
 

Perceived sharpness in static and moving images

Citation for published version (APA):
Westerink, J. H. D. M. (1991). Perceived sharpness in static and moving images. [Phd Thesis 1 (Research TU/e
/ Graduation TU/e), Mechanical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR345260

DOI:
10.6100/IR345260

Document status and date:
Published: 01/01/1991

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR345260
https://doi.org/10.6100/IR345260
https://research.tue.nl/en/publications/046d6838-4add-4383-9308-b3fc19063b55




Perceived sharpness 

in static and moving images 

Proefschrift 

ter verkrijging van de graad van doctor 
aan de Technische Universiteit Eindhoven, 

op gezag van de Rector Magnificus, prof.ir. M. Tels, 
voor een commissie aangewezen door het College van Dekanen 

in bet openbaar te verdedigen 
op vrijdag 18 januari 1991 om 16.00 uur 

door 

Joanne Henriette Desiree Monique Westerink 

geboren te Helmond 



2 

Dit proefschrift is goedgekeurd door de promotoren: 

Prof.dr .ir. J .A.J. Roufs 
Prof.dr. H. Bouma 

The work described in this thesis was carried out at the Institute for Per
ception Research (IPO) as part of the programme of the Philips Research 
Laboratories. 



3 

aan Berry 
aan mijn ouders 



Contents 

Contents 5 

1 Introduction 9 
1.1 Image quality . . . . . . . . . . . . . . . . . . . . . . 9 
1.2 Measuring image quality . . . . . . . . . . . . . . . . 11 

1.2.1 Dependence of methodology on environment 11 
1.2.2 Methodologies for gathering judgements 13 
1.2.3 The influence of type of subject . . 16 

1.3 Background, aim and survey of this thesis . . . 19 

2 Subjective image quality as a function of viewing dis-
tance, resolution and picture size 23 
2.1 Introduction . . . . . . . . . . . . 23 
2.2 The experiments . . . . . . . . . 24 

2.2.1 Set-up of the experiments 24 
2.2.2 Presentation . . . . . 28 
2.2.3 Method of processing 28 

2.3 Results . . . . . . . . . . 29 
2.3.1 Results of EXP1 . . . 29 
2.3.2 Results of EXP2 . . . 31 
2.3.3 Combined results of EXP1 and EXP2 31 

2.4 Discussion and conclusions. . . . . . . . . . . 34 
2.4.1 Bandwidth-related resolution as quality criterion? 34 
2.4.2 Optimal viewing distance . . . . . . . . . . . . 36 
2.4.3 Size-constancy effect . . . . . . . . . . . . . . . 37 
2.4.4 Relationship with TV and High-Definition TV 38 

3 Image quality at low luminances and its relationship with 
visual acuity 41 
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 41 



6 contents 

3.2 Investigation of the 20 c/deg image-quality saturation 43 
3.2.1 Experimental set-up and presentation 43 
3.2.2 Method of processing 44 
3.2.3 Results . . . . . . . . . . . . . . . . . 45 
3.2.4 Discussion . . . . . . . . . . . . . . . . 45 

3.3 Investigation of the relationship between image quality 
and visual acuity . . . . . . . . . . . . 48 
3.3.1 Experiment 49 
3.3.2 Results . . 50 
3.3.3 Discussion . 56 

3.4 Conclusions . . . . 59 

4 The importance of sharpness in the quality criterion 61 
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 61 

4.1.1 Criterion measure . . . . . . . . . . . . . . . . . 63 
4.2 The importance of sharpness in previous quality judge-

ments 
4.2.1 Experiment . . . . . . . . 
4.2.2 Results and discussion . . 

4.3 Uninfluenced quality judgements 
4.3.1 Experiment . . . . . . 
4.3.2 Method of processing 
4.3.3 Results . . 
4.3.4 Discussion . . . . . . . 

4.4 General discussion ..... . 
4.4.1 Comparison of all C1/C2 ratios . 
4.4.2 Implications for previous experiments 
4.4.3 Implication for future experiments . . 

5 Sharpness of images moving at low velocities 
5.1 Introduction ................... . 
5.2 Investigation into the sharpness of camera-generated and 

64 
64 
65 
67 
67 
68 
68 
70 
73 
73 
74 

76 

79 
79 

artificial moving images . . . . . 80 
5.2.1 Experimental set-up . . . . . . . . 81 
5.2.2 Results and discussion . . . . . . . 84 

5.3 Fixation and sharpness of moving images 86 
5.3.1 Experimental set-up . 86 
5.3.2 Results and discussion . . . . . . . 89 



contents 7 

6 Sharpness at high velocities 93 
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 93 
6.2 Investigation of the disintegration of images at high veloc-

ities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 
6.2.1 Experimental set-up . . . . 94 
6.2.2 Results . . . . . . . . . . . 97 
6.2.3 Discussion and conclusions 99 

6.3 Sharpness at high velocities . 103 
6.3.1 Experimental set-up . . . . 104 
6.3.2 Results and discussion . . . 105 

6.4 General discussion and conclusions 107 
6.4.1 Maximum-resolution images . 107 
6.4.2 Basis of the sharpness increase at low resolutions 108 
6.4.3 Implications for image generation and broadcast-

Ing . . . . . . . . . . . . . . . . . . . . . . . . . . 110 

References 113 

List of symbols 121 

Summary 125 

Samenvatting 128 

Dankwoord 131 

Curriculum vitae 132 



Chapter 1 

Introduction 

1.1 Image quality 

The desire of man to picture his environment has always existed. His 
first attempts are regarded as an important step in the evolution of civ
ilization (Jaffe, 1967), the famous Lascaux frescos being a fascinating 
example. So imaging techniques were developed, via painting and pho
tography, until even the moving world could be pictured by means of film 
and television. Along with technical developments, especially reproduc
tion and distribution, the commercial aspects of imaging have gained in 
importance, and with them the general demand for an image with a high 
quality, that is, a high degree of excellence (Roufs & Bouma, 1980). It 
is about here where the idea. of 'image quality', as a competitive factor, 
has become an issue. 

Initially, image quality comprised aspects of all the separate stages 
that lead to the final image: starting with the selection of the object ma
terial, via the technical aspects of rendering (Cowan, 1988), and ending 
with the vividness of the final impression. In painting for example, all of 
these aspects were part of the craftsmanship of the master. Nowadays, 
with film and television, different aspects of image quality are treated 
separately, just as a chain of people is needed for the imaging process. 
To begin with, a distinction is made between artistic and technical im
age quality: artistic quality is concerned with the aesthetic value of the 
imagery, and with its relationship with contents and intentions; techni
cal quality aspects involve mainly the imaging tools themselves. So the 
distinction is one between image content and imaging equipment. 

It is the technical image quality that this thesis is concerned with, 
and it focusses on topics that play a role in modern imaging equipment, 
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like electronic still-picture techniques and - mainly - television. Nu
merous aspects fall within this range, for instance device-oriented issues, 
such as display size, or noise in video recorders, but also system-concept 
issues, like the image repetition frequency, or the aspect ratio (image 
width to height). Size, noise level, repetition frequency, luminance and 
other parameters are all relatively easy to assess physically. Therefore 
they frequently serve as quality indicators, not all that inappropriately, 
because they are often monotonously related to image quality. Their 
advantage is that they are based on the physical behaviour of the equip
ment, and thus they are often proudly called 'objective image quality 
measures'. 

There are, however, also disadvantages of objective quality measures. 
Firstly, it is unclear whether such measures adequately reflect the sen
sation of quality of the viewer, or in other words: the above-mentioned 
monotonous relationship need not be linear. Secondly, it is highly prob
able that various physical parameters, such as luminance and repetition 
frequency, interact in their influence on subjective quality. Thirdly, there 
are examples where the equipment is so complex, sometimes even image
dependent as in the case of scene-content adaptive encoders, that it is 
hard to deduce the appropriate objective quality measure. From these 
points it becomes clear that what is most lacking in the objective mea
sures, is quantification of the impact on the viewer. And ultimately, it is 
precisely this quality impression that bears most relevance. Therefore, 
we must enter the domain of subjective, or perceptual, quality. 

Though the term 'subjective' is well established in the field of im
age quality, it sometimes leads to confusion (Roufs & Bouma, 1980). It 
should therefore be stressed that even though a subjective component 
comes into play, we still exclude any artistic quality aspects. Further
more, the term subjective quality is not meant to imply that impressions 
are strictly personal, or differ widely among viewers. On the contrary, it 
refers to the fact that we are dealing with human, and inter-subjective 
sensations, where the individual sensations often coincide to a consid
erable extent. To avoid confusion, the term 'perceptual image quality' 
is sometimes used (Roufs, De Ridder & Westerink, 1989), although this 
terminology is less accepted. 

Thus we arrive at a concept of image quality which in fact forms 
a bridge between two different worlds. The image can be described on 
the basis of physical parameters, such as luminance, contrast, resolu
tion, size, etc. Often these physical parameters can be related to distinct 
equipment features. On the other hand, we have the quality of the im-
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age, which is a subjective notion, and must therefore be described in 
psychological terms. Again, we distinguish various factors, also known 
as perceptual dimensions or attributes: brightness, subjective contrast, 
sharpness, and perceived size, for example, are some perceptual counter
parts to the physical parameters mentioned above. In a second stage, 
the impressions in all the relevant perceptual dimensions are combined 
into one summarizing measure: image quality. 

1.2 Measuring image quality 

Now we have indicated the reasons for image quality research, and re
stricted ourselves to the area of technical quality, we arrive at the issue 
of general methodology and appropriate set-up for evaluations of image 
quality (or of one of its constituent percepts, such as sharpness). In 
general, an experiment involves 4 components: stimuli (images), viewing 
circumstances, subjects and instructions (test methodology). 

The choice of stimuli and viewing circumstances is directly depen
dent on the goal of the experiment: they determine the actual system 
to be tested. Often, a conceived system is not evaluated in all its de
tails, but rather in a simplified version that includes relevant aspects. 
The distinction between relevant and non-relevant aspects varies from 
situation to situation, and is to a large extent dependent on specific in
formation requested. In any case, an adequate calibration is necessary, 
using proper measuring and scanning equipment. The decisions to be 
made in this context, however, although certainly not trivial, are not 
specific to quality evaluation methodology. 

The choice of subjects and instructions on the other hand, is more 
closely linked to methodology, and it is not always an uncomplicated 
one. The best solution is dependent on the area of application, and 
determined by the type of the information that is to be obtained. Some 
specific problems and options will be discussed in the following sections. 

1.2.1 Dependence of methodology on environment 

Images may come in many varieties and types, differing in their ultimate 
goal, and in the degree to which a possibly included message is prominent. 
For example, in text displays in offices the intended information (text) is 
supposed to be clearly visible, and minimally obscured by other sources. 
For other image types this is not always the case. In medical X-ray 
photographs, or aerial pictures for military reconnaissance, noise and lack 
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of resolution may mask the details which are searched for. A different 
situation again is found in the realm of television images, where passive 
amusement is the main goal. Here no specific reactions on the part of the 
user are expected. A division can be made between images intended for a 
performance-oriented environment on the one hand, and those intended 
for an amusement-oriented environment on the other hand (Hunt & Sera, 
1978): Is the image primarily intended to be used and responded to,, or 
not? Television images would thus fall into the latter group, whereas the 
other types mentioned above belong to the former one. 

The performance-related distinction bears direct relevance for image
quality research, especially for the methodologies to be used. For images 
or equipment in a performance-oriented environment a logical and useful 
measure of quality can be derived from task executions. The variety 
of tasks is almost infinite, but always directly related to the goal of the 
displayed images. Thus the usefulness of a text monitor can be quantified 
by the average time it takes a person to read a certain text; that of a 
medical imaging system by the percentage of correct diagnoses for a 
given set of recordings. It should be noted at this point that the term 
usefulness, however important in the characterization of the display, need 
not cover the same aspects as perceptual quality. 

In an amusement-oriented environment - such as the one we will be 
dealing with in this thesis -, however, such logically related tasks are 
not to hand. And if a task were designed nevertheless, it would probably 
disturb the normal viewing behaviour of the person being tested. To gain 
information about (perceived) quality in an amusement-oriented situa
tion, we therefore have to rely on the viewer's judgement. A number of 
techniques is available to register these judgements in standardized and 
useful ways; these will be discussed in section 1.2.2. Of course, also in 
a performance-oriented environment it is possible to ask for judgements 
of quality. Several authors (Reger, Snyder & Farley, 1989; Roufs & 
Boschman, 1990; Boschman & Roufs, 1990) have compared such judge
ments with the performance on related tasks. In general, it is found 
that the judged quality correlates very well with appropriate perfor
mance measures indicating the usefulness of the display. If anything, 
the judgements turn out to be more sensitive at the higher quality levels 
(Boschman & Roufs, 1989), and less dependent on specific image content 
(Snyder, 1973). 
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1.2.2 Methodologies for gathering judgements 

A large number of test methodologies is available to collect information 
on the viewers' quality impression. All methods have in common that 
they ask for a judgement from the subject. They differ in the way the 
questions are put, and also in complexity and difficulty. Which method 
is preferred depends primarily on the type of information that is to be 
obtained in the experiment. In addition, there may be other important 
factors, such as the feasibility of complex presentation situations. 

Test methodologies come in such a variety, that we will not try to 
make a clear classification of all types. One important distinction is be
tween threshold measurements and supra-threshold measurements. The 
first type tries to find the boundary of visibility, either of wanted im
provements, or of unwanted artefacts. Detection, for instance of artefacts 
introduced by a coding algorithm, belongs to the most common types 
of threshold measurement (Falmagne, 1986; Watson, 1987; Martens & 
Ma.joor, 1989): here a subject is presented with a. stimulus, and has to 
judge whether or not it contains an artefact. H the artefacts prove to 
be invisible, the coding algorithm is termed to have a perceptually loss
less performance. The detection method implies that the subject has to 
identify what is an artefact and what is not. In contrast, the method of 
discrimination releases the subjects from this prerequisite and might thus 
produce even sharper thresholds: in this case, the subject is shown two 
stimuli at the time, and is requested to report whether they are different 
or the same. In general, the easier the judgement that is asked for, the 
less sure we are about its implications for quality. For example, it is not 
at all clear that two images which are at the threshold of discrimination 
(or even above) also give different quality impressions. 

Supra-threshold measurements usually take a. non-perfect quality for 
granted, and try to determine how much image quality is affected. One 
of the simpler techniques is that of matching (Falmagne, 1986; Roufs, 
Soons & Eising, 1982a): two images are presented, and the aim is to find 
a combination that has equal quality. Neither of the stimuli needs to be 
of maximum quality. Nor need their degradations be located in the same' 
perceptual dimension; a comparison between, for instance, a blurred and 
a low-contrast picture is also possible. The result of a matching procedure 
is a number of sets of images having the same quality (iso-quality sets). 
One of the disadvantages of the method is that it does not convey how 
large the quality differences between the iso-quality sets are. 

A more laborious technique, which does not have this disadvantage, is 
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the method of paired comparisons (Bock & Jones, 1968). Here two pairs 
of pictures are presented, and the subject has to judge which of the two 
differs more in quality. Although the direct result is a list of preferences, 
it is possible to use them to construct a supra-threshold scale. Not only 
does this (interval) scale rank the stimuli according to their quality, it 
also gives information about the relative quality distances. The method 
is very time-consuming however, as all combinations of all stimuli· have 
to be presented. 

A quicker method to obtain the same types of results is that of scaling 
(Engen, 1972; Jones & Marks, 1985), in which each stimulus is presented 
separately, and the subject has to assign a number or qualification. Two 
types are commonly known: ratio scaling (Marks, 1974) and category 
scaling (Torgerson, 1958). In ratio scaling- sometimes also referred to 
as rating or magnitude estimation - the subject is asked to use num
bers in proportionality: if he thinks that the quality of a given stimulus 
is twice as high as that of the previous one, he should merely double the 
rating. In category scaling- often simply called scaling- the subject 
is asked to use predefined categories. These categories can be labelled 
in many different ways, e.g. 1-2-3-4-5, or good-fair-poor, and in gen
eral they are set and used in ascending or descending order. The main 
difference between the two methods lies in the assumption used in the 
rating method that qualities can be thought of in proportionalities. As 
a consequence the method of ratio scaling yields the stimuli positioned 
on a ratio scale, whereas category scaling results in an interval scale. 
Though the method of ratio scaling has been proven extensively to work 
within one perceptual dimension (Marks, 1974), it is not known whether 
a comparison between different perceptual dimensions is also within its 
possi hili ties. 

The results of category scaling are not always presented in their raw 
average form, but often they are post-processed into a psychologically 
linear scale. Techniques for this are based on Thurstone's law of cat
egorical judgement (Torgerson, 1958). It describes the judgement of a 
subject when asked to describe a certain impression (for example quality) 
on a categorical scale. Thurstone assumes that the strength Si,m of the 
momentary impression of a stimulus j can vary stochastically on a psy
chological continuum; the same applies to the (momentary) upper bound
aries t;,m of the categories i. Furthermore, a normal distribution of the 
momentary values is assumed on the continuum (see figure 1.1). These 
normal distributions are regarded as an indication that equal differences 
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Figure 1.1: The psychological continuum 
Three different average category limits t;, t;+ 1 , and ti+ 2 are indicated 
along with their normal distributions. Also, the average impression 
strength si and its distribution of a stimulus j is given. 
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in stimulus strength are reflected in equal distances on the psychological 
continuum, and such a psychologically linear scale is very valuable in 
experiment interpretation. However, in terms of the category scale, the 
distribution of category ratings need not be normal at alL Therefore, 
techniques are used (Edwards, 1957) that are based on the Thurstone 
formalism and that locally stretch or shrink the category scale in such 
a way that the distributions of category ratings for each stimulus maxi
mally resemble normal distributions. In this way a new scale for stimulus 
strength is constructed with new strength values for the stimuli. How
ever, such techniques require an extra assumption about the distributions 
on the psychological continuum. From the variety of assumptions that is 
available, we will be using the one that places equal emphasis on stim
ulus strength and category boundary position (known as condition D): 
the widths of both the ti,m and S;,m distributions are assumed constant, 
as well as the covariance between their momentary values. Furthermore, 
a distinction is made according to the origin of the stochastical distribu
tion, whether it is due to replications within one subject, across subjects, 
or a mix of both (classes I, II, and III, respectively). The distinction is 
not reflected in a different arithmetical technique, but rather in a dif
ference in interpretation of the result: for class I the scale reflects the 
consistency of one subject, in the other classes it is based on the mutual 
agreement between all subjects in handling the category scale. In any 
case, the newly constructed scale is considered psychologically linear -
that is, a true interval scale-, which has the great advantage that equal 
differences in the percept judged are reflected by equal distances on the 
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scale. As a minor disadvantage of the procedure, the new scale is de
termined but for a linear transformation (interval scale), and thus offset 
and scale factor have no intrinsic meaning and can be chosen freely. 

To many people it seems intuitively unlikely that subjects are able to 
accurately and consistently handle the numbers or qualifications used in 
scaling. Indeed, this is sometimes the reason why a paired comparison 
procedure is preferred, as it releases the subject from the task of trans
lating a quality impression into a number (or category qualification). 
However, in general the experience with category scaling techniques is 
certainly good. Boesten & Van der Zee (1981) for instance, and also 
Roufs et al. {1982a) found an excellent agreement between the results of 
a matching and a scaling procedure. Also, De Ridder & Majoor (1988) 
report a fine match between the results of direct category scaling and 
scaling in a paired comparison set-up. Roufs, Leermakers & Boschman 
(1987} report high correlations between categorical scaling judgements 
and a performance measure, such as search velocity, when looking for a 
certain character in a pseudo-text. Equally revealing are the results of 
a series of tests, jointly undertaken by 5 laboratories in Europe in the 
framework of the European Eureka project on HDTV. Here, a total of 7 
coding algorithms for the transmission of HDTV signals were evaluated 
by means of the so-called double stimulus method, which can basically 
be characterized as a scaling method (CCIR's Rep. 405, 1986a). The 
algorithms were widely differing in quality, and as a result of the variety 
in coding strategies, artefacts occurred in a great number of different 
perceptual dimensions. Nevertheless, the results for the five test sites 
show a remarkable resemblance, as can be seen in figure 1.2. Although 
the curves do not fully coincide, they clearly have the same tendencies. 
Thus it can be concluded that although the absolute quality scores are 
subject to fluctuations, the relative values behave pretty stably - which 
is precisely what one would expect for an interval scale. 

