution of 
the measured impairments (Im) yields a set of 150 equations in a; and a~. 
Within this set of 150 equations we distinguish 18 partially overlapping subsets. 
For each of the six images there are three subsets, the first for colour versions 
of the images and columnar sampling with RGB-triplet columns and the other 
two for the black and white versions and columnar sampling with grey column 
as well as RGB-triplet columns. All subsets contained ten equations, namely 
five for the sampled stimuli and five for the corresponding non-sampled stimuli. 

The squares of the weight parameters for blur and periodic structure are 
solved from the subsets for each of the six subjects and for the data averaged 
over subjects. The corresponding regularization parameters for blur are plotted 
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Figure 5.5: The squared measured perceptual impairments versus 
the squared perceptual strength of periodic structure for the data 
of the complex colour experiment averaged over subjects (u0 = 0.73 
arc min and m 0 = 0.022). (D) Single-edged black and white image 
with grey columns, ( o) single-edged black and white image with 
RGB-triplet columns and (6) single-edged colour image with RGB
triplet columns. The horizontal error bar is twice the standard 
deviation in s; calculated from Su0 , Sm0 and their covariance using 
standard error propagation methods. 
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in figures 5.6 to 5.9. The first two figures show the regularization parameters 
for the black and white images with the grey columns. In figure 5.6 the regular
ization parameters are plotted as a function of the observer. There is a separate 
curve for each image. The relation between the parameters and image content 
is illustrated in figure 5.7. In this case there is a separate curve for each subject 
and for the data averaged over subjects. Figures 5.6 and 5.7 may be compared 
directly with figures 4.6 and 4.7. As is figure 5.7, the regularization parameters 
for blur are plotted as a function of image content in figures 5.8 and 5.9 for the 
black and white and colour images, both with RGB-triplet columns. 

The curves for the data averaged over subjects in figures 5. 7 to 5.9 are 
replotted in figure 5.10. We conclude that the regularization parameter for 
blur for the data averaged over subjects depends neither on image content 
(trivial exceptions excluded) nor on the sampling columns (grey columns or 
RGB-triplet column). 
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Figure 5.6: Regularization parameters for blur of the black and 
white images with grey columns of the complex colour experiment 
as a function of the observer with image content as a parameter. 
(D) 'Wanda', ( o) 'Terrasgeel', ( 6) positive contrast pseudo text, 
(+)negative contrast pseudo text, (x) 'Mondrian' and(<>) single
edged. The error bar is twice the standard deviation in .Ab for the 
data averaged over subjects. 

5.5.4 Performance of the perceptual error measure 

We compare experimentally measured impairments (Im) with the impairments 
(Ic) calculated with the perceptual error using parameter values determined 
in previous subsections. Figure 5.11 shows the most direct comparison and 
indicates that the perceptual error measure predicts impairments adequately. 

A more detailed comparison is found in figures 5.12 to 5.17. In these figures 
we plotted one minus the impairment, i.e. quality versus the spread (u) of the 
optical Gaussian interpolation filter. Again we conclude that the perceptual 
error measure performs well. 

5.6 Discussion 

According to the experimental results of this chapter, the perceptual error mea
sure considering the artefacts periodic structure and blur successfully predicts 
the perceptual impairment in colour images caused by columnar sampling and 
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Figure 5.7: Regularization parameters for blur of the black and 
white images with grey columns of the complex colour experiment 
as a function of image content with the observer as a parameter. 
(\7) FB, (o) GS, (x) HR, (+) MN, {~) MV, (o) RH and (D) AV
ERAGE. The dashed curve is for the data averaged over subjects. 
The error bar is twice the standard deviation in >.b for the data 
averaged over subjects. 
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Gaussian interpolation. The standard deviations of the parameters of the per
ceptual error measure are larger than in previous chapters. This is especially 
the case for the intrinsic blur of the early-visual pathway parameter and for the 
periodic structure threshold parameter. The main reason is that the stimulus 
set is not such as to permit an accurate estimation of the parameters. There 
are several reasons for this. The ranges of the strengths of the artefacts are 
smaller. Compared to the complex black and white experiment the maximum 
filter length is smaller. Consequently, only one or two of the values of the 
corresponding spread parameter are larger than the intrinsic blur. It is there
fore difficult to determine the intrinsic blur parameter accurately. In addition, 
we used only one sample distance as against three in the complex black and 
white experiment. It is therefore more difficult to estimate the periodic struc
ture threshold parameters. The relatively large spread in the intrinsic blur 
and periodic structure threshold parameters is partly the reason for the larger 
variance of the regularization parameter for blur. The more complex task of 
judging complex colour as well as black and white images within one experi
ment may also partly explain the larger variance. The task was additionally 
complicated by the fact that the sampling structure with RGB-triplet columns 
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Figure 5.8: RE!gularization parameters for blur of the black and 
white images with RGB-triplet columns of the complex colour ex
periment as a function of image content with the observer as a 
parameter. (\7) FB, (o) GS, (x) HR, (+) MN, {6) MV, (o) RH 
and (D) AVERAGE. The dashed curve is for the data averaged 
over subjects. The error bar is twice the standard deviation in .Ab 
for the data averaged over subjects. 

introduced colour errors into the images. Despite the larger variance the re
sults for the regularization parameter for blur are consistent with the results 
of the complex black and white experiment, as can be seen from a comparison 
of figures 5.6 and 5.7 with figures 4.6 and 4.7. 

Since the intrinsic blur and periodic structure threshold parameter values 
of the complex colour experiment are not very accurate, we recalculated the 
regularization parameters for blur using the intrinsic blur and periodic struc
ture threshold values determined from the data of the complex black and white 
experiment. The resulting regularization values are in good agreement with the 
values in figures 5.6 to 5.10. For comparison, we have plotted in figure 5.18 the 
recalculated regularization parameters for blur for the black and white image 
with the grey columns of the complex colour experiment as a function of the 
observer with a separate curve for each image. Figure 5.18 can be compared 
with figure 5.6. We conclude that the influence of the periodic structure thresh
old and intrinsic blur parameters on the regularization parameters for blur is 
only minor. 

The focus of the second part of the discussion is on the attenuation factor 
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Figure 5.9: Regularization parameters for blur of the colour im
ages with RGB-triplet columns of the complex colour experiment 
as a function of image content with the observer as a parameter. 
(V) FB, (~) GS, (x) HR, {+) MN, (~) MV, (o) RH and {D) AV
ERAGE. The dashed curve is for the data averaged over subjects. 
The error bar is twice the standard deviation in Ab for the data 
averaged over subjects. 
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(me) of the modulation depth caused by the spatial arrangement of the red, 
green and blue display elements. More specifically, it is on the combination of 
the local me values into a global me value. The reasoning is similar to that for 
combining the relative weights depending on average luminance and Michel
son contrast of single-edged images in local areas into global relative weight 
parameters of the artefacts in complex images. The dependence on spatial ar
rangement is included in the sensorial strength function for periodic structure 
rather than in the relative weight parameter. Hence, the weighted summation 
proposed in the discussion of chapter 3 must include the sensorial strength func
tion for periodic structure. We assume that the colour within a local area does 
not change so that it is permissible to speak of the me value of the local area. 
Each local area may have a different colour. Each image is characterized by a 
distribution density function of colour points .and hence a distribution density 
function of me values or values of the sensorial strength function for periodic 
structure. Application of the same weighted summation yields a different value 
for each colour image. It is possible to calculate these values and compare them 
with experimentally determined Ab values of figure 5.9 corrected for variations 
in the distribution density functions of the relative weights as a function of 
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Figure 5.10: Regularization parameters for blur for the data of the 
complex colour experiment averaged over subjects as a function of 
image content. (D) black and white images and grey columns, ( o) 
black and white images and RGB-triplet columns, (L\) colour im
ages and RGB-triplet columns. The error bar is twice the standard 
deviation in >.b for the data averaged over subjects. 