1.2.3 The influence of type of subject 

Another important factor in the design of any experiment is the choice of 
subjects. In general, one would want to select subjects representative of 
the group of viewers that the experiment has to yield information about. 
However, it is not easy to gather a party that is completely aselect in 
every respect, and luckily, it would probably not be very useful either: 
after all, our main interest is in the (normal) visual system, which is not 
likely to be influenced by factors such as social background or sex. Still, 
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Figure 1.2: Quality scores for one and the sam~ test, as carried out at 
5 different test sites 
Plotted are scores obtained with the double-stimulus method for 7 algo
rithms, which differ widely in the type of artefacts they yield, and thus 
address various perceptual dimensions. The 5 curves indicate the results 
for the 5 different test sites; each data point is the average of about 
160 replications. 
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there is one relevant classification, which is the degree of expertise the 
subject has in image-display techniques. 

A good illustration is found in a threshold experiment for determin
ing the minimum bit rate necessary for perceptually lossless coding of a 
DCT (Discrete Cosine Transform) coding algorithm (Westerink, 1989b). 
A coded and an uncoded image were presented simultaneously and the 
subject was requested to name one of the two a.s having the best quality. 
In figure 1.3 the preference for the uncoded image is plotted as a func
tion of the bit rate at which the coded image was processed. Defining 
the boundary (75%) between no preference (50%) and a clear difference 
(100%) as a threshold, it turns out to be substantially dependent on the 
degree of expertise of the subject. The experts' professional knowledge 
of coding effects and displays in general enables them to find and appre
ciate differences that apparently are not relevant or not conspicuous to. 
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Figure 1.3: Preference curves for three types of subject 
Preference percentages for the uncoded images are plotted as a function 
of the coding bit rate of the image that was presented next to it. 
6) Non-experts, each data point based on 48 judgements, 
0) experts (without detailed knowledge of the algorithm), 120 judge
ments per data point, 
D) experts (with detailed knowledge of the algorithm), 120 judgements 
per data point. 

non-experts. In addition, even the group of experts can be split accord
ing to their previous experience with the specific algorithm under test. 
Apparently, detailed knowledge of the type and location of the expected 
artefacts is reflected in an even greater sensitivity, leading to a higher 
threshold bit rate. 

Thus the effects of expertise can indeed be substantial, and this im
plies a message to image-coding engineers who mainly perform the eval
uation of their algorithms themselves on an informal basis. On the other 
hand, the differences between types of subject might be less severe w 
supra-threshold experiments {De Ridder & Majoor, 1988). 

Knowledge of coding sensitive features in an image is partly obtained 
in a process of learning. This can, for instance, be seen in the results 
of one of the experts-with-advance-knowledge who participated in the 
above experiment (see figure 1.4). Though for the two scenes he had been 
using while developing the algorithm, his performance is nearly flawless, 
for the third scene, with which he was not familiar, his results were 
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random. Probably, however, his performance would also have improved 
for this scene after a certain time. Certainly, the described process of 
learning need not be restricted to experts, but is likely to occur with all 
types of subject. Some indications exist in literature that indeed during 
prolonged experiments subjects do show the effects of learning (Watson, 
1987; Green, 1988). Furthermore, it seems likely that learning effects 
occur in stepwise fashion (De Ridder, 1989), which can be interpreted 
as the results of the discovery of new features in the scene that are 
yet more sensitive to whatever parameter is varied. Also in this case, 
however, the literature applies mainly to threshold measurements, and it 
is conceivable that in supra-threshold experiments the effects of learning 
are less pronounced. 

1.3 Background, aim and survey of this thesis 

In the last 40 years or so in which image quality has been a topic of 
research, a substantial set of investigations have been performed. Of
ten they focus on the relationship between a certain physical parameter 
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on the one hand, and image quality on the other hand. Examples in
clude the work on the effects of luminance contrast by Roufs & Goossens 
(1988), or on the annoyance caused by noise (Yamamoto & Ogata, 1985). 
In particular, the relationship with resolution has received much atten
tion (Schade, 1953; Granger & Cupery, 1972; Higgins, 1977; Pearson 
& Pearson, 1985; Barten, 1986; Baker & Carpenter, 1989}, probably 
because it is considered to be among the most important parameters 
constituting the image quality. 

But although a perceptual dimension is often closely linked to a phys
ical parameter (e.g. brightness to luminance and sharpness to resolution}, 
there is a large amount of mutual influence of various physical parame
ters on the final impression. This applies in the more restricted case of 
a given perceptual dimension, as well as to the relatively complex situ
ation of overall image quality. Therefore, a possible interaction between 
the influences of several physical parameters can also be very important. 
Investigations of the interaction between image size and viewing distance 
are reported by Hatada, Sakata & Kusaka (1980}, and by Vander Zee, 
Boesten & Duwaer (1983). Others have done work on the influences of 
average luminance and image size on the flicker percept (Rogowitz, 1986; 
Farrell, Benson & Haynie, 1987}. Also where interactions are concerned, 
those with resolution appear to have received a lot of attention. For 
instance, Schade (1953}, and also Nelson (1972), modelled interactions 
between resolution and noise. Pfenninger (1984) addressed the interac
tion between resolution and contrast. 

Apparently, resolution is regarded to be of great importance, and 
also in this thesis this parameter will constitute the main line of re
search. Therefore, not only image quality, but also sharpness are the 
main percepts of interest. More specifically, we will focus on the inter
action of resolution with a number of other parameters that are relevant 
for the imminent upgrading of the television system into High-Definition 
TV ( HDTV), which basically proposes a doubling of the resolution. On 
the one hand, the higher resolution is expected to be of special benefit 
in combination with increased screen sizes - although not for all view
ing distances. On the other hand, the transmission of the HDTV video 
signal will now need further bandwidth reduction, which is mainly ap
plied to moving elements. However, the interactions of resolution with 
the relevant physical parameters (picture size, viewing distance, object 
velocity) have received little or no attention in literature. 

The aim of this thesis, therefore, is to extend our knowledge on image 
quality and sharpness in dependence of the physical parameter resolu-
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tion, and specifically its possible interactions with picture size, viewing 
distance and object velocity. In the following paragraphs these objec
tives will be briefly discussed. In general, our intention is to quantify the 
interactions present, but also to try and find out which of the physical 
parameters that can be used to describe the imaging system, come clos
est to perceptual relevance. Furthermore, we will try to relate our results 
to what is known psychophysically about the human visual system. 

In chapter 2 a multiple interaction is investigated, concerning the pa
rameters resolution, viewing distance, and image size. We are interested 
in their relative influences on image quality, as well as in a comprehen
sive description of a possible interaction. The results are of particular 
importance for the development of future high-quality TV systems, such 
as HDTV. 

Chapter 3 is an extension of the study of chapter 2 to the realm 
of lower average luminances. Here, however, it is not the interaction 
with luminance itself which is of importance, but rather, the lowering of 
the average luminance will be used to control the visual abilities of the 
subjects in a natural way. This gives us an opportunity to relate their 
quality judgements to their visual acuities. 

The topic of chapter 4 investigates the relationship between the qual
ity percept on the one hand, and the sharpness percept on the other. In 
principle it is possible that asking a subject to judge the sharpness results 
in a different set of interactions between the various physical parameters 
than when one asks for a quality judgement. The fact that the parameter 
resolution plays a dominant role in all chapters of this thesis makes this 
issue relevant. In the present chapter it is investigated to what extent 
such effects occur. 

Finally, in chapters 5 and 6 the parameter 'object velocity' is intro
duced. In chapter 5 the emphasis will be on objects moving at relatively 
low velocities(::; 6 deg/s), whereas in chapter 6 the effects of much higher 
velocities will be investigated (up to about 35 deg/s). From the rela
tionship between object velocity, resolution and the resulting sharpness 
impression, it can be inferred for which parts of the moving scene the 
viewer is least annoyed by a reduction of resolution. This is of importance 
for the development of future broadcasting algorithms (for instance for 
HDTV), where effective and perceptually lossless methods for bandwidth 
reduction are welcome. 
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Chapter 2 

Subjective image quality as a 
function of viewing distance, 
resolution and picture size1 

Abstract 

This chapter describes two experiments concerning the subjective quality 
of complex scenes. Slide projections were used as stimuli and they were 
varied in respect of viewing distance, resolution and picture size. The 
subjective quality was judged by a group of twenty subjects by means of 
categorical scaling. 
The results of the experiments show that the (angular) resolution ex
pressed in cfdeg and the visual picture angle spanned by the display, 
each inftuence the quality independently. Subjective quality increases 
with resolution, but saturates at a resolution (6 dB cut-off frequency) 
of approximately 20 c/deg. Furthermore, there is a linear relationship 
between the subjective quality and the logarithm of the visual picture 
angle. 
In the discussion, these results are compared with those of a number of 
experiments known from the literature. The results are also interpreted 
in terms of consequences for High-Definition TV. 

2.1 Introduction 

As explained in the previous chapter, the concept of image quality is 
rooted in two different worlds. The image can be described in terms of 
physical parameters, such as size, luminance, resolution, spectral scene 
content and impairments, such as noise and coding artefacts. Together 

1This chapter is a slightly adapted version of a paper published in J. SMPTE by 
Westerink & Roufs (1989a). 
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these parameters span a multi-dimensional physical space, in which the 
image occupies a certain position. The quality of the image is, however, 
a subjective notion, that is to say a sensation of the person watching 
it. It is therefore determined by psychological factors, or dimensions of 
quality. Brightness, sharpness, flicker, subjective contrast and perceived 
size are examples of such factors. The impressions in all relevant per
ceptual dimensions are combined in the summarizing notion of image 
quality, which is of course dependent on the the image's position in the 
multidimensional physical space. 

The quantitative properties of the image quality notion are partially 
unknown, and research is being carried out to arrive at a characterization 
of (subjective) quality as a function of various global physical parameters. 
The experiments reported in this article are concerned with quality in 
the subspace of viewing distance, resolution and picture format. 

Studies in which some, but not all of the present parameters are var
ied, are reported in the literature. Hatada, Sakata & Kusaka (1980) 
varied viewing distance and picture size for complex scenes with a high 
resolution. In previous experiments at the IPO, Van der Zee, Boesten 
& Duwaer (1983) varied viewing distance and picture size for complex 
scenes with a high resolution. The influence of resolution on image qual
ity was studied by Snyder (1973), Higgins (1977), Task (1978) and many 
others, and Jesty (1958) determined the optimal viewing distance depen
dent upon picture size and resolution. These studies however only give 
results within a cross-section of the subspace containing viewing distance, 
resolutionand picture size. A description of subjective image quality in 
the complete subspace is therefore needed to connect the results of these 
studies and to gain additional insight into the matter of image quality. 

2.2 The experiments 

2.2.1 Set-up of the experiments 

The stimuli were realized by projecting slides with complex scenes onto 
diffusely reflecting projection screens. Kodak Carousel S-RA 2000 pro
jectors were used, equipped with Leitz 150 mm lenses. The light intensity 
of the projector lamps was controlled and stabilized by separate power 
supplies. 

Use was made of a number of projection screens, which were posi
tioned at various viewing distances from the subject. Each projection 
screen had its own projector. An identical reference object (in this case 
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a chair) was placed in front of each projection screen in order to give the 
subject a visual cue for the viewing distance. 

Picture size was varied by copying the original transparencies onto 
various formats. Special care was taken to make certain that the resolu
tion of all slide copies remained greater than the resolving power of the 
projector lens. Thus it was possible to change the picture size without 
moving the projector. The images we presented in this way were al
ways square, and to parameterize their size we will employ the projected 
picture width. 

Resolution was varied by defocussing the lens of the projector and was 
calibrated for a number of lens positions in the following way. A step 
function was projected onto the screen by means of a razor-blade slide. 
For all defocussing positions and for all positions on the screen the step 
response turned out to be a cumulative gaussian in good approximation. 
No directional differences were found between horizontal and vertical 
measurements. From the step response the one-dimensional modulation 
transfer function (MTF) of the system was determined by differentiation, 
which yields the gaussian line-spread function K exp( ;;: ) with width d' 

(here x and u are both expressed in m), and by subsequent Fourier 
transformation. The 6 dB cut-off frequency f6dB of the MTF amplitude 
was taken as a measure of resolution. It is expressed in cycles per metre
on-the-screen (c/m) and, for small viewing angles and at a known viewing 
distance a, it can be converted into cycles per degree (c/deg), which 
produces the (angular) resolution: lang i:O · !6dB ·a. It is emphasized 
that this angular resolution is independent of picture width. 

Two experiments were carried out, the main difference between them 
being the parameters over which the stimuli were varied. 

EXPl was designed to give a description of the influences of resolu
tion and size on subjective quality at one {constant) viewing distance. 
Thus the variables were resolution and picture width. Four different 
picture widths were used; with values between 0.24 and 0.92 m. Reso
lution lang ranged from 2.7 cfdeg to 38 c/deg in approximately equal 
log steps, and the viewing distance was 2.9 m {see figure 2.1). Every 
resolution/picture-width combination was shown for 5 different scenes 
{see figure 2.2). Twenty subjects, with a (corrected-to-normal) visual 
acuity of at least 1.0, all of them students or employees of the institute, 
participated in the experiment. 

EXP2 was designed to investigate how the variables of EXPl ( resolu
tion and picture size) interact with viewing distance. Thus the variables 
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Figure 2.1: Experimental configurations 
a) For EXPl, accommodating two subjects per session, 
b) for EXP2. 

in EXP2 were viewing distance (2.9, 3.9 and 5.4 m), resolution, and pic
ture width (as in EXPI). The experimental design was not completely 
crossed, but all viewing-distance/resolution/picture-width combinations 
used were shown for 4 different scenes. Figure 2.1 shows the experimen
tal configuration. Twenty subjects, again with a (corrected-to-normal) 
visual acuity of at least 1.0, participated in EXP2. Four of them had 
also participated in EXPI. 

The judgement of the subjects was recorded by means of categorical 
scaling. A subject was asked to assess the quality of a stimulus by placing 
it on a 100-point categorical scale. This scale ranges from 0.1 to 10.0, 
which corresponds to the Dutch system of school grades and is therefore 
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a) b) 

c) d) 

e) 

Figure 2.2: Scenes used 
The above scenes are black-and-white reproductions of the colour slides 
used in the experiments: a) 'ropes', b) 'terrace', c) 'graffiti wall', d) 'por
trait', e) 'mint tower'. All scenes are used in EXPl; all but the 'mint 
tower' scene were used in EXP2. 
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familiar to the subjects. Although the subjects are dearly not able to 
make consistent use of all 100 categories offered, they generally reported 
that they felt more at ease than with a 10-point scale (1 to 10), in which 
the lack of categories forced them to make relatively coarse judgements. 
Also, the possibility of adding a decimal point qualification might help 
to reduce the occurrence of ceiling effects. 

2.2.2 Presentation 

The stimuli were each presented for 15 s. The average luminance of the 
scenes was about 30 cd/m2 • Between two stimuli a uniform white field 
with a luminance of 30 cd/m2 was projected for 20 s (5 s in EXP2, due 
to practical reasons): this field served to diminish any after-images left 
with the subject, while nevertheless remaining adapted to the average 
stimulus luminance. The projectors were the only light source in the 
room, as a result of which the ambient luminance was approximately 
5 cd/m2 • 

The stimuli in both experiments were presented in a quasi-random 
sequence. It was ensured that stimuli that were expected to have a high 
quality were uniformly distributed in the series. Prior to the series of 
stimuli, a number of introductory stimuli, covering the complete range 
of the actual stimuli in terms of quality, served to give the subject an 
impression of the stimuli to be expected, so that he could establish his 
use of the categorical scale. The judgements for the introductory stimuli 
were not included in the processing of the results. 

2.2.3 Method of processing 

The following processing method was applied in both experiments. The 
various subjects and different scenes together constitute the replication 
dimension. As variables there then remain: viewing distance, resolution 
and picture width, these three providing a physical description of the 
stimulus. This leads to 100 judgements per stimulus for EXP1, and 80 
for EXP2. 

Since the numerical categorical scale is not necessarily linear in psy
chological terms, the categorical judgements for the various parameter 
combinations were transformed to a - psychologically linear ~ inter
val scale. This new scale was constructed on the basis of the spreads 
in the replication dimension, according to Thurstone's law of categorical 
judgement (Torgerson, 1958). A so-called 'class III, condition D' model 
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Figure 2.3: Subjective quality as a function of resolution 
Data points reftect the quality scores of EXPl, after Thurstone scaling 
into a psychologically linear scale (see section 2.2.3). Every point is the 
result of 100 judgements (20 subjects, 5 scenes), and the lengths of the 
error bars indicate twice the standard error in the mean. 
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was used in an algorithmic implementation of Edwards {1957); see also 
section 1.2.2. Because subjects and scenes together form the replication 
dimension, the psychologically linear scale was constructed on the basis 
of the spread over subjects and scenes (see section 1.2.2). It is called the 
subjective quality scale. 

2.3 Results 

2.3.1 Results of EXPl 

In figure 2.3 the subjective quality values for all 28 parameter combina
tions are plotted as a function of angular resolution, expressed in cNeg, 
with picture width as a parameter. It appears that the dependence of 
subjective quality on resolution is similar for all four picture widths: 
the four curves only differ by a constant offset. For low resolutions} 
quality rises rapidly and almost linearly with increasing log of resolu
tion$ brit there is a saturation at approximately 20 c/deg; for resolutions 
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Figure 2.4: Averaged quality values as a function of picture width 
The seven quality values for each of the four picture widths of EXPl 
have been averaged and are plotted against the logarithm of the picture 
width. A linear relationship is found (r = 0.99). The lengths of the error 
bars indicate twice the standard error in the mean. 

around 20 cjdeg the curve becomes flatter, and for even higher values al
most horizontal. The shape of the curves is determined by averaging the 
four measurement points for a single resolution and fitting a polynomial 
through these averages. Although it bears no intrinsic interpretation, a 
third-order polynomial proves well suited for this. 

The vertical displacement of the curves as a function of picture width 
is determined by averaging the quality values over all resolutions. There 
turns out to be a linear relationship between the logarithm of the picture 
width and these averages (r = 0.99, see figure 2.4). 

Both effects can be summarized in the following formula for the qual
ity Q: 
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terms describe the influence of picture width on subjective quality; the 
following terms give the thirdworder polynomial approximation for the 
dependence of quality on angular resolution. It can be gathered from 
both formula 2.1 and the graph in figure 2.3 that resolution and picture 
width influence subjective quality independently. Thus we can conclude 
that, although in principle not unthinkable, there is no interaction found 
between the two parameters. 

2.3.2 Results of EXP2 

Whereas in EXP1 all measurements were performed at one (fixed) vieww 
ing distance, in EXP2 viewing distance has become a variable. Therefore, 
the main interest is now to observe the way in which subjective image 
quality depends on this viewing distance. Figure 2.5 depicts the influw 
ences of viewing distance and picture width in a combined way with the 
help of the visualwpicturewangle parameter: this visual picture angle 4> is 
calculated as 4> 2arctan(b/2a) ~ ~~ · bja, and it is proportional to 
the size of the picture on the retina. For each resolution the subjective 
quality appears to depend linearly on the logarithm of this visual picw 
ture angle: each of the four straight lines in the graph has a correlation 
r ;::: 0.98. No clear systematic effects of the viewing distance appear anyw 
where in the graph. This would imply that for all resolutions the main 
effects of viewing distance and picture width are adequately described 
with the aid of the visual picture angle. In addition, the four adjusted 
lines in figure 2.5 run more or less parallel (slopes between 3.3 and 4.3, 
which are not significantly different from their average of 3.6, except for 
case c, where the difference is only just significant). This finding in turn 
reflects the absence of any substantial interaction between resolution and 
viewing distance or picture width. 

2.3.3 Combined results of EXPl and EXP2 

When two psychological scales describe the same psychological contin
uum, they can be transposed into one another by a linear transformation; 
this is a consequence of the fact that a psychological scale is determined 
but for a constant and a scale factor (see Torgerson, 1958). To what 
extent the subjective quality scales of EXPl and EXP2 satisfy this can 
be established on the basis of the eight parameter combinations that 
were presented in the two experiments. The quality values of these paw 
rameter combinations in EXPl and those in EXP2 indeed show a strong 
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Figure 2.5: Subjective image quality as a function of the visual picture 
angle 
The graphs reflect the quality score of EXP2, after Thurstone scaling 
into a psychologically linear scale (see section 2.2.3). They are plotted 
on the vertical axis as a function of log(b/a), which only differs from the 
visual picture angle 4> by a constant. There are 4 different data sets, 
corresponding to 4 different resolutions: 
a) resolutions greater than 33 c/deg, 
b) resolutions between 23 and 28 c/deg, 
c) resolutions between 8.6 and 8.7 c/deg, 
d) resolutions between 2.6 and 2.7 c/deg. 
Different symbols are used in order to make a distinction between results 
for different viewing distances: 
o. e) viewing distance 2.9 m, 
t:., A) viewing distance 3.9 m, 
D, •) viewing distance 5.4 m. 
Every point is the result of 80 judgements (20 subjects, 4 scenes). The 
length of the error bar in the lower left-hand corner indicates twice the 
average standard error in the mean. 



quality versus viewing distance, resolution, and size 33 

linear relationship (r = 0.99). It can thus be concluded that the two sub
jective scales are in conformity with each other and describe the same 
psychological continuum. Moreover, a linear fit offers the possibility of 
transforming the quality values in EXPl in such a way that they can be 
directly compared with the results in EXP2. 

As far as the effects of picture width are concerned, both experiments 
give the same result: for a fixed viewing distance, subjective image qual
ity is linearly dependent upon the logarithm of the picture width. In 
order to check whether this good agreement also holds true for the in
fluences of resolution, the quality data of EXP2 are corrected for the 
visual-picture-angle effect already known: 

Qcor = Q 3.6 ·log(b/a). (2.2) 

These corrected quality values are plotted as a function of resolution in 
figure 2.6. They all lie with a high level of precision on a single curve, 
whose shape corresponds to the results of EXPl. The curve drawn in 
the graph is in fact the polynomial portion of the quality formula for 
EXPl (formula 2.1), converted to the subjective scale of EXP2 with the 
aid of the linear relationship between EXP2 and EXPl, as described 
above. Figure 2.6 not only shows once again that the results of EXPl 
and EXP2 are in close agreement with each other, but also that for the 
different viewing distances subjective quality depends in the same way 
on resolution. 

As the findings in both experiments are in dose agreement, the results 
of EXP2, summarized in the following formula, also reflect the. outcome 
ofEXPl: 

Q = 3.6log(b/a) + 2.9 + 
4.6log(/ang) + 2.7(log(/ang))2

- 1.7(log(/ang})3 • 
(2.3) 

Subjective quality appears to be determined by two parameters: visual 
picture angle and resolution. Effects of visual picture angle are repre
sented by the first term and the influence of resolution is reflected in the 
last three terms (again, lang is to be expressed in c/deg, and for values 
> 40 c/deg the saturation value must be adopted). 
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Figure 2.6: Corrected quality as a function of resolution 
On the vertical a.xis Qcor (EXP2) is plotted and the drawn curve is based 
on the curve shape as found in EXPl (see text). In order to make a dis· 
tinction between the viewing distances different symbols were used: 
0) viewing distance 2.9 m, 
6) viewing distance 3.9 m, 
0) viewing distance 5.4 m. 
The length of the error bar in the lower right-hand corner indicates twice 
the average standard error in the mean. 

2.4 Discussion and conclusions 

2.4.1 Bandwidth-related resolution as a quality crite
rion? 

In the search for a summarizing parameter which gives a good descrip.. 
tion of subjective image quality, the bandwidth and the number of pixels, 
both stemming from the field of video, are possible candidates. To inves
tigate their descriptive performance we define the parameter 'bandwidth
related resolution' as the maximum number of periods that can be fitted 
into the picture width b; consequently the corresponding unit is cycle. 
The bandwidth-related resolution fowr is proportional to the angular res-
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Figure 2.7: Quality as a function of /bwr 

Measurement points and curves (EXPl) are the same as in figure 2.3, 
but on the horizontal axis the parameter f,m 11 • b is now plotted, which 
is, for a fixed viewing distance a, proportional to the bandwidth-related 
resolution /bwr; · The lengths of the error bars indicate twice the stan
dard error in the mean. 

olution multiplied by the picture width, and is thus independent of the 
viewing distance a: /bwr = ;~ · la.ng • b/a = /adB · b (see sections 2.3.2 
and 2.2). 

Figure 2.7 shows that the bandwidth-related resolution is indeed a 
better predictor of subjective quality than angular resolution or picture 
width alone. This is understandable because this bandwidth-related res
olution is a measure of the quantity of information which is transmitted. 
The description in terms of bandwidth-related resolution is not, how;. 
ever, completely satisfactory, since the four curves do not fully coincide. 
Therefore it can be concluded that although the bandwidth-related res'
olution is a reasonable predictor of subjective image quality, it is not 
among the relevant parameters that subjects take as the basis of their 
quality criterion. 
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2.4.2 Optimal viewing distance 

Jesty (1958} describes an experiment in which the subject was confronted 
with a projected scene and asked to place his chair at the position from 
which he preferred to watch the scene. This was repeated for several 
picture widths and for various (not measured) bandwidth-related resolu
tions. It turned out that the ratio of the picture width and the observed 
optimal viewing distance aopt was constant for different picture widths 
and dependent on the bandwidth-related resolution: b/aopt = C(/bwr ). 
This can also be interpreted in the sense that for each value of the 
bandwidth-related resolution there is an optimal visual picture angle. 
Although Jesty gives no explicit definition, it appears from his article 
that he considers the ratio b/aopt as a measure of quality, which he oth
erwise consistently refers to as 'sharpness'. 

The results of EXP2 confirm the existence of an optimal viewing dis
tance. For a picture with a given width and bandwidth-related resolu
tion, the viewing distance influences the quality in two ways. Firstly, 
increasing the viewing distance has a negative effect on the quality, 
because then the visual picture angle becomes smaller. Secondly, the 
angular resolution increases with the viewing distance, and hence the 
quality improves. A simple optimization of the quality formula 2.3 
with respect to viewing distance while keeping /bwr and b constant, 
reveals that the optimal viewing distance is always chosen such that 
the angular resolution equals 16 c/deg, independent of picture width. 
Therefore one finds that the optimal viewing distance a 0 pt is deter
mined by the 6 dB cut-off frequency on the screen {expressed in c/m): 
aopt ~'!? ·16/ !6dB = 16 · ~ · b/ lbwr· This fully agrees with the findings 
of Jesty (1958) described above. 

It is now also possible to substitute the above expression for a0 pt in 
formula 2.3 and thus calculate the subjective quality for this optimal 
viewing distance: it appears that for a given bandwidth-related resohi
tion, this maximally achievable quality is not dependent on the picture 
width and depends linearly on the logarithm of !bwr. This indicates that 
Jesty (1958) could be wrong in suggesting that the (maximally achiev
able) quality of a display is proportional to b / aoph although he rightly 
concludes that it is independent of picture width. 



quality versus viewing distance, resolution, and size 37 

2.4.3 Size-constancy effect 

VanderZee et a.l. (1983) report a. size-constancy effect in the judgement 
of subjective quality. In their experiments picture width b, viewing dis
tance a and luminance were varied for slides with a. very high resolution. 
It appeared that in the case of a fixed luminance, subjective quality is 
dependent on 62/ a and can be described by this parameter alone. Ap
parently, the size of the picture on the retina, proportional to bfa, and 
the picture size b itself play an equally important role here. Hatada et a.l. 
(1980) also find such a relationship in an experiment in which only pic
ture width and viewing distance were varied. The fact that the picture 
width itself is also of direct influence, is related by Van der Zee et al. to 
the known size-constancy effect (Gregory, 1966). 

In the results of EXP2 however, there is no question at all of any 
size-constancy effect: only the visual picture angle ~' proportional to the 
size of the image on the retina, influences the image quality of pictures 
(see figure 2.5). The reason for this lack of agreement should probably 
not be sought in differences in the experimental configurations. It is 
more probable that the differences are due to the perceptual dimensions 
in which the variation of the stimuli takes place. In EXP2 the resolution 
has been varied over a broad range, as a. result of which it is likely 
that the percept 'sharpness' has played a role of some importance in 
determining the quality judgement. In the experiments of Hatada. et al, 
(1980) and ofVan der Zee et al. (1983), however, the resolution was kept 
at a maximum, so that the subjects will have been less inclined to use 
the sharpness impression as an element of the quality criterion, and other 
percepts are likely to have gained in importance. From this it may be 
inferred that the quality criterion is influenced by the choice of stimuli, 
by means of the dominant percept induced by them. 

The above reasoning is dependent, however, on the assumption that 
in our experiments, the sharpness impression is very relevant in the qual
ity criterion. Although very likely, the extent of its influence has not been 
evaluated yet. Furthermore, its implications cast some doubt on the in
terpretation of the experiments described in the previous sections (2.2 
and 2.3): if indeed a subject's criterion for quality is influenced by the 
features of the stimuli, experiments like these might not have a mean
ing beyond their particular context, and thus their value for forecasting 
quality in everyday experience might be limited. This issue will therefore 
be re-addressed in chapter 4. 



2.4.4 Relationship with TV and High-Definition TV 

One could ask to what extent the present results can be directly trans
lated into conclusions for television. There are in fact a number of impor
tant differences between the stimuli presented and the TV in the living 
room. The first is that in the experiment only still images were used, 
whereas television pictures contain motion. In the case of still pictures 
the emotional involvement with the pictures is perhaps slightly less and 
the sensitivity to local details possibly slightly greater. The still picture 
can thus be considered as a 'worst-case' approximation of the moving 
picture and directly applicable to the - not always negligible - portion 
of static television pictures. 

Secondly, the average luminance at which the stimuli were presented 
was rather low, in any case less than is used in TV displays. However, 
the experiments were not concerned with the influence of luminance, but 
rather with that of resolution. Furthermore, the contrast of the stimuli 
was optimal, and the visual acuities of the subjects were the same as one 
can expect at higher luminances. Therefore, it is believed that the general 
outcome of the experiments is also applicable to higher luminances. 

A third difference lies in the way in which the resolution is consti
tuted. In the present experiments this is done in a uniform way, whereas 
in television pictures the information is made discrete in the vertical di
rection in distinct scan lines. It is probable that the mode of information 
structuring also influences the sharpness and quality percepts. Continued 
research is required to show to what extent this feature is of importance. 

The direct translation of the present results in terms of television 
signals is thus subject to a number of reservations. Despite this, some ef
fects are so pronounced that a predictive value may be attached to them. 
One example of this is the much-discussed conversion from conventional 
TV to High-Definition TV (HDTV), which is defined as a doubling of 
the bandwidth-related resolution2• Figure 2.8 shows the physical param
eters of TV and HDTV, and isoquality curves, which were calculated 
on the basis of formula 2.3 for a viewing distance of 3 m. These curves 
connect all combinations of picture width and bandwidth-related resolu
tion that give rise to the same subjective quality. For displays with high 
bandwidth-related resolutions, the best way to improve image quality 

2 The other characteristic of HDTV, namely the wider aspect ratio of 16:9, will be 
left out of consideration here, as the set-up and results of our experiment do not allow 
us to estimate the quality improvement as a result of the extra. information presented 
in the side-panels. 
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Figure 2.8: lsoquality curves 
The drawn curves connect combinations of picture width and bandwidth
related resolution which produce the same quality. The curves are calcu
lated at a viewing distance of 3 m for a number of quality levels, indicated 
as a parameter. They are more or less horizontal in the lower right-hand 
part, which is the result of the saturation of subjective quality towards 
high resolutions. Their positive slope for the upper left-hand side reflects 
the fact that a small decrease in resolution can be compensated for by 
a considerable increase in size. Two positions are marked in the graph: 
0 gives approximately the present-day TV, and 6 and the dashed line 
through it indicates the possibilities of HDTV. 
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is by increasing the picture width, whereas increasing the bandwidth
related resolution itself has no beneficial effect at these viewing distances, 
because these resolutions are beyond saturation. It can be observed from 
the graph that in many living rooms the conversion from TV to HDTV 
will certainly have a beneficial effect on subjective quality when it is 
combined with an increase in picture width. Slightly extrapolating the 
results, one may forecast that this increase need not go beyond a picture 
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width of about 1.3 m, because for larger picture widths there is no longer 
any influence on subjective quality, at least not for the proposed lbwr· 



Chapter 3 

Image quality at low luminances 
and its relationship with visual 
acuity1 

3.1 Introduction 

In this chapter we will explore the relationship between image quality 
and visual acuity. The topic stems directly from the results reported 
in chapter 2. There we found that, starting at low angular frequencies, 
image quality increases rapidly with frequency, saturating, however, at a 
frequency of about 20 c/deg. This figure is in the same order of magni
tude as the acuity of the human visual system, which is generally around 
60 c/deg (DePalma&: Lowry, 1962; Van Nes, 1968). Therefore, it is 
tempting to interpret the saturation in image quality as a result of the 
limitations of the human visual system. Of course, the value of 20 c/deg 
is considerably less than the 60 c/deg of the visual syst.em, but a number 
of reasons could serve to explain this difference. Firstly, at 20 c/deg the 
saturation is not yet completed, which can account for part of the gap. 
Further, it is conceivable that in a complex scene, where lower spatial 
frequencies are also present- and indeed above threshold-, the effec
tive visual acuity is somewhat less than when measured under favourable 
conditions with lOOo/o-modulated stimuli. Clearly, at least a check on the 
possible relationship between the saturation and visual acuity is desir
able. 

1 Part of this chapter was published in a. paper in SID Digest of Technical Papers 
by Westerink (1988). 
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If the relationship cannot be validated, then a very interesting ques
tion will remain: what then is the influence of visual acuity on the image 
quality percept? In literature little is known about it; more is assumed, 
such as when a metric is proposed that predicts image quality from the 
physical stimulus properties and a human contrast sensitivity function 
(Barten, 1986; Snyder, 1973; Higgins, 1977). However, no experiments 
are reported in which the visual acuity influences are actually investi
gated. Apparently, research in the field of image quality has been pre
dominantly aimed at the description of the average viewer under normal 
viewing conditions, leaving less justification to explore the different ef
fects of individual visual acuities. 

The most obvious way to investigate the influence of visual acuity is 
by changing it. It is not sufficient to use a number of subjects having 
different visual acuities, as they might have different appreciations of im
age quality as well. Rather, one would like to change, that is reduce, the 
visual acuity within one subject. A very straightforward way to achieve 
this is to have the subject wear a set of blurring glasses, or by remov
ing his glasses or contact lenses. This procedure has the disadvantage 
however, that the subject is maximally aware of the fact that his sight is 
not normal anymore. Therefore, we opted for a different way of reducing 
the visual acuity: by lowering the average luminance of the stimuli. The 
visual system is known to react to it by pooling information from larger 
areas in the retina, thus reducing the visual acuity (Van Nes, 1968; Van 
Meeteren, 1973). In this way the reduction of acuity is constituted by 
the visual system itself, and the subject is not annoyed by any unnatural, 
outside-imposed, acuity reducer. The disadvantage of working at lower 
luminances is of course that the image-quality results cannot be expected 
to be representative of normal viewing conditions. This is considered less 
of a problem, however, as our main aim is to investigate the influence of 
visual acuity. 

Two experiments have been carried out on this basis. The first is 
concerned with the 20 c/deg image quality saturation, which we expect 
to shift towards lower values if the visual acuity is reduced. The second 
experiment deals with the realm of even higher stimulus resolutions. 
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3.2 Investigation of the 20 c / deg image-quality 
saturation 

3.2.1 Experimental set-up and presentation 

The experiment is based upon the experiments reported in chapter 2. 
Therefore, its set-up is very much along the same lines: the core is formed 
by a set of Kodak Carousel S-RA 2000 slide projectors, equipped with 
Leitz 150 mm lenses. They project onto the same diffusely reflecting 
screen, while the subject is watching from a distance of 2.9 m. The 
stimuli are formed by the projected transparencies, and they consist of 
complex natural pictures (see below). The projection lenses are mounted 
on x-y tables, which in turn can be positioned by means of a stepping 
motor. Thus the lenses can be directed very accurately into a number 
of defocussing positions, resulting in a range of resolution levels. For all 
resolution levels, the line-spread profiles turned out to be approximately 
gaussian (see also section 2.2.1), and as a resolution measure we use the 
6 dB cut-off frequencies lang, expressed in c/deg, of the amplitude of 
their MTF spectra (8 levels between 2.1 and 51 cjdeg). 

Selection of resolution level, image size and scene is driven by an Ap
ple Ile computer and interface. Three different scenes were used: 'por
trait', 'terrace', and 'graffiti wall' (see figure 2.2). As in the experiments 
in .chapter 2, image size is varied by using reduced copies of the original 
transparencies. Two sizes were presented in this experiment: 0.86 and 
0.46 m. Eight resolution levels, 2 image sizes and 3 scenes lead to a total 
of 48 different stimuli. 

The experiment was designed to investigate whether the saturation 
found in figure 2.6 is indeed caused by the limitations of human sight. 
We expected the saturation frequency to shift towards lower values if the 
visual acuity of the subjects is reduced (by lowering the stimulus lumi
nance). Therefore, each subject had to perform two sessions, one at the 
normal average luminance level of 30 cd/m2 that had been used in former 
experiments, and one at a level a 100 time.s lower: at 0.30 cd/m2 • On the 
basis of Van Nes's (1968) data we expected (and found, see section 3.2.3) 
a considerable difference in visual acuity between these luminance levels. 

Within each session the following order was maintained: first the sub
ject adapted to the session's luminance level, while watching a uniform 
grey slide that had a luminance about equal to the average luminance of 
the stimuli. Then the subject was presented with 6 introductory stimuli, 
in order to give an impression of the quality range of those to come. 
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These were followed by the 48 stimuli, which were put in quasi-random 
order. Each stimulus was presented for 15 s, with 5 s of average lumi
nance uniform grey between two stimuli. The subjects were asked to 
judge the quality of the stimuli on a 100-point category scale, ranging 
from 0.1 to 10.0 (see section 2.2.1). At the end of each session, the sub
ject's (corrected-to-normal) visual acuity Sv was measured using aLan
dolt chart, and expressed as usual as the reciprocal value of the width 
of the smallest resolvable Landolt-C gap, when expressed in arcminutes. 
The average luminance of the Landolt chart was the same as the average 
luminance of the stimuli in the preceding session. 

For each subject, the order of the two sessions was the same: the 
lower-luminance session (at 0.30 cd/m2), being more fatiguing, was per
formed first. Between the sessions the subject was given considerable 
time to recuperate. In total, 15 subjects took part in the experiment, 
some of them performing both sessions more than once. The subjects 
were selected from the institute's pool of subjects, and were mainly stu
dents with normal or corrected-to-normal eyesight, which was checked as 
described above. 

3.2.2 Method of processing 

As the judgements for higher-luminance stimuli (30 cd/m2) were not 
given in the same session as those for the lower-luminance stimuli 
(0.30 cd/m2), one cannot expect them to directly relate to each other. 
Moreover, we deliberately furthered this disjunction by presenting a set 
of introductory stimuli at the beginning of both sessions, in each case 
at the appropriate luminance level. Therefore, in the processing of the 
data, the results of the higher- and lower-luminance sessions were treated 
separately. 