average luminance and Michelson contrast of the local areas. Because of the 
limited accuracy of the values of the regularization parameter for blur, we have 
not compared the values. 
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Figure 5.11: Squared measured perceptual impairments versus 
squared calculated perceptual impairments for the data of the com
plex colour experiment averaged over subjects. The dashed line 
indicates points with Ic = Im. 
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Figure 5.12: Comparison of measured (dashed curves) and calcu
lated (continuous curves) perceptual quality. The perceptual qual
ity averaged over subjects is plotted versus the spread parameter 
(a) of the optical Gaussian interpolation filter for the 'Wanda' im
age of the complex colour experiment. From top to bottom, the five 
pairs of curves are for (D) the non-sampled black and white images, 
( x) the non-sampled colour images, ( ~) the sampled black and 
white images with RGB-triplet columns, ( +) the sampled colour 
images with RGB-triplet columns and ( o) the sampled black and 
white images with grey columns. 
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Figure 5.13: Perceptual quality averaged over subjects for the 'Ter
rasgeel' image of the complex colour experiment. See the caption 
to figure 5.12 for further details. 
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Figure 5.14: Perceptual quality averaged over subjects for the pos
itive contrast pseudo text image of the complex colour experiment. 
See the caption to figure 5.12 for further details. 
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Figure 5.15: Perceptual quality averaged over subjects for the neg
ative contrast pseudo text image of the complex colour experiment. 
See the caption to figure 5.12 for further details. 
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Figure 5.16: Perceptual quality averaged over subjects for the 
'Mondrian' image of the complex colour experiment. See the cap
tion to figure 5.12 for further details. 
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Figure 5.17: Perceptual quality averaged over subjects for the 
single-edged image of the complex colour experiment. See the cap
tion to figure 5.12 for further details. 
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Figure 5.18: Regularization parameters for blur for the data from 
the complex colour experiment which were calculated using the 
intrinsic blur and periodic structure threshold parameters from the 
complex black and white experiment. See the caption to figure 5.6 
for further details. 
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Chapter 6 

Epilogue 

A solution is only optimal with respect to the criterion. A perceptually optimal 
combination of sampling and interpolation can only be specified if there is a 
proper criterion. In this thesis we have specified and tested such a criterion, 
namely the perceptual error measure for sampled and interpolated images. In 
this final chapter, we discuss some items concerning the use of the perceptual 
error measure to determine a perceptually optimal combination of sampling and 
interpolation. Since this problem is rather complicated, we solve the problem 
in three steps. First, we discuss how we can determine an optimal interpolation 
filter for a given sampling structure. In the first section this item is worked 
out in detail for the columnar sampling structure and the Gaussian interpola
tion filter. A similar line of thought is applicable to other sampling structures 
and interpolation filters. Since most of these other sampling structures sample 
the image in two directions, the second section considers the extension of the 
perceptual error measure to two-dimensional sampling structures. The prob
lem of finding an optimal combination of sampling and interpolation is more 
complicated than specifying an optimal interpolation filter. The large variety 
of sampling structures and types of interpolation filters makes it even more 
complex. In the last section we briefly discuss some guidelines for tackling the 
problem. 

The examples in this chapter have been calculated using typical parameter 
values of the complex black and white experiment. 

6.1 Perceptually optimal sampling 

A perceptually optimal combination of sampling and interpolation minimizes 
the total perceptual impairment which satisfies 

M 

12 = 12 + 12 + ""' [? 
p b L...i" (6.1) 

i=3 
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and expresses the fact that the total impairment is a combination of the impair
ments of the individual artefacts such as periodic structure, blur and staircase. 
For a columnar sampling structure and a Gaussian interpolation filter it was 
shown to be sufficient to consider only the impairments of periodic structure 
and blur: 

(6.2) 

where 811 and Sb are the sensorial strengths of the artefacts periodic structure 
and blur, respectively, and Ab is the regularization parameter for blur. In the 
case of columnar sampling and Gaussian interpolation, the perceptual strength 
functions depend on the sampling distance (d) and the spread parameter (a) 
as specified in previous chapters. The optimization problem thus reduces to 
finding a (u,d) combination that minimizes equation (6.2). 

In this section the optimization is limited to finding a a value that min
imizes the cost function s: ( d, a) + AbSl (a) for a given sampling distance d. 
This u value is a solution of 

!,rs;(d,a) + AbSl(a)] = o. (6.3) 

Besides the fact that it simplifies the problem of finding an optimal combi
nation, the sampling distance is excluded from the minimization in order to 
avoid trivial solutions with very small sampling distances for which the peri
odic structure is not visible. In practice, economic considerations and technical 
limitations lead to non-zero sampling distances for which periodic structure is 
visible. 

Although equation (6.3) can be solved analytically, the perceptually opti
mal a value which satisfies this equation is determined graphically from fig
ure 6.1. This figure shows a plot of ..[J:bsb versus Sp for Ab = 2. The spread 
parameter a of the Gaussian interpolation filter is a parameter of the points 
on the curve. The sensorial strength functions and the values of the param
eters correspond to the complex black and white experiment. We would like 
to stress that differences in impairment may be larger than expected from fig
ure 6.1 since the interval [0, 1] on either axis comprises the whole range from 
a perfect image to a completely mutilated image. We now proceed to compare 
parametric curves for other conditions with the parametric curve in figure 6.1. 
We therefore call the curve of figure 6.1 the standard parametric curve. Note 
that the distance between the origin and a point on the curve is equal to the 
total perceptual impairment for the a value corresponding to the point. !so
impairment curves are circles with the origin as the. centre. The smaller the 
radius of the circle the smaller the total impairment. The u value that corre
sponds to the point on the parametric curve closest to the origin is therefore the 
optimal u value which minimizes the cost function. The point corresponding 
to a minimal total perceptual impairment is indicated by the x symbol. 
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Figure 6.1: Standard parametric curve of points { Sp( d, a), AbSb( a)) 
with a as a parameter for Ab = 2. The dashed circle is a iso
impairment curve. The x indicates the point on the curve that is 
closest to the origin. The sensorial strength functions for periodic 
structure (Sp) and blur (Sb) as well as the parameter values are 
taken from the complex black and white experiment. The o-0 and 
m 0 values are o-0 = 0.60 arc min and mo = 0.020. The sampling 
distance d 2. 72 arc min, mp = 0.54 and the viewing distance is 
4m. 
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It is interesting to study the influence of variations of the regularization 
parameter for blur (Ab) on the optimal u value since, as figure 4.6 indicates, the 
Ab value varies somewhat from observer to observer. Figure 6.2 shows the effect 
of a factor four variation in the regularization parameter for blur (1 ~ Ab ~ 4). 
We have drawn curves similar to the parametric curve of figure 6.1 for three 
values of Ab. Note that the curves differ only a factor y'Xbj.../2 in the vertical 
direction compared to the standard parametric curve. Points of the parametric 
curves with identical u values lie on a vertical line. The x 's again indicate 
points with minimal total perceptual impairment. The corresponding optimal 
u values are printed alongside the symbols. The dashed curve indicates the 
minimum total impairment points for the range of Ab values specified above. 

Below we discuss how the optimal u value depends on the viewing distance. 
The viewing distance ( v) is an important parameter since in practice observers 
look at displays from several distances. This is especially the case for non
computer consumer applications. 
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Figure 6.2: Parametric curves of points (Sp(d,u), AbSb(u)) with u 
as a parameter for different values of Ab. The dashed line connects 
points with minimal perceptual impairment. See the caption to 
figure 6.1 for details of the sampling and interpolation. 

The spatial retinal frequency of the periodic sampling structure decreases 
with decreasing viewing distance. The crossing of the parametric curve with 
the Sp axis is therefore closer to the origin. Figure 6.3 shows the standard 
parametric curve for v = 4 m viewing distance and two other curves for v = 2 
m and v = 8 m. Again the x 's symbolize points on the curves that are closest 
to the origin and thus have minimal total perceptual impairment. The dashed 
curve represents the set of these points where there is one point for each viewing 
distance. For each x we have printed the ratio of the optimal u value and the 
sampling distance d. 