As in earlier experiments, the raw data were processed according to 
Thurstone's law of categorical judgement (see Torgerson, 1958, and sec
tion 1.2.2). The replication dimension was formed by both subjects and 
scenes, as well as, of course, any possible extra replications within one 
subject. Thus the results of the higher- and lower-luminance levels are 
treated separately. For each level a subjective quality scale is constructed 
which is psychologically linear: equal distances on the scale refer to per
ceptually equal differences. The scale does not render absolute values, 
however; rather, as any interval scale, it is determined but for a linear 
transformation. This will give us the opportunity to use such a transfot
mation to make the results of the higher- and lower-luminance sessions 
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maximally comparable. 

3.2.3 Results 

The visual acuities measured at the end of each session showed a consid
erable inter-subject variation. Nevertheless, we found that for the higher
luminance session (30 cd/m2), 70% of the visual acuities fall within the 
range Shigh = 1.7 ± 0.5. For the lower-luminance session (0.30 cdjm2), 

these figures are. Slow = 0.6 ± 0.2. Thus we can conclude that, as far as 
visual acuity is concerned, the two sessions definitely constitute different 
conditions. 

The image-quality values, as obtained after Thurstone scaling, are 
depicted in figure 3.1. From the plots, it can be gathered that the results 
for the largest picture width are analogous to those for the smaller picture 
width. For each picture width, the subjective quality scales of both 
sessions have been linearly transformed in such a way that the quality 
values for the highest and lowest resolutions are the same. As can be 
seen from the graphs, no difference is obtained between the two curves. 
Apparently, the difference in visual acuity at the two average luminances 
is not reflected in the shape of the curves. Thus it must be concluded 
that, at least in the 30 cd/m2-case, the saturation in the curves is not 
due to the inftuence of visual acuity. 

3.2.4 Discussion 

Our conclusion that the saturation of the 30 cd/m2 quality curves is not 
due to visual acuity leaves us with the question of the nature of the sat
uration: if not caused by the limitations of vision, by what then? Here 
some guidance can be found in spontaneous remarks on the part of the 
subjects, stating that in judging the quality, they most often looked at 
local details bearing considerable contrast, like for instance edges and 
contours. A similar viewpoint, stressing the importance of edge transi
tions, is reported by Carlson & Cohen (1980). Apparently, local aspects 
of the image have a certain significance, and therefore it might be more 
appropriate to describe resolution by means of a local parameter, and 
not, as we have done so far, in terms of spatial frequencies, which are 
not localized. 

In figure 3.2 the subjective quality values for the higher-luminance 
session (30 cd/m2) have been replotted as a function of such a local 
parameter: u, the width of the line-spread function. Now, u is expressed 
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Figure 3.1: Quality for two different luminances 
Results of the higher-luminance session (30 cd/m2

) are indicated with 0, 
those of the lower-luminance session (0.30 cd/m2 ) with Q. Every point 
is the result of 63 judgements (made by 15 subjects on 3 scenes) after 
Thurstone scaling per luminance level (see section 3.2.2). The lengths of 
the error bars in the upper left-hand corner indicate twice the standard 
error in the mean. 
a) Results for the larger picture width (0.86 m), 
b) results for the smaller picture width (0.46 m). 
In each plot, a linear transformation was performed on the quality values 
in suth a way that for the lowest and highest resolutions the results from 
both sessions have a minimal deviation. After this transformation the 
data points prove to overlap for the resolution levels in between as well, 
even if the horizontal axis is deliberately chosen to reveal (differences in) 
saturation effects. 
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Figure 3.2: Quality as a function of r:1 

The quality data (63 judgements per point) for the higher-luminance 
session are replotted on a different horizontal axis, namely the width of 
the line-spread function r:1. Picture width is a parameter: 0) 0.86 m, 
L:i.) 0.46 m. The length of the error bar in the lower left-hand corner 
indicates twice the average standard error in the mean. Results for the 
lower-luminance session are analogous. 

47 

in deg, and some calculation shows that in our definition q is related to 

lang through the following formula: lang = ~~2 ,)(1. From the graph it 
can be seen that as a function of the local parameter q, the subjective 
quality data do not saturate for the higher resolutions (lower q-values). 
Thus it must be concluded that the saturation found in figures 2.6 and 
3.1 is a direct consequence of the choice of lang as a resolution parameter 
and is not intrinsic to the quality percept. 

Another aspect of figure 3.2 is the relationship between subjective 
quality and the lower values of q, For all q-values but the highest one, 
we find that image quality decreases linearly with increasing q. The same 
relationship is found for the lower-luminance data (0.30 cd/m2), as can 
be deduced from figure 3.1. Furthermore, it turns out that the results 
of the experiments reported in chapter 2 also follow this behaviour. The 
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linearity strongly suggests that subjects take some measure related to u 
(for instance the width of an edge contour) as the basis for their quality 
criterion. Of course, this conclusion can only be drawn when Thurstone
scaled category judgements indeed reflect the subjects' impressions on a 
psychologically linear scale. However, the agreement between the results 
of all experiments presented appears to justify our conclusions. Thus the 
interpretation of the data in terms of a local resolution parameter leads 
to a better understanding of the notion of image quality. 

To be complete, the results for the highest u-value should be dis
cussed, because they do not conform to the linearity found for the other 
u-values. The reason for this may lie in the distribution of u-values over 
the u-range: as the experiments were designed with the angular frequen
cies fang more or less equally spaced, by implication, this does not hold 
for the u-values, and the higher ones are relatively far apart. One could 
argue that the non-uniform distribution of stimuli over the u-range causes 
some difficulties for the subjects in their judgements, as they are basing 
their quality criterion on au-related measure. Because the difference be
tween the two highest u-values is so large, our precaution in presenting 
introductory stimuli might not have fully prevented the occurrence of 
floor effects. Furthermore, in non-uniform stimuli distributions, a highly 
non-linear use of the category scale can occur, especially where the gap is 
largest (Parducci & Wedell, 1986 report some substantial effects of this 
type). It is not unlikely that in the absence of other stimuli in this area, 
even the Thurstone scaling procedure is not capable of correcting for this 
non-linearity. 

Therefore, the appearance of this deviant behaviour is in line with 
our conclusion: indeed when subjects do use a u-related value in their 
quality criterion, an irregularity of this type is to be expected. Certainly 
for practical applications we must keep in mind that this deviant point is 
the least important one, as it has a very low resolution; for more relevant 
resolution levels, linearity with u can be safely adopted. 

3.3 Investigation of the relationship between 
image quality and visual acuity 

In the previous experiment (section 3.2) we concluded that the rela
tionship between image quality and a u-based resolution measure is in 
essence a linear one, but we did not find any effects that might hav:e 
been caused by the viewer's visual acuity. Certainly, however, one would 
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expect visual acuity to limit the increase in subjective quality at some 
stage or another. Therefore, a second experiment was set up, in order to 
investigate when and in what way its influence becomes noticeable. 

3.3.1 Experiment 

The experiment was designed in much the same way as the former one 
(section 3.2), with two important changes. Firstly and obviously, the 
resolution of the stimuli was to be increased, in order to be able to mea
sure effects that had not been present before. To obtain those resolution 
levels, the viewing distance was enlarged to 15 m. This eventually ren
dered resolutions up to roughly 190 cfdeg, or, to be more precise: 10 q. 

values equally spaced over the interval between 0.06 and 1.31 arcmin. 
As usual, the q-values designate the widths of the line-spread function, 
which was measured to be gaussian (K exp(~), see section 2.2.1, here 
with x and q in degrees). However, because the (defocussed) projection 
lens is not expected to exhibit directional selectivity, which was checked 
by measuring in both the horizontal and vertical direction (sections 2.2.~ 
and 3.2.1), it is not unrealistic to assume that the system's point-spread 
function is also gaussian. Therefore, the q-values can alternatively be 
regarded as representing the width of the system's point-spread function 
K l (-r2

) exp 20'2 • 

Secondly, we made an attempt to give an individual description for a 
number of subjects, in addition to a group ensemble type of description. 
Even if a subject has to perform the experiment a number of times on 
successive days, his acuity is likely to show less variation than that nor
mally . encountered in a group of subjects. The individual descriptions 
were expected to raise the probability of finding a relationship between 
image quality and visual acuity. Three subjects each performed the entire 
experiment three times, and their data were treated as usual by Thur
stone scaling, but now individually. Although the numerical treatment 
of the data is exactly the same as when the results of a group of sub
jects are Thurstone-scaled, the interpretation is slightly different: for .an 
individual subject Thurstone scaling is based on intra-subject variances, 
and thus yields an individual psychological scale, whereas for a group of 
subjects the inter-subject differences are likely to be the main source of 
variance, inducing the Thurstone scale to reflect the level of their mutual 
agreement in handling the judgement categories. 

Not only were separate Thurstone scales constructed for each of the 
three subjects, but also the results of the two luminance levels were 
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treated separately, as in section 3.2.2, resulting in three times two indi
vidual quality scales. Furthermore, the raw data of a group of 10 other 
subjects were treated (again Thurstone-scaled separately, according to 
luminance level) as an ensemble. 

Other smaller changes in experimental set-up with respect to that in 
section 3.2 include the sizes of the projected images: 0.97 and 0.50 m, 
respectively. Furthermore, the average luminance levels of both sessions 
are somewhat lower: 25 and 0.25 cdjm2 , respectively. A third difference 
concerns the interstimulus time, which was increased to 10 s. In the pro
cedure two separate measurements of the (corrected-to-normal) visual 
acuity were included, both using the Landolt test chart at the average 
luminance of the stimuli presented in that session. One measurement 
took place at the end of the session, the other one was positioned at its 
beginning, directly following the adaptation period. As usual, visual acu
ity Sv is determined as the reciprocal value of the width of the smallest 
resolvable Landolt-C gap, when expressed in arcminutes. Furthermore, 
the pupil diameter was measured with the aid of !PO's entoptical pupil
lometer (a pupil diameter measurement device, see Bouma, 1965), also 
both at the beginning and the end of the session. 

3.3.2 Results 

The Landolt visual acuities measured at the beginning and the end of 
each session, were found to be in good agreement; only in 8% of the cases 
did we find a minimal difference (never exceeding one step in visual acu
ity on the Landolt chart). This ensures that during the session the visual 
acuities of the subjects will not have suffered intolerably from fatigue or 
other influences. Moreover, for the three subjects who performed each 
session three times, we found that even the visual acuities measured qn 
different days were in close agreement. For each of the three subjects, 
this allowed us to calculate two average visual acuities: one, Shigh, for 
the higher luminance level (25 cd/m2), and one, Sz0 w, for the lower lumi
nance level (0.25 cd/m2 ). For the group of 10 subjects, the acuities were 
averaged over subjects, again resulting in one value for each luminance 
level. 

Figure 3.3 shows some examples of the data as produced by an in
dividual subject and by the group of 10 subjects for different luminance 
levels. As the data for the other individual subjects, as well as for the 
other luminance levels, have more or less the same features, the graphs 
give an impression of the general behaviour of the image-quality results. 
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Figure 3.3: Quality scores as a function of 0' 

These are the quality results after Thurstone scaling, with picture width 
as a parameter. 
a) For subject JL in the lower-luminance session (0.25 cd/m2 ); each data 
point is based on 9 judgements, 
b) for the group of 10 subjects in the higher-luminance session 
(25 cd/m2), each data point based on 30 judgements. 
The lengths of the error bars in the lower left-hand corners indicate twice 
the average standard error in the mean. Results for the other individu
ally treated subjects, as well as for the other luminance levels are similar. 
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From the data no interaction between resolution and image size can be in
ferred. This is in agreement with our conclusions in chapter 2. Therefore, 
it is possible to calculate the average distance between the two curves as 
the difference between the quality values for the larger and smaller im
age sizes, averaged over all resolution levels: this so-called average curve 
distance will be of use later on (see below). 

Another implication of the absence of interaction between resolution 
and size is that the quality can be averaged over the two image sizes 
without corrupting the shape of the curves. The advantage of such an 
averaging procedure is to reduce the noise on the data. So, for each 
subject, as well as for the group of 10 subjects, we now retain two curves: 
one describing the quality as a function of u for the stimuli in the higher
luminance session (25 cd/m2), and one for the lower-luminance session 
{0.25 cd/m2). 

At this point, it is interesting to try to merge the two curves that 
have been obtained at the two luminance levels. However, in theory 
it is not allowed to make a direct comparison between the two sets of 
quality values, as they are based on separate subjective scales, which 
are determined but for a linear transformation (see sections 1.2.2 and 
3.2.2). So, when we want to map one scale onto the other, a linear 
transformation is needed, which basically consists of a shift constant 
and a stretch factor from one scale to the other. Values for these two 
parameters can only be found by making a separate assumption. 

The assumption we will make is that the perceived difference in qual
ity between the two image sizes does not depend on the average lumi
nance level. It is here that we can use the values we calculated for 
the average curve distances, because in the situation where both quality 
scales are correctly mapped onto each other, the assumption would be 
reflected in the fact that the average curve distances are the same for the 
two luminance levels. Thus the stretch factor needed to obtain such a 
correct mapping can be calculated as the ratio of the respective average 
curve distances found in reality. In this way, for each subject, and for the 
group of 10 subjects, the subjective quality scales for the luminance levels 
have been merged. There is no a priori reason to expect or distrust the 
appropriateness of our assumption. An a posteriori justification, how
ever, can be found in figure 3.4, where the results of both luminance 
levels are depicted after the averaging and merging procedure. In each 
graph, it can be seen that the respective asymptotes for the higher u
values have the same direction. As this result is not directly implied by 



image quality at low luminances 

t 1~ 
-~ 8 
-a; 7 
:J 
0" 6 (]) 

~ 5 .... 
~ 4 <( 

3 

2 

0.5 

t'~ 
>- 8 

.-::: -a; 7 
:J 
0" 6 (]) 
01 
(ll 5 a; 
> 4 <( 

3 

2 

1 I 

0 
0 0.5 

a) subject FD 

average 
luminance 

25 cd/m2 

0.25 cd/m2 

1.5 2 
cr (arcmin} ____.,.. 

b) group of 1 0 subjects 

average 
luminance 

25 cd/m2 

0.25 cd/m2 

1.5 2 
a (arcmin) ---J~oo--

Figure 3.4: Average quality values of the higher~ and lower~luminance 
sessions 
The average quality data for the higher- and lower-luminance sessions 
have been merged into one plot with the aid of the stretch factor (see 
text): 0) higher-luminance session (25 cd/m2 ), L:.) lower-luminance ses
sion (0.25 cdjm2 ). Data points represent the average over both picture 
sizes. The lengths of the error bars in the lower left-hand corners indi~ 
cate twice the average standard error in the mean. The drawn lines give 
the results of the fitting procedure (see text). Two examples are given: 
a) Subject FD, each data point based on 18 judgements, 
b) group of 10 subjects, each data point based on 60 judgements. 
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the procedure, it suggests that the stretch factor (and with it our basic 
assumption) have not been used incorrectly. 

The results in figure 3.4 also clearly show that there is a difference 
in saturation point for the two average luminance levels. The exact sat
uration values have been calculated in a least-squares fitting procedure, 
which simultaneously applied the formula 

(3.1) 

to the data from the higher luminance level (25 cd/m2), and the formula 

(3.2) 

to those of the lower luminance level (0.25 cd/m2). The formulas are 
based on the previously found linear decrease in quality for increasing 
u-values. The parameter k 11 is the same in both formulas, because it 
reflects that after the use of the stretch factor in the merging procedure, 
the two subjective data sets give the same scale distances for equal quality 
differences. The parameters a high, a1ow are determined for the two levels 
separately, and in this way in fact the shift constant between the two 
scales (see above) is calculated. The square-root term is the composition 
of two influences: u indicates the width of the point-spread function of 
the system projecting the stimuli, and O"high and O"!ow supposedly reflect 
the effective point-spread functions of the visual system at the respective 
luminance levels. 

The square-root formula is the result of two assumptions. The first 
one is that the two systems can be thought of as simply put in cascade. 
The second assumption concerns the profile of the eye's point-spread 
function, which is taken to be gaussian (just like the point-spread func
tion of the projection system was measured to be, see section 3.3.1). From 
literature, it is known that this latter assumption is not very accurate: 
Blommaert & Roufs (1981}, and Blommaert (1987), for instance, report 
a three-lobe neural point-spread function, as was found by Fiorentini 
& Maffei (1970). Moreover, Gubisch (1967) describes the eye's optical 
point-spread function: a gaussian kernel with an exponentially decaying 
tail. However, the gaussian profile is just intended to be a rough ap
proximation, which at least has a positive, gaussially decaying middle 
lobe in common with data from literature. On the other hand, it has 
the advantage that the cascade can be treated analytically, as convolu
tion theory describes that the profile resulting at the end of the cascade 
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Figure 3.5: Saturation value of u in relation to visual acuity 
Saturation values Uhigh and ulow are given on the vertical axis; on the 
horizontal axis, the reciprocal value of the visual acuity (thus 1/Sht.gh 

or 1/ Slow) is used. As a result, the unity on both axes is arcmhi. The 
plot contains results from both luminance sessions (25 cd/m2 as well as 
0.25 cd/m2 ), and for all three individual subjects (yielding a total of 
6 data points). The saturation data for the group of 10 subjects are also 
included for both luminance sessions (yielding 2 extra points). 
0) Slow and U!ow values measured at the lower luminance level 
(0.25 cd/m2), 

A) Shioh and uht.oh values measured at the higher luminance level 
(25 cd/m2 ). Two of the saturation values O'high were found very close 
to zero, which shows that for these subjects the highest resolution levels 
were not high enough to capture the saturation. 
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will be gaussian too, with an effective width that is equal to the root 
of the sum of the squared widths of the components. Thus the above 
formulas in fact reflect that it is the width of the cascaded system which 
determines image quality. 

In figure 3.4 the best fits have been plotted to the data points. For 
the three subjects, as well as for the group of 10 subjects, the calculated 
saturation values (uhigh and O"low) have been plotted in figure 3.5 against 
the visual acuities (as determined above), or rather, their reciprocal val-
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ues. In two cases, the saturation point O'high for the higher luminance 
level (25 cdjm2) turned out to be very close to zero, which shows that 
for these subjects the highest resolution levels were not high enough to 
capture the saturation. This can also be seen in figure 3.4. The scatter 
plot of figure 3.5 shows that although the calculated saturation values 
(uhigh, uz0 w) are not equal to the reciprocal visual acuities (1/ Shigh and 
1/ Szow, respectively), a definite relationship is found between the two: 
we computed a correlation of r = 0.9. 

3.3.3 Discussion 

The discussion will be focussed on a direct comparison of visual acuities 
and saturation values, as the saturation values were not found to be 
simply equal to the reciprocal visual acuities (figure 3.5). When approx
imated by a straight line, one finds that the slope of the line is about 
1.0. This seems to be according to expectations, but need not necessar
ily be the case, as follows from a closer inspection of the definition of 
the u-variable. In our definition, u signifies the point-spread function's 
width at ~=0.88 of its maximum. Probably, double this distance 
(2u), fitting between the point-spread function's profile at v'i'Te=0.61 of 
its maximum, is perceptually more significant. This can be illustrated in 
a different way by looking at the related line-spread function, which is 
all the more relevant because, as was already discussed in section 3.2.4, 
viewers normally look at edges. A point-spread function with width u 
yields a step or edge function which rises from 15% to 85% of its full step 
within a distance of again approximately 2 times u, and it is throughout 
possible that the subject uses this 70%, in combination with the remain
ing 30%, covered outside the centre, as clues for his discrimination. The 
essence of this reasoning is that the vertical axis of figure 3.5 is not nec
essarily directly comparable to the horizontal axis, and that in this plot 
rather a different slope is to be expected, with a value somewhere around 
0.5, and certainly smaller than 1. This also applies to the data of fig
ure 3.5, which indeed shows that for a viewer having a normal acuity of 
1.0- i.e. a smallest resolvable detail of 1 arcmin -, the saturation will 
be found at a u-value of about 0.5 arcmin. 