It follows from figure 6.3 that the ratio of the optimal u value and the sam
pling distance decreases for larger viewing distances. According to figure 6.3 
the total perceptual impairment due to sampling and interpolation decreases 
with increasing viewing distance. We must keep in mind, however, that for 
increasing viewing distances the visual angle of the display and consequently 
the image quality decreases (e.g. Westerink (1991)). This suggests that an 
extended perceptual error measure is needed if we want to include viewing 
distance. 
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Figure 6.3: Parametric curves of points (Bp(d,u), AbSb(u)) for 
Ab = 2 with u as a parameter for different values of v. The dashed 
line connects points with minimal perceptual impairment. See the 
caption to figure 6.1 for details of the sampling and interpolation. 
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In this section we discuss the question of how two-dimensional sampling struc
tures can be handled by the perceptual error measure. The columnar sampling 
structure used in the previous chapters samples the image in only one direction 
and hence introduces a periodic structure in one dimension. General sampling 
structures sample the image in two dimensions. In this case we see a mixture 
of two periodic structures in two different directions. The directions are not 
necessarily orthogonal and do not have to be horizontal or vertical. In addition, 
neither the frequency nor the modulation depth of the two periodic structures 
need be identical. 

We verify whether a Minkowski exponent a 2 is appropriate for com
bining the strengths of the two periodic structures in different directions. To 
this end we conducted an experiment in which we measured the image quality 
of a 100 cd/m2 uniform black and white image with a two-dimensional sam
pling structure of which the modulation depth was varied. Figure 6.4 shows 
the results for sampling structures in the horizontal and vertical directions and 
Gaussian interpolation filtering. The sampling frequencies of the structures 
were identical and the modulation depths could be controlled independently 
by varying the horizontal and vertical spread parameters of the Gaussian filter. 
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The data are analysed in the same way as the data of the Minkowski expo
nent experiment in chapter 3. The Minkowski exponent for the combination 
of two periodic structures is substantially larger than two. A Minkowski ex
ponent a = 4 seems appropriate. The data are plotted in figure 6.4 in the 
same way as the data of the Minkowski exponent experiment in figure 3.2. In 
figure 6.4, however, the squares of the impairments of horizontal and vertical 
periodic structure are along the axes. Hence, figure 6.4 shows that a Minkowski 
exponent a = 4 is satisfactory. 
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Figure 6.4: Impairments determined from experimental scaling 
data of the two-dimensional structure experiment averaged over 
subjects are indicated by a D. The squared impairment is equal 
to the Euclidian distance of a data point from the origin of the 
plot. Squares of the impairments caused by the periodic struc
ture artefacts in the horizontal and vertical directions are on the 
horizontal and vertical axis, respectively. The intersections of hori
zontal and vertical lines represent the calculated impairment values 
for a Minkowski exponent a = 4. For correct interpretation of the 
error bar the direction of the bar must coincide with that of the 
line through the data point and the origin. 

In the perceptual error measure we treat the two periodic structures in 
directions '1' and '2' as two manifestations of the periodic structure artefact. 
We assume that the Minkowski metric with an exponent four can be used to 
combine the perceptual strengths of horizontal and vertical periodic structure 
into the perceptual strength of periodic structure. The total impairment due 
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to the most dominant sampling and interpolation artefacts, namely periodic 
structure and blur, thus satisfies a modified version of equation (6.2) 

12 = a2[((84 + 84 )1/4)2 +A 8 2] 
p p,l p,2 b b ' (6.4) 

where the subscripts 1 and 2 identify the periodic structures in different direc
tions. 

6.3 Technical aspects of sampling and interpolation functions 

In this section we look at sampling and interpolation functions other than those 
we used in this thesis in terms of the perceptual error measure. This may be 
an aid to a structured search for perceptually more nearly optimal sampling 
and interpolation combinations. 

In terms of the perceptual error measure the purpose of all sampling struc
tures, interpolation filters and their combinations is to minimize the perceptual 
impairments of periodic structure and other sampling artefacts while at the 
same time limiting the impairments due to interpolation artefacts. This state
ment can be visualized with a geometrical representation similar to figure 6.1. 
To this end the two-dimensional sensorial strength space must be replaced by 
aM-dimensional hyperspace with a separate dimension for each sampling and 
interpolation artefact. The starting point of the parametric curve is now in the 
two-dimensional periodic structure plane and must be as close as possible to the 
origin. An ideal interpolation filter would yield a parametric curve that is com
pletely in this periodic structure plane and includes the origin. The non-ideal 
practical interpolation functions should be designed such that the parametric 
curve is as close as possible to this plane and the origin. The value( s) of the 
parameter(s) of the parametric curve for the point which is closest to the origin 
specifies (specify) the optimal interpolation. The optimal parameter value( s) 
should preferably depend little on the values of the regularization parameter 
for blur and the viewing distance. 

The sampling geometry, i.e. the spatial arrangement of the samples, is 
often used to reduce the perceptual strengths of the periodic structures or, 
in other words, to move the starting point of the parametric curve nearer to 
the origin. The effect of sampling geometry on the perceptual impairment is 
based on frequency considerations. According to figures 4.9 to 4.14, sampling 
frequency has a major influence on image quality. Therefore, the sampling 
structure must be defined in such a way that the frequency is minimal. H the 
sampling geometry causes periodic structures in two dimensions, the geometry 
must be chosen such that both frequencies are as small as possible. Moreover, 
since the corresponding strengths combine with a Minkowski metric with. an 
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exponent a = 4, both sampling frequencies should be of the same order. This 
line of reasoning offers an explanation for the fact that the delta or triangular 
geometry is more advantageous than the diagonal structure which is in turn 
more advantageous than the columnar geometry (e.g. Blommaert, 1988 and 
Chen & Hasegawa, 1992). 

Once the sampling geometry has been chosen, the interpolation filter can 
further decrease the sensorial strengths of the periodic structure in both di
rections. There are numerous possible implementations for the interpolation 
filter. Practical implementations differ, for instance, in the spatial position 
of the red, green and blue display elements in an RGB-triplet, the shape of 
the display elements, and the type of an additional optical interpolation filter. 
From the periodic structure point of view, we can make the following sugges
tions. First, care must be taken that the spatial position and shape of the R, 
G and B elements do not lead to periodic structures with frequencies below the 
frequencies of the sampling geometry. Elements may be chosen such that the 
effective frequency of the geometry and the interpolation function is higher than 
the frequency of the geometry itself. Second, RGB-triplets must be designed 
such that they are as equiluminant as possible for all colour points. Needless 
to say, in both cases the interpolation function must introduce a minimum of 
impairments by other artefacts. 

6.4 General conclusions 

Some general conclusions are: 

• Questions concerning image quality should be solved m a perceptual 
space. 

• Models based on subjective measurements can adequately predict per
ceptual image quality. 

• Models based on subjective measurements can be used to specify rela
tions between physical parameters and are necessary to optimize display 
parameters. 

• In agreement with the general feeling, a display that reproduces some 
image well also satisfactorily reproduces other images excluding trivial 
exceptions such as images that introduce moire. 
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Summary 

Images reproduced by displays employing some form of sampling and interpo
lation differ from the originals. Artefacts such as periodic structure, blur and 
staircase are visible in the reproduced images. In order to find an optimal com
bination of the parameters specifying the sampling and interpolation process, 
we need a perceptual error measure for the perceptual difference between the 
original and the sampled and interpolated image. 

In this thesis we specify a quantitative perceptual error measure that pre-
dicts the perceptual image quality of sampled and interpolated images relative 
to the perceptual quality of the original image. The measure consists of three 
steps. In the first step the perceptual strengths of sampling and interpolation 
artefacts are determined as a function of the physical parameters specifying the 
sampling and interpolation process. Next, we determine the impairments of the 
individual artefacts as the weighted sensorial strengths. Finally, the individ
ual perceptual impairments are combined into the total perceptual impairment 
which is inverse linearly related to the perceptual quality. 