Coatrary to the expectations, however, no clear proportionality is 
found between reciprocal visual acuity and saturation u, which is re
flected in the approximating straight line not passing through the origin. 
It seems reasonable to suppose that this might be a result of. the fact 
that the human visual point-spread function was assumed to be gaus-
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sian. Therefore, we checked this by implementing Blommaert's (1987) 
three-lobe profile instead. Blommaert reports that as a function of lu
minance level, the shape of the point-spread function remains the same, 
apart from a uniform broadening factor, which is dependent on the lumi
nance level (among others). Thus we sampled Blommaert's profile, and 
adjusted its width to fit the quality values in a procedure similar to that 
used in section 3.3.2. The resulting saturation values again show a high 
correlation with the reciprocal visual acuities (r = 0.96), and, as was 
found when the profile was assumed to be gaussian, the approximating 
straight line does not pass through the origin. Thus we must conclude 
that the fact that the data points in figure 3.5 do not show a relationship 
of proportionality, is not due to the assumption of a gaussian profile of 
the visual point-spread function. 

Another explanation might be found by questioning whether it is 
correct to assume a cascade of the blur caused by the projection sys
tem and that of optical and neural systems of the eye. One could argue 
that the processing of the luminance signal starts at the retina, and that 
consequently it is only the degree to which the signal is affected before 
that stage that is relevant to the perceived image quality. Thus, only 
the point-spread functions of the projection system and of the optical 
transmission through the eyeball should be modelled in cascade. A fur
ther difference involves the fact that now their overall width should be 
compared to a. measure of optical eye performance. Thus the neural as
pects of the visual processing should not be included which eliminates 
the visual acuity as a possibility-, and, on the other hand, the measure 
should depend on the average luminance level, which makes the pupil dia
meter a. candidate. However, the average pupil diameters, as measured 
for each subject and luminance level, range between 4.5 and 6.5 mm, and 
Gubisch (1967), and also Vos, Walraven & Van Meeteren (1976), report 
that for this range the width of the eye's optical point-spread function is 
only minimally determined by the pupil diameter. Therefore, it should 
come as no surprise that there is hardly any correlation between the sat
uration va.lues2 found in section 3.3.2 and the average pupil diameters 
(see .figure 3.6, r = 0.2). This lack of correlation suggests that the optical 
part of the eye's point-spread function as parameterized by the pupil 
diameter-, is not determinative for the saturation effects in the quality 
percept. In contrast, the average visual acuity is much better suited to 

2 These are directly applicable because the eye's optical point-spread function is 
gaussian in its central portion (Gubisch, 1967). 
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Figure 3.6: Saturation value of u in relation to pupil diameter 
The plot contains results from both luminance sessions (25 cd/m2 and 
0.25 cd/m2 , respectively), and for all three individual subjects, as well 
as for the group of 10 subjects. 

explain the variety of saturation values found (see figure 3.5) . .Af3 the 
neural part of the eye's point-spread function is incorporated in this vi
sual acuity measure (Roufs &: Polstra, 1982b), it can be said that any 
subjective criterion for perceived quality uses only information that has 
passed this stage. Furthermore, we must conclude that the finding that 
the data points in figure 3.5 are not headed for the origin cannot be ex
plained by assuming that only the optical part of the eye's point-spread 
function is relevant. 

So, neither the assumption of a gaussian visual point-spread function, 
nor the possible influence of the pupil diameter, can serve to explain why 
no proportionality is found in figure 3.5. Possibly part of the explanation 
may lie in the fact, that our measurement of visual acuity is based on 
the very localized gap of the Landolt C, whereas in complex images more 
extended features as edges are of importance. Furthermore, it should be 
kept in mind that certainly for the subjects with the higher acuities, there 
are relatively few resolution levels for which the quality values fall within 
the saturated area. Thus, the relatively large weight of the not-saturated 
quality scores at all but the highest resolutions in combination with 
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chance fluctuations on the quality values for the highest resolutions-, 
might be causing the saturation point to be found at relatively low (!

values. This holds especially for the two cases where no saturation is 
found at all (qhigh ~ O, see figure 3.5), and, as the latter are important 
in determining the slope of the plot, by implication, the absence of a 
clear proportionality. 

3.4 Conclusions 

The experiments reported in this chapter show that a local resolution 
measure, such as for instance q, is more suited to reflect the human 
quality impression than a frequency-based measure is. The relationship 
between subjective quality and q is a linear one, with an asymptotic 
upper level for the highest qualities. It was shown that the parameter 
determining at what q-values this saturation occurs, is directly connected 
to visual acuity. 
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Chapter 4 

The importance of sharpness 
the quality criterion 

4.1 Introduction 

• In 

The previous chapters (2 and 3) were devoted to .the image quality of 
complex scenes under various circumstances and as a function of various 
physical parameters, the main item always being image quality. How
ever, as was described in chapter 1, image quality is not a percept as 
such, but is constituted by a quantity of impressions or percepts, such 
as brightness, flicker, subjective size and sharpness. Then subjective im
age quality and consequently the criterion that subjects use for their 
judgements-, can be regarded as a composite of a number of such per
cepts. Here the notion of quality criterion is used in the sense that it 
reflects the composition and balance - e.g. relative weights - of the 
relevant perceptual attributes in the final quality judgement. 

As far as the previous experiments are concerned, sharpness is prob
ably one of the percepts that contributes to the quality impression, since 
resolution (a physical parameter related to it) was always one of the con
stituting parameters. However, we have no data on this issue. On the 
other hand, the importance of sharpness is well acknowledged in litera
ture (Crane, 1964; Granger & Cupery, 1972; Hunt & Sera, 1978), even 
to the extent that sharpness is confused with quality as such (Higgins, 
1977). Thus it actually may have played a role of importance. Indeed, 
in section 2.4:3 it was suggested that it was precisely the absence of this 
sharpness percept as a dominant perceptual quality dimension that led to 
the result of a size-constancy effect in the experiments of others (Hatada, 
Sakata & Kusaka, 1980; Van der Zee, Boesten & Duwaer, 1983). Thus 
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the conclusion was reached that the quality criterion - in this case, the 
relative importance of the sharpness impression and of the percepts of 
distance and of size - that is used by the subjects is not an absolute one, 
but can be influenced by the set of stimuli in the experiment, notably by 
the dominant perceptual attributes they address. 

To the best of the author's knowledge, little is known in literature 
about a judgement criterion being dependent on the set of stimuli and 
the perceptual dimension they induce. It is clear, however, that the 
general behaviour of subjects can be influenced by a number of factors: 
for instance, the range of stimuli can cause a change in the use of the 
quality scale (see the fulmination by Poulton, 1977). Few scales are 
unaffected by such variations, as was shown by Jones & Marks (1985). 
Furthermore, Parducci & Wedell (1986) find effects of range and relative 
presentation frequencies of the stimuli, but these effects are regarded as 
a consequence of a different use of the judgement scale, and not as a 
consequence of a shift in criterion. The possibility of variation of the 
criterion, on the other hand, is reported by Green & Swets (1966), who 
deliberately evoked these criterion shifts in their threshold experiments 
by changing the rule for payment of the subjects. In this case, the shifts 
are caused by the fact that for different payment rules, different strategies 
are chosen in order to arrive at higher benefits. Again, although in this 
case the criterion does shift, it is not the result of differences in stimulus 
set or range - on the contrary, they were kept the same -, but of 
an extra condition in the experiment. In general, changes like these, 
occurring in the subjects' behaviour, are not direct examples of a shift in 
criterion induced by a difference in the stimulus set. Nevertheless, they 
clearly indicate that neither the subjects' behaviour nor their criterion 
need be stable in an absolute sense. 

So, although literature does not seem to contradict our explanation 
that the discrepancy between our results and those of Hatada et al. (1980) 
and Vander Zee et al. (1983) is due to either the presence or absence of 
sharpness as a dominant percept, two issues remain to be checked: firstly, 
whether sharpness is indeed the dominant percept induced in our previ
ous quality experiments (chapters 2 and 3). This issue will be addressed 
by replicating one of those experiments, but now with the instruction 
to judge sharpness instead of quality. Secondly, it is necessary to check 
whether a dominant percept, as elicited by a certain stimulus set, does 
indeed influence a criterion balance adopted in judging. Here the first 
judgements made in an experiment are of particular importance, as at 
this stage no dominant percept has emerged yet, and the judgements can 
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be said to be uninfluenced. Therefore, the second experiment specifically 
looks at the judgements made in the beginning of a session and whether 
a change in quality criterion can be found. This second experiment is 
thus implicitly also concerned with the question how stable a subject's 
criterion (in casu for quality) is. Before presenting these experiments 
however, we will in the next section first define a measure that reflects 
which criterion is adapted in a certain experiment for use in the analyses. 

4.1.1 Criterion measure 

The criterion measure we need to reflect which criterion is adapted will 
be derived on the basis of the results of chapters 2 and 3. In chapter 2 
we found that only two physical parameters are of importance in the 
quality judgements: the visual picture angle ¢, and the angular resolution 
lang (see formula 2.1 and section 2.3.2). When the subjects' criterion 
incorporates a relatively high importance of the sharpness impression of 
the stimulus, this will be reflected in high coefficients for the influence 
of lang with respect to those for the influence of ¢. Reversely, if in 
the criterion perceived image size has become very important, then we 
expect the value of the coefficient for log( 4>) to have increased relative 
to the other coefficients belonging to la.ng· However, the difficulty with 
the above mentioned formula in lang and 4> is that it involves as many 
as three coefficients to describe the influence of lang, which complicates 
the description of the overall weight for lang· 

Therefore, we chose to take a simpler description on the basis of u 
and¢, in conformity with the results in chapter 3. There we found that, 
at least for the higher resolutions and as long as there is no saturation 
due to the limits of visual acuity, the dependence on u is linear (u ::;; 
2.5 arcmin, see figure 3.2). If we restrict ourselves to. those resolutions, 
the subjective quality Q results found within each of th:e experiments can 
be described in the following generic way: 

Q =Co- Ct · u + C2 ·log(¢), (4.1) 

with 4> expressed in degrees. The coefficients C0 , Cb and C2 are all 
positive, and can be different for the respective experiments. 

Now the relative weights of the u and 4> parameters can easily be ex
pressed by the ratio CJ/C2. By using a ratio, a correction is intrinsically 
made for possibly different ranges of the psychological scale in different 
experiments. It is the C1/C2 ratio, expressing the relative weights of the 
influences of resolution and of image width, that we will use as a measure 
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to describe the judgement criterion adapted in each of the experiments: 
the larger the C1/C2 ratio, the more important the sharpness impression 
is in the judgement criterion with respect to perceived size. Because of 
the dimensions of the two constants, the C1/C2 ratio has the dimension 
of deg- 1. 

To give an indication of the C1/C2-values to be expected, we made the 
computation for the quality judgement experiments (EXPl and EXP2) 
of chapter 2. The calculation1 was based on only those data points 
that had a linear relationship with q - in these experiments values 
< 2.5 arcmin -, as we found in section 3.2.4 that for higher values the 
linear relationship no longer exists because of non-linearities in the use 
of the category scale. For the calculation of the C1/C2 ratio, first for 
each resolution level the coefficient for the log(b/a)-effect was computed, 
and their values were averaged into the value for C2. Next, the quality 
values were corrected for this visual-picture-angle effect - in a similar 
way as in formula 2.2 -, and on the basis of these corrected values, 
C1 was calculated by linear regression. Standard errors were estimated 
assuming independence of the calculations of the Ct and C2 coefficients. 

Though the two experiments are very alike in set-up, we found a 
small but significant difference: for EXPl, the C1/C2-value turns out 
to be 27 deg-1 , whereas that for EXP2 is 36 deg-1 (standard errors 
3 and 5 deg- 1, respectively). This difference could be caused by the 
somewhat larger range of resolutions in EXP2. It indicates that, apart 
from the dominant perceptual dimension addressed, the range of stimuli 
presented might also have a certain impact on the criterion, and thus 
sets an estimate for the criterion shifts that are almost unavoidable. 

4.2 The importance of sharpness in previous 
quality judgements 

4.2.1 Experiment 

This experiment (EXP3) was designed to check whether sharpness is in
deed the dominant percept induced in the previous quality experiments 
(chapters 2 and 3), and thus could be the basis for the quality criterion. 
The method and set-up of the experiment were exactly the same as those 
of EXP2 (see section 2.2); the only difference was in the task of the sub-

1 For the experiments to be described in the next sections, the same calculation 
method will be used. 
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jects. This time the subjects were instructed to judge sharpness instead 
of quality. There were again 20 subjects taking part, 12 of them had 
also participated in EXP2. However, there was a time lapse of about one 
year between the two tests, and although most subjects appreciated that 
there was a difference in task, it must have been impossible for them to 
deliberately make the same or different judgements. 

The method of processing the results is also the same as in EXP2, 
with the difference that information regarding (subjective) sharpness is 
now obtained as a result. Thus a sharpness scale and sharpness values 
were constructed from the raw sharpness scores, according to Thurstone's 
law of categorical judgement (see Torgerson, 1958, and section 1.2.2}. 

4.2.2 Results and discussion 

Figure 4.1 shows the subjective sharpness values as found in EXP3 com
pared with the quality values resulting from EXP2. A similar graph was 
produced using only the judgements of the 12 subjects that participated 
in both experiments. From figure 4.1 it is clear that there is a high cor
relation between the sharpness and quality values (r = 0.98). Therefore, 
a first and important conclusion can be reached, namely that in EXP2 
apparently the sharpness impression must indeed have been present to 
a significant degree. There is good reason to extend this conclusion to 
all previous quality experiments (chapters 2 and 3), as their set-up was 
very similar to that of EXP2. 

On the other hand, figure 4.1 also reveals small but significant dif
ferences between EXP2 and EXP3: in general, the stimuli with higher 
resolutions obtain relatively higher sharpness scores in EXP3 than qual
ity values in EXP2. This difference suggests that the subjects do indeed 
use - slightly different criteria for their sharpness and quality judge
ments. To check this suggestion, we calculated the the CtfC2 ratio for 
EXP3, also on the basis of only the data for q-values < 2.5 arcmin {see 
section 4.1.1), yielding a value of 50 deg-1 (standard error 9 deg- 1 ). It 
should be stressed that although formula 4.1 was originally defined for 
quality judgements, it has now been applied to the results of sharpness 
judgements. However, as the sharpness judgements of EXP3 generally 
behave in much the same way as the quality judgements of EXP2, there 
is no reason why this formula, and with it the Ct/G2 ratio, should not 
also be applicable to the sharpness data. 

The difference between the G1/G2 value for EXP3 and that for EXP2 
(36 deg-1 , with a standard error of 5 deg-1 , see section 4.1.1) borders 
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Figure 4.1: Comparison of subjective scales of EXP2 and EXP3 
On the horizontal axis the subjective sharpness values of EXP3 are plot
ted; on the vertical axis the subjective quality scores for the same stim
uli in EXP2, both after Thurstone scaling (each data point based on 
80 judgements in each experiment). The lengths of the sides of the error 
cross indicate twice the average standard errors in the means (horizon
tally for the sharpness values; vertically for the quality values). 
0) f,.ng > 53 c/deg, 
~) 28 < f,mg < 53 cjdeg, 
D) f,.ng < 28 c/deg. 

on being significant. Apparently, the difference in tasks quality ver
sus sharpness judgements - causes a slight difference in criterion: the 
smaller 01/02 ratio indicates that in quality judgement tasks, per
ceived- image size is of somewhat greater relative importance than in a 
plain sharpness percept. It should be stressed, however, that the sharp
ness judgements themselves are not dependent on resolution alone, but 
are also determined by the visual picture angle. 
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4.3 Uninfluenced quality judgements 

This experiment intends to investigate whether a certain criterion bal
ance can indeed be influenced by the dominant percept elicited by a set 
of stimuli. If so, it is possible that such an influence has been present in 
previous experiments, as there was ample time for a dominant percept to 
emerge: the subjects were deliberately given introductory stimuli, and 
the experiments included many judgements on similar stimuli. There
fore, in order to obtain uninfluenced results, in the present experiment 
subjects were given stimuli similar to those in the previous experiments, 
but no introductory stimuli were presented, nor any information other 
than the instruction to rate quality (not sharpness as in EXP3). The 
important aspect here is that as long as they had not seen any other 
stimuli or received hints as to what we might mean by the word quality, 
there cannot be any dominant percept induced. For the same reasons, 
subjects were also given only a few presentations of stimuli, as advised by 
Poulton (1977). Furthermore, we anticipated that by the time they had 
seen a certain number of them, they would be reproducing the results of 
chapter 2, of course with a possible (small) change in scale. 

4.3.1 Experiment 

In principle, there was no difference in method between this experiment 
and the previous ones. Again, subjects were instructed to assess quality 
by means of a 100-point categorical scale, ranging from 0.1 to 10.0 (see 
section 2.2.1). 

The set-up, however, differed in a number ofrespects. Only one pro
jector and projection screen were used, and subjects' chairs were placed 
at viewing distances of 2.9 and 5.4 m. Furthermore, resolution could 
take 4 values between 2 and 100 c/deg, and only 3 scenes were used: 
'graffiti wall', 'portrait', and 'terrace' (see figure 2.2). As in the other 
experiments, image size was varied, and now could assume three values 
between 0.9 and 0.2 m, and the mean luminance of the scenes was about 
20 cd/m2• 

Subjects were presented with only 4 different stimuli, each lasting as 
long as the subject' needed for his judgement, with an interstimulus time 
of approximately 15 s, during which a uniform grey field (20 cd/m2) was 
projected, and the subject could change viewing distance. The 4 stim
uli were always· chosen in such a way that in each set of 4 stimuli, all 
resolutions and all picture sizes were presented at least once, and that 
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each viewing distance was used twice. The scene of the first and the last 
stimulus was always the 'graffiti wall' scene. As the subjects were given 
no introductory stimuli, they were not aware of the range of qualities 
that was going to be presented during the assessment of the first stimu
lus. On the other hand, by the time they were asked to rate the fourth 
stimulus, they had experienced the full ranges of all physical parameters 
varied in the test. In total, 256 subjects took part in the test, each of 
them giving judgements on only a few stimuli. The subjects were mainly 
employees, students, and visitors to the institute, and all of them were 
screened for a (corrected-to-normal) visual acuity of at least 1.0 (another 
24 candidates - 10% ! - were excluded for this reason). 

4.3.2 Method of processing 

The same method of processing was used as in previous experiments: 
The raw scores were transformed into a psychological scale, according 
to Thurstone's law of categorical judgement {see Torgerson, 1958, and 
section 1.2.2). Scores for the first and fourth presentations were treated 
separately. Although the arithmetical implementation is the same as in 
chapters 2 and 3, there is a difference in use and thus in interpretation 
of the category scale. Whereas in EXPl and EXP2 special care was 
taken to have the subjects use the full range of the scale by giving them 
introductory stimuli, in EXP4 this was omitted, and thus subjects had 
to rely on some sort of absolute interpretation of the category values. 
Although the judgement scale between 1 and 10 coincides with the Dutch 
system of school marks, and thus a certain agreement on its use can 
be expected among the subjects, the absolute scale interpretations can 
nevertheless vary considerably, which leads to larger spreads in the data. 
Therefore, the spreads on which the Thurstonian transformation is based 
have a partially different origin than in other experiments, though in both 
cases simply the spread-over-subjects (and in EXPl and EXP2 also over 
scenes) is used. 