It is shown that for Gaussian interpolated and columnar sampled complex 
black and white as well as colour images, we only have to consider the artefacts 
periodic structure and blur. The perceptual error measure satisfactorily pre-
dicts the experimentally determined perceptual image quality of these images. 
The ratio of the relative weights of the artefacts blur and periodic structure 
depends to some extend on the observer. It is relatively independent of image 
content and is approximately equal for the colour and black and white versions 
of an image. This is important since it means that it is allowed to generalize 
over images ~d, hence, use the perceptual error measure to specify the physical 
sampling and interpolation parameters of the display. We also show that and 
how the perceptual error measure can be used for sampling structures other 
than the columnar and interpolation functions other than the Gaussian. 



Sam en vatting 

Beelden die weergegeven worden op beeldschermen waarin bemonsterings- en 
interpolatietechnieken zijn toegepast, verschillen van de originele beelden. In 
de weergegeven beelden zijn artefacten zoals periodieke stuctuur, onscherpte 
en het trapeffect zichtbaar. Voor het vinden van een optimale combinatie 
van de parameters die de bemonstering en de interpolatie specificeren, is een 
perceptieve foutenmaat nodig die het perceptieve verschil tussen het originele 
en het weergegeven beeld tot uitdrukking brengt. 

In dit proefschrift wordt een kwantitatieve, perceptieve foutenmaat 
gespecificeerd die de perceptieve beeldkwaliteit bepaalt van bemonsterde en 
geinterpoleerde beelden ten opzichte van de perceptieve beeldkwaliteit van de 
originele beelden. De foutenmaat bestaat uit drie stappen. Eerst worden de 
perceptieve sterktes van de bemonsterings- en interpolatieartefacten bepaald 
als functie van de fysische parameters die de bemonstering en de interpolatie 
specificeren. Daarna bepalen we de perceptieve beelddegradaties die door de 
artefacten afzonderlijk veroorzaakt worden. Deze beelddegradaties zijn gelijk 
aan de gewogen sensorische sterktes van de afzonderlijke artefacten. Tot slot 
worden de afzonderlijke, perceptieve beelddegradaties gecombineerd tot een 
waarde voor de totale perceptieve beelddegradatie, die het complement is van 
de perceptieve beeldkwaliteit. 

We Iaten zien dat het voor Gaussische interpolatie en kolomstructuur
bemonstering van zowel complexe kleuren als complexe zwart-wit beelden, 
volstaat om alleen de artefacten 'periodieke structuur' en 'onscherpte' te 
beschouwen. De perceptieve foutenmaat voorspelt de experimenteel bepaalde 
perceptieve beeldkwaliteit van deze beelden voldoende. De verhouding van de 
relatieve weegfactoren van de artefacten 'periodieke structuur' en 'onscherpte' 
hangt in zekere mate af van de waarnemer. Daarnaast is ze relatief onafhanke
lijk van de beeldinhoud en ongeveer gelijk voor de kleuren en de zwart-wit 
versies van een beeld. Dit is belangrijk omdat het betekent dat we mogen ge
neraliseren over beelden, zodat de perceptieve foutenmaat gebruikt kan worden 
voor het specificeren van de fysische bemonsterings- en interpolatieparameters 
van het beeldscherm. We Iaten ook zien dat en hoe de perceptieve foutenmaat 
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gebruikt kan worden voor andere bemonsteringsstructuren dan de kolomstruc
tuur en andere interpolatiefuncties dan de Gaussiscbe functie. 



Acknowledgement 

I wish to thank all those who contributed in one way or another to this thesis: 
H.N. Linssen, Bert den Brinker, P.A. Houben, Hugo van Leeuwen for his Li\.TEX 
support, Rene Bink, Peter van de Ven, Mark van Helvoort, Wim Hoevenaren, 
all subjects (I hope we become friends again), Jacques Roufs, Herman Bouma, 
Theo de Jong, Gerard Schouten, Huib de Ridder for his help, ideas and 'bright 
side of life' interpretation of my experimental data, Frans Blommaert for his 
coaching, ideas and advice and all colleagues who contributed to the pleasant 
atmosphere at the IPO. 



Curriculum Vitae 

Marco Nijenhuis werd op 15 mei 1964 geboren in Rheden. Na drieeneenhalf 
jaar in Rheden en tweeeneenhalf jaar in Maassluis gewoond te hebben, ver
huisde hij in 1970 naar Roermond. Daar volgde hij zes jaar lager onderwijs aan 
de Vincent van Gogh school. In 1976 ging hij naar bet Bisschoppelijk College 
SchOndeln. Het atheneum-B diploma werd in 1982 behaald. Van september 
1982 tot augustus 1988 studeerde hij Electrotechniek aan de Technische Uni
versiteit Eindhoven. De twee jaar daarna volgde hij aan dezelfde universiteit 
de tweede-fase-ontwerpersopleiding informatie- en communicatietechniek. Het 
ontwerpproject betrof bet specificeren van perceptief optimale optische inter
polatiefilters voor bemonsterde beeldweergavesystemen en werd uitgevoerd bij 
bet lnstituut voor Perceptie Onderzoek. Van september 1990 tot maart 1993 
verricbtte hij daar een aansluitend promotieonderzoek naar perceptief opti
male bemonstering en interpolatie. Sinds juni 1993 vervult hij zijn militaire 
dienstplicht bij de Koninklijke Marine. In zijn vrije tijd is hij actief lid van de 
jeugdcommissie van de Badminton Club Roermond. 

Roermond, 1 augustus 1993. 



Stellingen 
behorende bij het proefschrift 

Sampling and interpolation of static images: a perceptual view 
van Marco Nijenhuis 

1. Een beeldscherm dat een bepaalde scene goed weergeeft, zal in het alge
meen ook andere scenes goed weergeven. 

Dit proefschrift. 

2. Het is beter om de perceptieve foutenmaat voor bemonsterde en 
ge!nterpoleerde beelden mutatis mutandis ook te gebruiken voor het for
muleren van foutenmaten voor met andere technieken bewerkte beelden. 

Dit proefschrift, 

Oakley, J.P. and Cunningham, M.J. (1990). A function space 
model for digital image sampling and its application in image re
construction. Computer Vision, Graphics, and Image Processing, 
49, 171-197. 

3. De toepassing van Thurstone's 'law of categorical judgment' is aileen 
zinvol zolang het niet de uitersten van de categorieschaal betreft. 

Thurstone, L.L. (1927). A law of comparative judgment. Psycho
logical Review, 34, 273-286. 

4. Het is een misverstand dat een beeld waarvan de luminantieverdeling 
gelijk is aan die van de buitenwereld, perceptief optimaal is. 

Schroter, F., Theile, R. und Wendt, E. (1956). Lehrbuch der 
drahtlosen Nachrichtentechnik. In: Fernsehtechnik I, Hrsg. v. 
N. Koshenensky und W.T. Rungen, 39-47. Springer Verlag: 
Berlin. 

5. Drukknoppen voor het aanvragen van groen licht bij voetgangersover
steekplaatsen zijn onverenigbaar met de geluidssignalering ten behoeve 
van visueel gehandicapten. 

6. Afgezien van het feit dat de nieuwswaarde daalt als beursindexen in 
grafieken van journaaluitzendingen worden weergegeven met een schaal 
die het nulpunt bevat, is het onjuist om willekeurige schaalintervallen te 
gebruiken. 



7. Veel onbegrepen effecten en modelpredictiefouten worden ten onrechte 
toegeschreven aan cognitieve factoren. 

Escalante Ramirez, B. (1992). Stelling 3 bij het proefschrift 
'Perceptually-assessed digital processing of medical images'. 
Proefschrift, Technische Universiteit Eindhoven. 

8. Daar een dissertatie enerzijds pas geschreven kan worden als alle expe
rimentele data voldoende geanalyseerd zijn en anderzijds deze data pas 
tijdens het schrijven in voldoende mate worden geanalyseerd, verdient de 
eerste versie van een dissertatie de benaming 'proefschrift'. 