4.3.3 Results 

Of all scores, we chose to analyze only those for the stimuli presented first 
or last {fourth), and for each a separate subjective scale was constructed. 
Results are plotted in figure 4.2. Before we proceed to an overall in
terpretation of the data, we will first concentrate on the unexpectedly 
low quality value, which was found for the best stimulus when prese.gted 
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Figure 4.2: Subjective quality values of EXP4 as a function of b /a 
The subjective qualities have been Thurstone-scaled separately for the 
stimuli presented first and fourth: 
a) first presentation, 
b) fourth presentation. 
The lengths of the error bars in the lower left-hand corners indicate twice 
the average standard error in the mean. The data points are the result of 
between 11 and 21 judgements per point and are plotted with different 
symbols for different resolution levels: 
0) a < 0.2 arcmin, 
~) a - 0.6 arcmin, 
0) a- 1.7 arcmin, 
()) a """ 4.3 arcmin. 

69 

first. This can be seen in figure 4.2a, where this stimulus (largest size, 
shortest viewing distance, maximum resolution) is judged to have about 
the same quality as stimuli with the same resolution, and a somewhat 
smaller visual picture angle 4> (which is proportional to bja). However, 
when the same stimulus is presented fourth in order, this effect has dis
appeared (figure 4.2b). There are two ways to interpret the rather low 
quality value that is found for this stimulus, when presented first: either 
it is accepted as a correct, though unexpected subjective quality result, 
or it is understood as an experimental artefact, caused by a somewhat 
conservative first ase of the category scale by the subjects. The latter 
is not completely unlikely, because although the subjects were not told 
what type of stimuli would be presented, they did know there would be 
three more stimuli following the first one. Thus, they might have been re-
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luctant to give the maximum scores because they were in doubt whether 
this really wa.s the best possible stimulus, a.nd they overestimated the 
margin they would like to keep. This viewpoint ca.n be confirmed by an 
inspection of the ra.w judgement scores: there we find a.vera.ges from 1.1 
to 7.9 for the first presentation, a.nd from 1.1 to 8.6 for the fourth, which 
constitutes a. significant difference in ra.w judgement range. 

In the following analyses we will adhere to this conservative
judgement interpretation of the low quality value found for this par
ticular stimulus (in first presentation), a.nd therefore exclude this point 
from further analyses. Not only does tha.t bring the advantage of remov
ing the only difference found for the first a.nd fourth presentation, but in 
addition, it a.lso leads to the observation tha.t the general outcome of the 
da.ta. is much like tha.t found in chapter 2 (see figure 2.5). This allows us 
to a.na.lyze the data. in terms of formula. 4.1. The resulting C1/C2 ratios 
ha.ve been calculated (again only for stimuli with q ::::; 2.5 a.rcmin, see sec
tion 4.1.1) a.s 47 deg- 1 , for the first presentation, and 53 deg-1 for the 
fourth presentation (standard errors 17 and 11 deg-1 , respectively). As 
these results do not differ significantly, their average can be computed: 
50 deg-1 , with a standard error of 10 deg-1 . 

4.3.4 Discussion 

4.3.4.1 Criterion shifts 

The absence of a. significant difference in Cl/C2 ratio for the stimuli pre
sented first and fourth, leads to the conclusion that no change or shift 
in criterion occurs during the very beginning of the experiment. This 
is found despite the fact that, on presentation of the fourth stimulus, 
the subjects have already been presented the full stimulus range for all 
parameters: viewing distance, image size and resolution. Thus, it is not 
unrea.spnable to expect that by that time one or more dominant percep,
tual attributes have been induced (see section 4.1). On the other hand, 
it could be argued that although this might be the ca.se, the subjects are 
not aware of it yet, a.nd might still be making an internal reference to an 
even larger stimulus range, or to stimuli addressing other perceptual di
mensions, despite the fact that they know that no more stimuli will come. 
In any ca.se, it can be concluded that if changes in criterion do occur, 
they will not take place during the first four or so stimuli presented. 
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Figure ·4.3: Subjective quality values of EXP4 as a function of b2 fa 
Data points - and use of symbols are the same as in figure 4.2, but 
now replotted on a different axis: 
a) first presentation, 
b) fourth presentation. 
Again, the lengths of the error bars in the lower left-hand corners indi
cate twice the average standard error in the mean. 

4.3.4.2 Size-constancy effect revisited 
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In section 2.4.3 we found a discrepancy between the results of Van der 
Zee et al. (1983) and of Hatada et al. (1980) on the one hand, and 
those of EXP2 on the other hand. It was suggested that a difference in 
criterion could possibly be the cause of this controversy, and that this, 
in turn, had been induced by the fact that different dominant perceptual 
dimensions were present in the experiments. If an influence of this type 
on the criterion is indeed possible, then an experiment like EXP4, where 
no influence can be present, is one of the ways to decide which of the two 
descriptions is best. 

Therefore, the quality values from figure 4.2 have been replotted in 
figure 4.3 as a function of b2 I a. This is the parameter found by Van 
der Zee et al. (1983), and which describes the size-constancy effect. A 
comparison of figures 4.2 and 4.3 shows that both parameters (log(bla) 
and log( b2 I a)) succeed equally well in describing the data, both for the 
stimuli presented first and for those presented fourth: average correla
tions for the maximum-resolution stimuli of 0.96 and 0.95, for log(b I a) 
and log(b2 I a), respectively. For the lower-resolution data points, the de-
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scription based on log(b/a) looks somewhat more appropriate, though 
the average correlation coefficients only show a difference of 0.98 for 
log(b/a) to 0.95 for log(b2/a), which is bordering on significance. To 
investigate the size-constancy discrepancy, however, only the results for 
the maximum~resolution images are important, as these were the only 
stimuli presented by Vander Zee et al. (1983) and Hatada et al. (1980). 

One of the reasons for the failure to discriminate between the two 
descriptions is the fact that for the maximum~resolution stimuli in EXP4, 
subjects only attribute a small amount of variation in quality values for 
the full range of visual picture angles (see figure 4.2 or figure 4.3, average 
raw judgements between 6.6 and 8.6, which is 20% of the full scale). In 
the experiments of VanderZee et al. (1983) and of Hata.da et al. (1980) 
on the other hand, a considerably larger part of the scaling range is 
used (50% and 100%, respectively). This indicates that, during those 
experiments, the subjects regarded image size and viewing distance as 
the more important physical parameters. The finding that, in contrast, 
in EXP4 only a. relatively small part of the judgement scale was used 
for the same range of visual picture angles, suggests that uninfluenced 
subjects expect to encounter images of much lower quality. As the range 
of visual picture angles is already considerable, the lower quality of those 
images will have to be achieved by variation in more important physical 
or perceptual quality dimensions. In the experiments of Hatada et al. 
(1980) and Van der Zee et al. (1983), such dimensions were not varied, 
and therefore subjects must have adapted their use of the judgement 
scale. 

A second reason for the failure to discriminate in the size~constancy 
discrepancy lies in the spread on the data. This spread is already consid
erable because processing of the judgements was done assuming a com
mon and absolute interpretation of the scale categories (see section 4.3.2). 
Furthermore, the relative spread increases because only a small part of 
the raw judgement scale was used for the maximum-resolution stimuli in 
EXP4, and thus the decisive power of the experiment is further reduced. 
Of course, this also indicates that subjects do not value variations in 
image size too much in an absolute sense. 

In conclusion, we must acknowledge that the size-constancy contro
versy as such is still unresolved, although it is clear that in uninfluenced 
judgements the difference in description is of no practical relevance. Fur
thermore, we can rest assured, that at least the results in an uninfluenced 
situation show the same features as the results of our previous experi
ments (EXP1 and EXP2). This, together with the finding that the use 



the importance of sharpness in the quality criterion 

Table 4.1: 0 1/02 ratios for several experiments 
A large 01/02 value can be interpreted as a relatively large weight for 
the sharpness impression in the judgement criterion, compared to the 
weight for perceived size (see text). 

EXPl (quality) 

01/02 st. error 
(in deg- 1) 

27 3 
EXP2 (quality) 36 5 

EXP3 (sharpness) 50 9 J 
EXP4 (quality): 

first presentation 4 7 17 

~::::~~:_ese:~ati:: ___ j_~----- ~~- __ 
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of the judgement scale was also comparable, leads us to believe that in 
the experiments of VanderZee et al. (1983) and of Hatada et al. (1980), 
some sort of criterion adaptation could indeed have taken place, and if 
so, it was probably because other more relevant - perceptual quality 
dimensions were not addressed. 

4.4 General discussion 

4.4.1 Comparison of all Ct/C2 ratios 

Table 4.4.1 summarizes the relative weights (Ct/C2 ratios) that subjects 
attribute to resolution and visual picture angle in forming their criterion 
for judgement. Most differences border on being significant, although a 
number of tendencies are discernible. 

In three of the experiments (EXPl, EXP2, and EXP4) subjects were 
requested to judge quality, but only EXP4 was so short that no criterion 
shift could occur, and thus in that respect it represents an uninfluenced 
situation. Indeed, for the two other experiments we find a Ct/02 ratio 
that is somewhat less than the one found for EXP4, which indicates a 
relatively smaller weight for the resolution parameter u. Thus it can 
be concluded, that somewhere during the longer experiments, a slight 
shift of criterion must occur towards a larger emphasis on the influence 
of the visual picture angle cp. As concluded in section 4.3.4.1, this shift 
will most likely not occur during the first four or so stimuli, but possibly 
shortly after that, because in EXPl and EXP2 it was explicitly stated 
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that the first five introductory stimuli covered the entire stimulus range. 
Unfortunately, however, we have no explicit data on this topic. 

Another interesting issue concerns the 0 1/02 ratio found for the 
sharpness judgements in EXP3, as it coincides with the one that is found 
in EXP4 as a result of uninfluenced quality judgements. This suggests 
that subjects first fall back on what is in fact a sharpness judgement 
when asked to judge quality, and furthermore that the instruction to 
judge sharpness is relatively natural to execute as a task. Apparently, 
quality is a more complex notion to judge, and somewhat susceptible to 
context influences. 

4.4.2 Implications for previous experiments 

In section 4.4.1 we found a barely significant, but nevertheless consider
able difference between the Ct/02 ratios found in a number of our quality 
experiments. Furthermore, we saw that in the case of an uninfluenced 
criterion the relative weight for u is larger than in longer-lasting exper
iments such as EXP2. Although these conclusions were based on only 
part of the data (only stimuli with not very low resolutions), this raises 
the question to what extent the conclusions based on EXP1 and EXP2, 
as formulated in chapter 2, remain valid. 

4.4.2.1 Bandwidth-related resolution 

As far as the basis of the quality criterion is concerned, in chapter 2 it 
was found that bandwidth-related resolution as a parameter has consid
erable predictive power, but that it is not the parameter subjects base 
their judgements on. Now, however, a somewhat larger 01/02 ratio is 
encountered, which might cause different results in this respect. 

To check this possibility, we have plotted the results for EXP4 in fig
ure 4.4: here, the scores for the stimuli in first and fourth presentation 
have been pooled, as it was found that the overall difference was very 
small (section 4.3.3). Furthermore, in conformity with the conclusions 
in chapter 3, the results have been plotted as a function of a local res
olution parameter, called bandwidth-related sigma Ubwr = u / ¢>, which 
is inversely proportional to the bandwidth-related resolution !bwr (see 
section 2.4.1 ). 

In the graph it can be seen that within certain margins, subjective 
quality has a monotonous relationship with Ubwr, which explains part of 
the variance in the data. However, the graph as a function of bandwidth-
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Figure 4.4: Subjective quality values as a function of O'bwr 

As usual, data points have been Thurstone-scaled, this time on the basis 
of the pooled scores from stimuli presented both first and fourth in order 
in EXP4 (23 to 42 judgements per data point). The results are plotted 
as a function of the bandwidth-related sigma, O'bwr = a/ 4>, which is in
versely proportional to /bwr (see section 2.4.1). 
a) 4> ~ 6 deg (D), 
b) 6 ~ 4> < 12 deg (0), 
c) 4>;:::: 12 deg ((>). 
The length of the error bar in the lower left-hand corner indicates twice 
the average standard error in the mean. 
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related sigma still shows substantial dependence on the visual picture 
angle ~~ which accounts for the greater part of the rest of the variance. 
Thus, the conclusion of section 2.4.1 remains unchanged: Uflwr is indeed 
a reasonable general quality predictor, but apparently does not form the 
basis of the quality judgements. 

4:.4.2.2 Predictions in relation to HDTV 

In section 2.4.4 the relevance of the experiments for the development 
of HDTV was described. A major conclusion was that at a viewing 
distance of 3 m, a doubling of the number of lines does bring a substantial 
beneficial effect in <combination with an increase in the size of the image. 
Again however, with an increased CI/C2 ratio, these conclusions may 
shift. 
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The relevant comparison to make in this case is that between iso
quality graphs based on a low C1/C2 ratio of 36 deg-1, as we found 
earlier (EXP2), and on a higher one of 50 deg- 1 (EXP4), applying to an 
uninfluenced quality criterion (section 4.3.4.1). Isoquality curves for both 
situations have been calculated with the aid offormula 4.1, and assuming 
a saturation at u = 0.5 arcmin (corresponding to a visual acuity of 1.0, 
see section 3.3.3). They are plotted in figure 4.5. Clearly, the curves 
show a certain difference in shape, as well as a difference in the distances 
between two neighbouring curves. This latter effect is due to the fact 
that a change in CI/C2 ratio also induces a change in absolute quality 
values. 

The graphs can be compared to our earlier predictions in figure 2.8, 
showing in general the same types of curves, as expected, but also small 
differences in detail. These small differences are due to the difference in 
type of formula used for the construction of the curves. As a result, an 
increase in bandwidth-related resolution, such as the step from PAL to 
HDTV, now does have a slight positive effect on subjective image quality, 
although an accompanying increase in image size - up to about 1.3 m 
- is still the best way to benefit from the full possibilities of a higher 
bandwidth. 

4.4.3 Implication for future experiments 

The results in this chapter indicate that sharpness is indeed a very im
portant percept in the constitution of the more complex impression of 
quality. Furthermore, it was found that an uninfluenced assessment of 
image quality in our type of experiment, coincides with an evaluation 
of sharpness (section 4.4.1). However, in longer-lasting experiments we 
might find some criterion shifts from the uninfluenced situation, though 
not as large as to alter the major conclusions based on it. 

Therefore, when in a future experiment the resolution parameter is 
varied over a substantial range, it can be assumed that the percept of 
sharpness will be induced, and it is likely to play an important role in the 
judgement criterion. This percept at least coincides with subjects' nat
ural attitude to image quality, and thus we might expect it to prevent 
the quality-scaling task from becoming artificial. Then we can expect 
the results to be only slightly influenced by criterion shifts, and the gen
eral tendencies of the outcome can be applied to everyday image-quality 
problems, certainly when taking some margins into account. On the 
other hand, precisely the fact that an uninfluenced (quality) judgement 
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Figure 4.5: Isoquality curves for different CdOz ratios 
lsoquality curves, similar in nature to those in figure 2.8, have been calcu
lated on the basis of formula 4.1, assuming a saturation at a = 0.5 arcmin 
(corresponding to a visual acuity of 1.0, see section 3.3.3), and a viewing 
distance of 3m. Two different 0!/02 ratios have been used: 
a) 0!/Cz = 36 deg- 1 , b) 01/Cz =50 deg- 1. 

As in figure 2.8, 0 indicates present-day TV, and !:::,. and the dashed line 
through it show the possibilities of HDTV. 
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coincides with one for sharpness suggests that sharpness scaling will be 
less likely to suffer from criterion shifts. It is for this reason that, in 
an attempt to minimize contextual influences, we will restrict ourselves 
in the following experiments (next chapters) to the assessment of the 
sharpness impression. 



Chapter 5 

Sharpness of images moving at 
low velocities 1 

5.1 Introduction 

The previous part of this thesis has been concerned with the image qual
ity and sharpness of still pictures. However, most imaging systems today 
are specifically meant for portraying moving images. The results for still 
pictures can perhaps be regarded as worst-case quality indicators, but 
nevertheless, information about the sharpness percept in moving parts 
in the image will render a more complete overview. 

In the fields of engineering and imaging, interest in this topic is in
creasing, due to the growth in coding options: today, advanced signal 
processors can be used for the implementation of complex image-coding 
techniques. Attempts are made specifically utilize the correlation be
tween successive frames of the imagery. In addition, the characteristics 
of the human visual system can be exploited to reduce bit rate or band
width in coding schemes. Some of the present coding schemes include the 
option of different regions in the image being processed differently, for 
instance according to velocity (e.g., Miyahara, 1975; Vreeswijk, Haghiri 
& Carey-Smith, 1989). Here, it is useful to characterize the sharpness 
percept as a function of velocity, so that advantage can be taken of a 
possible difference in sharpness at different velocities. 

Research into moving complex images is rather rare. Very interesting 
is the work of Yamada & Fukuda (1986), who presented normal moving 

1Part of this chapter was published in papers in Perception (Westerink & Teunissen, 
1989c), and in Proceedings SPIE (Westerink & Teunissen, 1990a). 
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scenes and recorded the eye movements during viewing. They also sys
tematically varied the velocity of a swaying pendulum, and recorded the 
eye movements of the viewer. In these experiments, however, the sharp
ness percept itself was not investigated. 

Glenn & Glenn (1985} did also experiments with moving images. In 
this case the velocity of the moving part of the image was kept constant, 
and always in the horizontal direction. The main concern of the exper
imentor was the sharpness impression of the image, and it was found 
that temporal enhancement (a technical improvement which is supposed 
to undo the effects of camera integration time) did indeed entail an im
provement of the perceived quality of the images, to the extent that it 
can compensate, as far as the subjective impression is concerned, for 
a substantial reduction in spatial resolution. Unfortunately, Glenn and 
Glenn used a discrimination method in the experiments, giving relatively 
little information about the strength of the sharpness impression itself. 

The experiments to be described in this chapter are intended to in
crease our knowledge of sharpness in moving images, specifically the 
supra-threshold impression at well-defined constant velocities. Two sit
uations are investigated: firstly, a condition in which the subjects were 
following the moving stimulus as they might do normally, and secondly, 
as a counterpart, a condition in which they were fixating. 

5.2 Investigation into the sharpness of camera
generated and artificial moving images 

In the design of video coding algorithms, a reduced spatial sensitivity to 
moving stimuli (e.g., Watanabe, Mori, Nagata & Hiwatshi, 1968), is often 
cited as the basis for bandwidth reduction. However, these psychophys
ical results are generally measured under different conditions (simple 
stimuli, fixation) than those occurring while viewing complex scenes, 
whereas important information for the implementation of coding algo
rithms includes aspects concerning the human sharpness impression when 
following the moving parts of a scene. Therefore, we set up an experi
ment to investigate how subjective sharpness is affected by the velocity 
of moving objects, and more specifically, whether the sharpness percept 
indeed decreases for higher velocities, even for high-resolution imagery. 
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Figure 5.1: General appearance of the stimuli 
The portrait of the young lady - called 'wanda' - moves horizontally to 
and fro across the background. 

5.2.1 Experimental set-up 
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The stimuli consisted of a portrait of a female model that moved hor
izontally at a constant speed across a static complex background; see 
figure 5.1. As the portrait would soon move off the screen, she regu
larly reverses her direction . The disadvantage of such abrupt direction 
reversals is that they may cause perceptive 'bumps' for the viewer. Soft
ening these bumps by, for instance, a sinusoidal movement would result 
in varying - and therefore less useful - velocities. Thus restricted to 
constant speeds, we expect that a constant frequency of occurrence of the 
bumps will minimize any disturbing influence. For all speeds used, the 
time between two reversals of direction was kept constant at 1 second. 

For the generation of the image sequences, a 50 Hz interlace {2:1) 
high-resolution camera {LDK 60) and a VTE-&-VAX processing system 
was used: the VTE system handled the analog-to-digital conversion of 
camera signal, and its fasts disks stored the information according to 
CCIR's Rec. 601 {1986c). Then the image signals were transferred to a 
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VAX-8800 that was used for the subsequent processing of the images, in 
which only the luminance signal was taken into account. The eventual 
stimulus sequences were generated in one of three ways. 

The first generation method was a. plain direct camera recording a.t all 
the relevant speeds. In these recordings, camera. integration time causes 
blur in the moving parts. The amount of blur increases with velocity, as 
the distance over which the image shifts during the integration time is 
proportional to the speed. 

Secondly, we did some recordings at very low speeds (1 to 10 pix
els/s), so that in the recorded fields the blur due to camera integration 
was negligible. Now, by selecting fields from the low-speed sequence 
in a. regular fashion (taking account of the interlaced nature of the im
ages), we increased the speed to values similar to those used in the direct 
recordings. However, for these artificially generated sequences there is no 
motion bh,\r in the images, and they can be considered to have maximum 
resolution. 

A third set of stimuli was generated on the basis of the artificial, 
unblurred sequences. Here, we treated the moving part of the image with 
a predefined spatial, horizontal, finite impulse response (FIR) filtering 
procedure, mimicking camera integration. In order to achieve a. first
order integration simulation, the filter was characterized as having a 
(digitally approximated) straight line as its step response (see figure 5.2), 
and we will therefore call it a line-step response filter. The width of the 
filter was chosen to simulate a constant camera. integration time team 

of 20 ms, during which the information concerning a moving object is 
smeared out over a. certain width; therefore, the width Wl of the filter 
must be proportional to the stimulus velocity v8 , so Wt v., · team· In 
this way, the camera-mimicking filter applied a different spatial filtering 
for different velocities, again causing more blur at the higher velocities. 
Special care was taken to make sure that the edges of the portrait picture 
were also filtered, but no non-moving parts were. 

The sequences were transferred via the VTE system onto a D 1 dig
ital recorder, and from there presented in monochrome on two Barco 
high-resolution monitors. The monitors were adjusted to have approx
imately the same physical characteristics: peak-white luminance was 
about 70 cd/m2 ; black level was less than 1.4 cd/m2 • The monitors 
were placed in front of a white wall, the centre part of which was illu
minated by four lamps and had a luminance of about 7 cd/m2• There 
were no significant other sources of illumination in the room, and care 
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Figure 5.2: Step response of the spatial line-step filters 
The input step is given by a dashed line; the response to it by the solid 
line. Because of the digital nature of the image storage and processing 
system, the step response is given on a pixel basis, and is intended to be 
a digital approximation of a straight line {given in dots). The width of 
the step response - here 4 pixels - can vary. In the camera-mimicking 
filter (see text), the width WI varies proportionally to the stimulus ve
locity Vu so that it simulates a usual camera integration-time of about 
team = w,fv~ = 20 ms. 

83 

was taken that no specular reflection of objects in the room appeared on 
the monitors. The above viewing circumstances are in agreement with 
thoserecommended in CCIR's Rec. 500 (1986b). 

Again in conformity with CCIR's Rec. 500 (1986b), the subjects were 
seated at a viewing distance of 6 times image height, at which the width of 
the portrait was 2.8 deg of visual angle, whereas that of the background 
was 12.7 deg. The speed of the moving portrait varied between 0.5 
and 5.0 deg/s, as this was the maximum value we could generate for 
the artificially generated sequences. For all speeds, the. time between 
two reversals in direction was 1 s, and thus subjects always had the 
same amount of time to inspect the picture. Consequently, the distance 
covered by the moving object changes proportionally with velocity. The 
stimuli lasted 10 s each- so there were 9 reversals of direction-, and 
were presented with 3 s of interstimulus time, during which the monitor 
screen was uniformly mid-grey. 

Subjects were co-workers from the institute or drawn from the insti-
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tute's pool of subjects. They were all screened for normal visual acuity 
(possibly corrected, ;::: 1.0) by means of a standard Landolt-C test. Sub
jects were instructed to follow the moving portrait as they would do 
normally, and to rate its sharpness on a 100-point categorical scale rang
ing from 0.1 to 10.0 (see section 2.2.1). In order to make the subjects 
familiar with the stimuli and with the range of the categorical scale, they 
were given 5 introductory stimuli, covering the entire range of speeds and 
resolutions. After that, the stimuli were presented in pseudo-random or
der in two 9-min sessions, with one presentation of each stimulus per 
session. Most (15) subjects thus assessed each stimulus twice, half of 
them starting with one session, the other half with the other session. A 
few (3) subjects received 16 replications, completing each session 8 times. 

5.2.2 Results and discussion 

As usual, the raw categorical judgements were transformed into a subjec
tive sharpness scale, according to Thurstone's law of categorical judge
ment (see for instance Torgerson, 1958, and section 1.2.2). As in sec
tion 3.3, we treated the group of 15 subjects as an ensemble (across
subject replications), and in addition calculated individual sharpness 
scales for each of the three subjects who received as many as 16 repli
cations. Figure 5.3 shows the results for one individual subject, as well 
as for the group of 15 subjects. The results for the other two individual 
subjects are similar. From the figure it is apparent that the results show 
the same general tendencies, three of which we will examine more closely. 

First, and as expected, no difference is perceived between the camera
generated images, and the images treated with the camera-mimicking fil
ter. This implies that the type of filtering used in the camera-mimicking 
filter - together with the choice of a camera integration time of 20 ms 
-, suffices to describe the camera behaviour. This conclusion can be 
useful in further experiments where filters of this type are used. 

Furthermore, it is found that for the camera-generated images, sub
jective sharpness decreases linearly with increasing velocity. As the blur 
caused by the camera integration time is proportional to the velocity, this 
effect is in agreement with the results reported in section 3.2.4, where it 
was concluded that subjective image quality - closely correlated with 
sharpness in experiments where resolution is varied (see section 4.2) -
depends linearly on the width of the point-spread function describing the 
filtering of the images. 

As a third aspect, we find hardly any change in perceived sharpness 
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Figure 5.3: Subjective sharpness as a function of velocity 
The data points show the sharpness values as obtained after Thurstone 
scaling, and the lengths of the error bars in the lower left-hand corners 
indicate twice the average standard error in the mean. 
a) Results for a group of 15 subjects, so each point is based on 30 repli
cations, 
b) results for an individual subject, each data point being derived from 
16 replications, 

0) stimuli featuring the moving portrait at maximum resolution, 
()) stimuli generated by electronic camera, 
6) stimuli treated with camera-mimicking filter. 

of the maximum-resolution images as a function of velocity. Apparently, 
even at speeds of about 5 degjs, subjects are still able to see the difference 
with lower-resolution images. This finding is in agreement with the re
sults of Flipse, Vander Wildt, Rodenburg, Keemink & Knol (1988), who 
found for the same type of constant-speed to-and-fro stimulus movement 
that at these - relatively low - speeds, target tracking is indeed accu
rate. Furthermore, their results show no reduction of human visual acuity 
during such accurate smooth pursuit movements, and therefore human 
vision is optimal. Their findings fully explain why in our experiment no 
reduction in perceived sharpness is found for the maximum-resolution 
Images. 

Since at the velocities used viewers are still capable of appreciating 
high resolution in the scenes, it must be concluded that, depending on 
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the eye-tracking behaviour of the viewer, a reduction of resolution of the 
moving parts of an image may have an adverse effect on the perceived 
sharpness, and that subjective sharpness would presumably benefit from 
resolution-enhancement techniques. In this light, it is also interesting to 
know at which velocities a possible decline of sharpness does appear, an 
issue that will be looked into in chapter 6. 

5.3 Fixation and sharpness of moving images 

In the previous experiment we found that for stimulus speeds up to 
5 deg/s, the sharpness impression for maximum-resolution images is not 
degraded. The fact that the subjects were free to pursue the target is very 
important in the interpretation of this result, and this can be checked 
by an investigation of the opposite situation. This implies a sharpness 
judgement experiment in which the eyes fixate, although the stimulus 
moves, thus causing a considerable stimulus movement over the retina 
(retinal slip velocity). 

5.3.1 Experimental set-up 

As the experiment has been designed as a counterpart to the previous 
one, viewing circumstances, instructions, appearance of the stimuli, etc. 
were kept the same where possible. Five substantial deviations were im
plemented however. One obvious difference lies in the instruction not to 
try and follow the image, as we intend to investigate a fixation situation. 

A second difference involves the fact that we checked the subject's 
horizontal eye movements with the aid of cornea-reflex eye-tracking 
equipment. The emitting infra-red photodiodes and receptors were 
mounted on a set of diving goggles (right eye only), which could be 
secured to the head pretty stably by means of a rubber headband, and 
which allowed practically unhampered eyesight. Because only a rough 
estimate of the eye velocity was needed, and because the movement did 
not extend over large distances (see below), we tried to minimize the 
amount of head clamping. It turned out that a forehead rest, in com
bination with a horizontal wooden baton to bite into, ensured adequate 
stability. 

Because the subject was unable to divert his gaze from the screen, 
it was impossible for him to use a fill-in form for the registration of 
his sharpness judgements. The subject was therefore asked to write his 
judgement on a slip of paper, which was copied by the experimenter 
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Figure 5.4: General stimulus appearance in the fixation experiment 
The 'wanda' portrait moves from left to right across the fixation line for 
0.2 s. Then the image jumps back to a (random) position to the left, 
from where the IJlOVement is continued at the same speed. 
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onto a regular fill-in form. We persisted in the use of a categorical scale 
ranging from 1 to 10, which is (about) the same range as in previous 
experiments. Due to the practical restrictions described above, however, 
the marks were given without decimal point. 

The fourth and most important difference from the pursuit exper
iment was a drastic change of the image sequences presented on the 
screen : a vertical dashed line indicated the fixation position for the sub
jects. The subjects were free to move their eyes in the vertical direction, 
and they were only asked to minimize horizontal eye movements. Over 
an otherwise uniform background the 'wanda' portrait moved with a low 
velocity over relatively short distances, while occluding the fixation line 
when crossing it (see figure 5.4). Image velocities were between 0.9 and 
5.3 deg/s. This is more or less the same range as presented in the pursuit 
experiment (section 5.2). Before the subject is able to track the motion, 
however, the image jumps back to an earlier position, and continues at 
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the same velocity. The image does not always jump back to exactly the 
same position, but instead these positions have been randomized. Yet 
care was taken to ensure that during each short section of movement -
that is, from jump to jump - the target appeared on both sides of the 
fixation line. The duration of the section of movement was kept constant 
at 0.2 s, leading to a maximum displacement of about 1 deg. This seems 
rather short, but it appeared that when we increased the duration of 
the section of movement, subjects had great difficulty in fighting a rising 
pursuit reflex, and when they succeeded, they reported they had not seen 
enough of the stimulus to give a sharpness judgement. 

A fifth difference with the pursuit experiment resulted from the 
argument that in the previous sharpness experiment at each velocity 
there were only two resolution levels presented: the maximum-resolution 
version (artificial sequences) and that of the camera-generated images 
(which level was successfully approximated by the camera-mimicking fil
ter). For the higher velocities, the difference between the two levels is 
considerable, and therefore one could reason that the sharpness-scaling 
experiment is in fact a discrimination task, involving only two alterna
tives for lack of intermediate resolution levels. We have tried to over
come this objection in the present experiment by introducing a num
ber of resolution levels for all velocities presented. The generation of 
these resolution levels was as follows. The maximum-resolution version 
was generated on the basis of a single frame of the extremely low-speed 
(1 pixel/s) 'wanda' recording, which contained no motion blur. From 
this image only the portrait was selected, and with each field it was 
shifted a constant displacement according to the velocity desired. This 
yielded the maximum-resolution stimuli. To arrive at lower-resolution 
images a horizontal filter was applied to the maximum-resolution ver
sion, which produced a line-step response, just as the previously used 
camera-mimicking filter did (section 5.2.1). As opposed to the camera
mimicking stimuli however, the width of the line-step response was not 
varied proportionally to the velocity, but instead was varied indepen
dently. Filtering levels were 2, 4, 5, and 6 pixels of line-step response 
width. In order to eliminate any annoying artefacts (as line twitter) due 
to the paste-in of the portrait into the uniform background, a simple 
averaging was performed on the 2 pixels nearest to the edges. This av
eraging was done for maximum-resolution images as well as for all lower 
levels of resolution. 

In addition to the 5 different resolution levels, the images were pre
sented at 6 different velocities (between 0.9 and 5.3 deg/s), which leads to 
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Figure 5.5: Example of eye-movement recording 
This recording applies to subject WM, looking at a stimulus moving at 
4.6 deg/s, in a slightly filtered version. 
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a total of 30 stimuli. They were put in a pseudo-random order, and with 
a stimulus duration of approximately 4 s and 6 s of interstimulus time, 
this yields 5-min sessions. As this duration might be rather long with re
spect to the uncomfortable viewing position for the subjects, we devised 
a number of pseudo-random orders, which ensured that on average the 
judgements of all stimuli were influenced equally by fatigue. Three sub
jects took part in the experiment, and they performed 8 sessions each. 
Because of the need to use the eye-tracking goggles, we selected subjects 
that did not wear glasses in everyday life (contact lenses were allowed), 
and they were screened as usual for a (corrected-to-normal) visual acuity 
of at least 1.0 on a standard Landolt chart. 

5.3.2 Results and discussion 

The eye-movement recordings were used to check whether the subject re
ally had been fixating. In general, the results show a certain amount of 
pursuit movement, interspersed with irregular correctional saccades (very 
fast jumps from one eye position to another, in this case backwards); see 
figure 5.5 for an example. The recorded pursuit eye velocities depend on 
the velocity of the stimulus, but mostly their value is considerably smaller 
(on average 25% of the stimulus velocity for the highest speed, and 65% 
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for the lowest speed). This result clearly shows that the experiment can
not be characterized as a pure fixation condition. On the other hand, the 
pursuit velocities for the faster-moving stimuli are low enough to ensure 
that a substantial amount of stimulus movement over the retina (retinal 
slip velocity) is still present. Therefore, we can safely conclude that the 
main goal was reached: a substantial retinal slip velocity. Furthermore, 
the correctional saccades occurring showed no one-to-one relationship to 
the backward jumps of the stimulus, which suggests that subjects are 
probably not even aware of the pursuit movements they make. For rea
sons of simplicity we will keep referring to this situation as the fixation 
condition, although the name is not entirely correct. 

The sharpness judgements of the 3 subjects were treated separately, 
and they were Thurstone-scaled as usual (see Torgerson, 1958, and sec
tion 1.2.2). Figure 5.6 depicts the results for the two subjects that showed 
the least resemblance. Although the inter-subject differences are substan
tial, it is clear that they have some features in common as well. These 
aspects also apply to the results of the third subject, and we will discuss 
the two features that are most relevant. 

Firstly, we now find for the higher-resolution images a definite decline 
in sharpness with velocity. This contrasts with the results for the pursuit 
situation, where the decline was absent. In a sense, the decline found is 
a surprising result, as there was no resolution degradation in the images, 
and, because of the stroboscopic nature of the display of the sequences, 
the images are probably not smeared on the retina either. Burr (1980) 
however shows for a fixation condition that under certain circumstances 
it is possible that images having maximum resolution are indeed per
ceived as blurred, although the perceived extension of the blur is by no 
means as large as would follow from the combination of retinal image 
motioq and a visual integration time of 50 to 100 ms (Blommaert, 1987). 
Furthermore, he reports that the perceived degree of blur increases with 
stimulus velocity, which is in agreement with our finding of a decreas
ing sharpness impression. However, the critical conditions Burr finds 
- movement durations of about 30 ms - are different from those in 
our experiment: we used a movement duration of 200 ms, whereas Burr 
reports that the perceived blur decreases with increasing movement du
ration. However, from Burr's paper it is not entirely clear whether the 
important condition is in the movement duration itself, or in a parameter 
that was varied in correlation: the number of stroboscopic presentations. 
Should the latter be the case - which is hinted at in a later article (Burr 
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Figure 5.6: Sharpness as a function of velocity in the fixation condition 
The data points represent sharpness judgements, as obtained after Thur
stone scaling (8 replications per point). The lengths of the error bars 
indicate twice the standard error in the mean. The resolution level of 
the images is plotted as a parameter: top curve ( 0) denotes maximum
resolution images; those below ( <), 6., \7, D) are for sequences treated 
with 2, 4, 5, and 6 pixels line-step response filters, respectively. Shown 
are the results for the two subjects that yielded the least resemblance. 
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& Ross, 1986} -,then the respective experimental situations are in rea~ 
sonable agreement: Burr gave 7 stroboscopic presentations, whereas our 
experiment gave 11. Besides, it is possible that in the practical situ~ 
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tion of our experiment the duration of an uninterrupted movement on 
the retina indeed is less than the 200 ms presentation time, as the eye
movement recordings show that frequent backward saccades are made, 
which are not correlated with the backward jumps in the stimulus mo
tion. Therefore, we think it is possible to see a relationship between the 
motion-blur effects reported by Burr and the sharpness decrease found 
in our data. 

A second point of interest concerns the sharpness values obtained 
for the lower resolution levels. Here, the decline with velocity is not 
as large as for the higher resolutions, and thus we see a compressed 
sharpness range. For the highest speeds we find that the subjects cannot 
fully discriminate between the various resolution levels any more. Here 
again, the retinal-motion blur effect has a certain importance, but only 
as long as it affects the sharpness more than the degradation already 
present in the image itself: the relative influence of movement becomes 
less noticeable when the resolution level in the image itself decreases. 

This latter result opens up possibilities for bandwidth-reduction al
gorithms, as it allows the reduction of the resolution of certain moving 
objects at the expense of a minimal decrease in sharpness impression. 
However, this reduction is only applicable in those parts of the images, 
and in those situations, where the viewer will not try to track moving 
objects. It is clear that in most imagery such conditions will occur, but 
as far as eye-movement behaviour while watching normal scenes is con
cerned, no extensive models are available yet that predict when they will 
occur, and under what circumstances. The value of the fixation results 
are of importance only in combination with correct predictions of such a 
model. 



Chapter 6 

Sharpness at high velocities1 

6.1 Introduction 

This chapter has in common with the previous one that it investigates 
the sharpness impression in moving images. In this case, however, the 
emphasis is on higher object velocities. The interest mainly stems from 
the result that for velocities lower than 5 degjs, hardly any decrease 
in sharpness was observed in a pursuit condition (section 5.2.2). We 
explained this effect by assuming that at least for part of the time, the 
stimulus tracking by the eye is perfect, and thus the perception of the 
viewer is not hampered by the motion at all. This directly brings up the 
question how maximum resolution will be perceived at higher velocities, 
where the pursuit eye movements may no longer be adequate. It is this 
question we want to answer in this chapter, and in addition we will take 
the opportunity to also investigate some related topics. Among them, 
we will study the sharpness impression of other resolution levels, and 
whether the distance covered by the moving object is of any importance. 

With the extension to higher stimulus velocities, a problem arises 
because the image on the monitor is displayed in a stroboscopic fash
ion, with an update rate of 50 Hz (leaving aside the spatially interlaced 
character of the display). The very convincing impression of movement 
that we nevertheless get - although no intrinsically continuous motion 
is present-, is known in psychophysical literature as apparent motion or 
¢-movement (Korte, 1915; Kolers, 1972). The ¢-movement only appears 
under certain conditions, and it fails, for instance, when the consecutive 

1Parts of this chapter were published in papers in Proceedings SPIE (Westerink 
& Teunissen, 1990a), and in SID Eurodisplay Proceedings (Westerink & Teunissen, 
1990b). 
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images are temporally or spatially too far apart, a phenomenon which we 
will call disintegration of the sequence. Temporal disintegration would 
result in jerky movements, but is not likely to occur in our situation, 
as the update rate is 50 Hz. Spatial disintegration, however, is relevant 
when the velocity increases. Then, the images in two consecutive fields 
of a sequence will be considerably shifted in position, and the visual sys
tem may fail to interpret both fields as presenting the same but moving 
object, but instead may see two separate images. 

It is clear that disintegration will prevent reliable sharpness judge
ments from being made. Therefore, before turning to a sharpness
judgement experiment at higher velocities (section 6.3), we will first 
determine the maximum velocities at which no (spatial) disintegration 
occurs (section 6.2}. 

6.2 Investigation of the disintegration of im
ages at high velocities 

When an object in an image sequence moves at a relatively high speed, 
the viewer may not be able to track the object adequately, and as a conse
quence, he may no longer perceive two consecutive fields of the sequence 
as representations of the same, moving, object: the image disintegrates. 
This experiment aims to determine the highest speeds at which no dis
integration effect is present. 

Such threshold velocities are likely to depend on a number of factors. 
In particular, the distance over which the stimulus moves and the fre
quency of the movement are expected to have an influence. Furthermore, 
the spatial frequency content of the scene might be of importance. 

6.2.1 Experimental set-up 

Stimuli again consisted of the 'wanda' portrait moving to and fro at a 
constant speed in the horizontal direction; frequency and amplitude of 
the movement were varied. As in the fixation experiment (section 5.3), 
there was no detailed background to the portrait, and the rest of the 
monitor screen was kept uniform mid-grey. Instead, two vertical bars 
were added to the background, behind which the portrait seemed to 
appear and disappear again, thus forming a 'window' (see figure 6.1). 
Anstis {1988) pointed out that boundaries of any kind are particularly 
well suited to induce the illusion of an aperture with something moving 
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Figure 6.1: General appearance of the stimuli 
The moving portrait appears from behind the vertical bar, traverses the 
window, and disappears behind the other bar. Then it is invisible for 
a number of fields, during which the bars remain displayed, and after 
which the process is repeated in the opposite direction. 

behind it. 
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This new type of background was needed, because now the frequency 
of the movement is varied, and thus the problem of the perceptual bumps 
at the turning points can no longer be solved by the use of only one pre
sentation rhythm (see section 5.2.1) . By placing the moment of direction 
reversal outside the aperture, the bumps are no longer annoying. Fur
thermore, they were softened by presenting a number of blank fields 
after the portrait had completely disappeared behind the bar and before 
it started to re-appear. 

We presented both a maximum-resolution version of the portrait and 
filtered ones. These sequences were generated in a similar way as in the 
fixation experiment (section 5.3.1) : a single 'wanda' frame, which con
tained no motion blur, was shifted in constant displacements according to 
the velocity desired, and to arrive at lower-resolution images a horizontal 
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FIR filter with a line-step response (see figure 5.2) was applied. For all 
levels of resolution, the 2 edge-pixels were averaged, to avoid annoying 
artefacts as a consequence of the paste-in of the portrait. 

Three widths of the aperture window were used: 2.1, 7.2 and 12.3 deg 
(measured at the viewing distance of 1.75 m, which is 6 times picture 
height). The maximum-resolution version was presented at all three 
window widths. For each window width a low-resolution image was also 
presented: a severe horizontal filtering for the middle window width (line
step response covering 21 pixels (0.4 deg), and a relatively moderate 
horizontal filtering ( 11 pixels line-step response) for the two other window 
widths. 

For all of the above combinations the size of the portrait and the num
ber of blank fields during which 'wanda' was absent was kept constant at 
2.7 deg and 7 fields (140 ms), respectively. We also included a version in 
which the ·maximum-resolution portrait was reduced in size by a factor of 
two (by means of prefiltering and subsampling) in combination with the 
smallest window width, and another version, with maximum resolution 
and at the middle window width, in which the number of inserted blank 
fields was reduced to 1. So in total there were 8 stimulus types for which 
disintegration was investigated, and for each of them 5 velocities were 
presented. 

Subjects were naive as far as participation in image-tracking experi
ments was concerned. Their ages ranged from 20 to 60 years, and they 
were all screened to have a (corrected-to-normal) visual acuity of at least 
1.0 (for a standard Landolt chart). They were instructed to follow the 
stimulus as they would do normally and to judge whether the images ap
peared to disintegrate. An obvious case of disintegration and one of non
disintegration were shown as examples. Their judgement could be one of 
three possible reactions: (n) no disintegration, (p) partial disintegration, 
for instance only at the edges of the image, and (d) disintegration. 

The stimuli always contained 12 appearances of the portrait, so their 
duration is variable according to velocity and window width; the inter
stimulus time was 4 s, during which the position of the window bars 
could be changed. The stimuli were presented in two different and 
counterbalanced random orders in 2 sessions. The subjects performed 
each session a number of times, thus assessing 6 to 14 replications of 
each stimulus. Viewing conditions were essentially the same as those in 
section 5.2.1. 
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Figure 6.2: Example of disintegration scores for a number of stimuli 
The results concern the images with 7 blank fields and a portrait size of 
2.7 deg, both in maximum-resolution (\7, <), x) and in filtered (b., Q, 
0) versions. This plot shows the percentages of (d) scores of a median 
subject (PF), who assessed 14 replications. 

6.2.2 Results 
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The percentages of the scores for the categories (n), (p), or (d) appeared 
to vary considerably over the subjects. Some subjects hardly ever saw 
the image fully disintegrated, whereas others judged that even at the 
lower velocities the picture was never really 'undamaged'. It appeared 
that there was no systematic effect of age discernible. Figure 6.2 shows 
the percentages of (d) scores of a median subject. 

For each subject, and for each window width of the maximum
resolution sequences, we determined the velocity v26% at which 25% of 
the replications were judged to disintegrate. It was not possible to calcu
late this velocity in all cases for all subjects, due to the large inter-subject 
variability mentioned above. However, for those subjects where we could 
determine v25% for all three window widths, we always found a linear re
lationship between v26% and window width (lowest correlation measured 
r = 0.9, average r = 0.99). The values found for the ensemble of all 
subjects also show the same dependence (r = 0.99, see figure 6.3). Fur
thermore, for those subjects where v25% could be calculated for only two 
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Figure 6.3: Disintegration thresholds as a function of window width 
These v25% values are calculated for the maximum-resolution images, on 
the basis of the results for all subjects, comprising a total of 128 replica
tions. The approximating curve is: v25% =16.0 + 2.1 ·w, with v25% and 
w in degjs and deg, respectively. 

of the three window widths, the value for the third width was determined 
by extrapolation, and was indeed always found, within the error margin, 
to fall outside the range of velocities presented. The finding of the linear 
relationship (as for instance in figure 6.3) is not due to the choice of 
criterion v25%, because similar results were found for v50%, and also on 
the basis of the percentage of (d) and (p) judgements taken together. 

As far as the filtered images are concerned, there are distinct differ
ences between subjects. Most subjects consistently judged the filtered 
images to disintegrate at the same or higher speeds than the maximum
resolution images. Here again, we mostly find the linear relationship 
between v25% and window width. However, for those subjects who show 
an increase of v25% for the filtered images, the linear correlation coeffi
cient decreases with respect to that found for the high-resolution images. 
This effect can be explained by the fact that the level of filtering is not 
the same for all three window widths: for those subjects who are sensitive 
to the influence of filtering, we must also expect a more pronounced ef
fect for the more severely filtered sequence (middle window width), thus 
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disturbing the linear relationship. 
A small group (3 subjects) showed exactly the opposite effect: higher 

disintegration scores for the filtered images. For those subjects, however, 
the percentage of (d) judgements for these low-resolution sequences was 
often very high for all velocities. Moreover, it was higher for the sequence 
filtered most (presented at the middle window width), than for the two 
other sequences which were filtered to a lesser extent. These data suggest 
that these subjects apparently took the lack of sharpness of the images 
as a criterion, instead of the disintegration. 

6.2.3 Discussion and conclusions 

6.2.3.1 Linear relationship between v25% and window width 

For maximum-resolution stimuli, the linear relationship between v25% 

and window width was found repeatedly for most subjects, and we will 
try to explain its origin. Very important in the investigation is the fact 
that subjects were requested to follow the moving image, and thus, be· 
cause of the frequent reversals in direction, were continuously accelerat
ing and decelerating their eyes. They will attempt to pursue the target 
smoothly, but this may not always be achieved, and, as the eye lags be
hind, it will also make saccades (very fast jumps from one eye position to 
another) in order to correct for position errors (Young & Stark, 1963). As 
the smooth-pursuit and saccade-generating eye-movement systems work 
independently (Rashbass, 1961), it is possible for us to focus on the first 
system only, assuming that adequate saccades are generated to keep eye 
position near target. 

For relatively low speeds, up to 20 degjs, several authors report that 
smooth-pursuit tracking is seldom perfect; the resulting stimulus velocity 
on the retina (retinal slip velocity), however, is always less than a few 
deg/s (Murphy, 1978; Schalen, 1980; Flipse, Vander Wildt, Rodenburg, 
Keemink & Knol, 1988). For higher velocities, there seems to be a more 
significant decrease of human smooth-pursuit capabilities, and the too 
low smooth-pursuit velocity is compensated for by an increasing number 
of saccades. However, even at target velocities of 40 degjs, the maximum 
achieved smooth-pursuit velocity is- on average as high as 37 deg/s 
(Schalen, 1980). On the other hand, there can be considerable differ· 
ences between subjects, certainly up to 20 deg/s (Brown, 1972; Flipse 
et al., 1988). So we must conclude that most of the speeds used in our 
experiment are not too high to be tracked accurately for at least part of 
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the time. Therefore, the issue is no longer whether subjects can track 
the velocities presented, but rather whether they have enough time to 
accelerate, and how large the final velocity should be. 

To start with the latter issue, it is not necessary for the eye velocity 
finally reached to be exactly the same as the stimulus velocity, although 
the difference should not be too large. We find a criterion in literature 
on apparent motion, which tells us that when two stroboscopically pre
sented images are spatially further apart on the retina than a certain 
maximum distance dmaz, the motion percept breaks down (Kolers, 1972; 
Braddick, 1974; Sperling, 1976), and instead of one object moving be
tween two positions, two identical stationary objects are perceived. This 
percept coincides with the impression of a (moving) double image in our 
experiment, where the consecutive image fields are also displayed in a 
stroboscopic way. Thus we assume the requirement for the eye velocity 
to be that, for at least part of the time, its difference from the stimulus 
velocity has to be such, that two consecutively presented images on the 
retina are no further apart than this maximum distance dmaz· 

Now the question is whether the subjects have enough time to ac
celerate to the required velocities. It seems reasonable to assume that 
the acceleration starts at the moment the portrait appears from behind 
the window bar, and can continue as long as there is any moving infor
mation present. The time available to accelerate is thus determined by 
the moments of appearance and disappearance of the portrait, and is 
therefore more or less proportional to the window width and inversely 
proportional to the stimulus velocity. The longer the acceleration lasts, 
the higher the eye velocities that can be reached, and thus the higher 
the stimulus velocities that can be displayed without the disintegration 
effect being present. 

For the conversion of this qualitative explanation of the disintegration 
effect into a quantitative description, some extra information is needed 
about the eye acceleration itself. According to literature, the eye accel
eration is often constant, and primarily dependent on the (initial) retinal 
stimulus velocity (Lisberger, Evinger, Johanson & Fuchs, 1981; Jurgens, 
Kornhuber & Becker, 1988). The data of Lisberger et al. even show 
a clear proportionality between the two, which we will implement as 
our thh·d assumption, namely that eye acceleration ae is proportion~} to 
stimulus velocity v,, so: ae a· v11 • 

Now the linear relationship between disintegration velocity and the 
window width follows easily. To start with, the time available to acceler
ate, ta, is calculated as the sum of the width of the window w and that 
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of the portrait p, divided by the stimulus velocity v.,, so: ta (w+p)jv.,. 
Thus the maximum achievable velocity is 

Vmaz = v,(ta) =a· ta = v., ·a· (w + p)/vs a· (w + p). (6.1) 

Then the stimulus image on the retina will have a residual speed of Vret = 
v,- Vmaz, and keeping in mind the stroboscopic display of the sequences 
with a presentation rate of 1/tt (every 20 ms), it follows that the distance 
on the retina dret between two successive portrait presentations is related 
to this retinal speed: dret = t1 · Vret· Finally, from our apparent motion 
criterion for disintegration (dret s dmaz, see above), a linear threshold 
relationship between V8 and w follows: 

(6.2) 

and thus 
dmaz ( ) Vso% = + a w + p . t, (6.3} 

Here, a Vso% is calculated instead of a v25%, because usually dmaz is also 
determined as a 50% threshold value. 

If this formula is applied to the v50% scores for the maximum:.. 
resolution images (v50% = 17.6 + 2.3 ·w, r = 0.99), we find values for a 
and dmaz of 2.3 s-1 and 0.23 deg, respectively. The value of 2.3 s-1 for 
a is less, but in the same order of magnitude as the value that can be 
derived from the data of Lisberger et al. {1981) (a about 5 s-1). Fur
thermore, from the data of Jurgens et al. (1988), a value of about 3 s-1 

can be calculated. The values for dmaz found in literature are between 
0.2 deg (Sperling, 1976) and 0.25 deg (Kolers, 1972; Braddick, 1974), and 
our value of dmaz does not deviate from them. Based on the calculated 
values for a and dmaz, the model can predict what threshold velocities 
must be expected if the 'wanda' portrait is reduced in size by a factor of 
two (v5o%= 19.4 deg/s), and this value is in reasonable agreement with 
that actually found in the experiment: 18.0 degjs. 

Thus we can conclude that the model depicted above succeeds in 
describing the most relevant features of the disintegration in agreement 
with literature. However, there are also three shortcomings of the model 
that need to be discussed. Firstly, the model depends to a great extent 
on the assumption that the eye acceleration ae is proportional to stimulus 
velocity v8 • Although this assumption is in line with data reported in 
literature (Lisberger et al., 1981; Jurgens et al., 1988), there are no 
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explicit studies of this relationship for the type of motion used in our 
experiment. On the other hand though, our assumption need not be 
representative for a full range of eye-movement velocities, because in the 
model it is not necessary that the equation holds over the entire velocity 
range, but only for the relatively smaller range of velocities that is the 
outcome of our experiment. 

Secondly, in the model the final eye velocity ve(ta) is reached when 
the portrait just disappears behind the window bar. Thus the viewer will 
have no time left to inspect the scene at the appropriate velocity, which 
can be regarded as a shortcoming in the modelling. This can easily be 
overcome, however, by incorporating an extra assumption in the model, 
namely that a constant period of time is needed for inspection. In this 
way, ta is to be reduced by a constant amount, for instance a fixed 
number of fields k. It was found that this extension does not affect the 
values of a and dmaz very much. For k = 2 we find values of 2.5 s- 1 

and 0.25 deg, respectively, which in fact can be regarded as a slight 
improvement. This improvement, however, is gained at the expense of 
the addition of an extra parameter. 

A third shortcoming of the present model is its prediction ( v50% = 
34.3 deg/s) for the stimulus with the reduced number of blank fields 
(only 1) between disappearance and ra.appearance, because the value 
actually found in the experiment turned out to be only 29.5 degjs. This 
too high prediction follows logically from the fact that the number ( n) 
of blank fields is not incorporated in the model. This can easily be done 
by extending the time available to accelerate with the blank-field du
ration ( ta = wv:P + nt 1), but it is only useful if it is assumed that the 
acceleration starts immediately after the portrait has disappeared. This 
implies that the eye starts its movement (in the opposite direction) ba. 
fore the target stimulus has appeared. Such expectancy motions and 
accelerations are indeed reported in literature (Bornemann, Drischel & 
NiedergesaB, 1963; Winterson & Steinman, 1978; Lisberger et al., 1981), 
mainly in periodic movements, and as a result of advance knowledge of 
the viewer. These new assumptions lead in a similar way to a somewhat 
more complicated formula, which nevertheless describes the linear rela-
. h" b t d f h c dmax+!§tf(w+p) N t10ns 1p e ween Vso% an w, o t e 1orm: v50% = ( 1 -~nt,)t, . ot 

only does the above equation result in very acceptable values for dmaz 
and a (0.17 deg and 3.5 s-1), it also rightly predicts what happens when 
the number of blank fields n is reduced to 1: v50% = 27.0 deg/s (mea
sured 2.9.5 deg/s). However, here again, this additional predictive power 
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is gained at the expense of an extra parameter, used in combination with 
a new assumption. 

6.2.3.2 Disintegration-free velocities 

The experiments to be described in the next section are limited by the 
maximum velocities that can be presented without the disturbing influ
ence of the disintegration effect. Clearly, this velocity depends on window 
width, as well as on resolution level. For the three subjects who showed 
higher percentages of (d) for the filtered sequences, we assume, on the 
basis of their data, that they used the wrong criterion for judgement, 
namely sharpness instead of disintegration. For the other subjects,· we 
found that. the disintegration of filtered sequences starts either. at the 
same velocity as that of the maximum-resolution images, or at higher 
velocities. So, the disintegration of the maximun~-resolution images is 
the more restricting criterion. Therefore, we will base our upper veloc
ity limits for disintegration-free sequences on the maximum-resolution 
results. 

The data in figure 6.3 show that at velocities of 24, 35, and 46 pix
els/field, 25% of the presentations show full disintegration for tre smaller, 
middle, and larger window width, respectively. These values are op~ 
timistic for two reasons. Firstly, they are bl.j.Sed on the scores of all 
subjects, and are thus representing the average viewer. Though some 
future subjects can be less sensitive to the effect, there might be others 
for whom even lower velocities can cause disintegrated pictures. 

Secondly, in the data in figure 6.3, the percentages of (p) judgements, 
relating to partial disintegration, were not taken into account. Of course, 
partial disintegration will not prevent future subjects from judging sharp-:
ness, but it might nevertheless cause an annoying effect. Ifwe based our 
criterion on the percentage of (d) and (p) judgements taken together, we 
would find v25% values of 17, 26 and 36 pixels/field respectively. 

Therefore, just to be on the safe side, we will take the values of 20, 30 
and 40 pixels/field as the maximum velocities that can be presented for 
the three window widths without more than the occasional occurrence 
of a disintegrated image. 

6.3 Sharpness at high velocities 

In this section the experiments of section 5.2 are extended to a larger 
velocity range. Ail in section 5.2.2 no substantial decline in sha.rpn~ss 
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for increasing velocities was found for the artificial images, the question 
becomes relevant at which velocities the effects of attempted tracking 
may then become noticeable. An upper boundary for any possible effect 
is found in the limiting velocities for disintegration, as were measured in 
the previous section (6.2). We know that beyond these speeds the moving 
image may no longer be interpreted as a single moving item. However, 
the possibility does exist that a change in sharpness occurs before these 
speed limits are reached, as there is the possibility of a considerable 
retinal slip velocity. 

6.3.1 Experimental set-up 

In the present experiment, some slight modifications are made with re
spect to the first pursuit experiment (section 5.2). For the same reasons 
as explained in section 5.3 we introduced a number of resolution levels 
for all velocities presented. We used 5 different levels of filtering: one was 
the maximum resolution, the others were horizontal filters producihg a 
line-step response (figure 5.2) at 2, 4, 5 and 6 pixels of line-step response 
width. 

A second comment on the first pursuit experiment concerns the time 
between two reversals of direction, which was the same for all velocities. 
Thus the distance covered by the moving portrait varied proportion
ally with the velocity presented. If the distance covered would prove to 
be among the sharpness-determining parameters, this dependence might 
well have influenced the outcome of the experiment. Therefore, in the 
present experiment, we presented stimuli of the same type as in the dis
integration experiment (see figure 6.1), so that we could include three 
distances to be covered: window widths of 2.1, 7.2 and 12.3 deg. 

As a third parameter, the stimuli were varied in velocity. The max
imum velocities presented depended on the window width, according to 
the results of the disintegration experiment (section 6.2.3.2), and were 
20, 30, and 40 pixels/field for the smaller, middle and larger window 
widths, respectively. For all conditions the number of inserted blank 
fields (see section 6.2.1) was kept constant at 7, and the portrait width 
at 2.7 deg. The stimuli were presented for approximately 12 s, with an 
interstimulus time of about 4 s, during which the position of the window 
bars could be changed. Viewing conditions were the same as those in the 
disintegration experiment. 

The subjects' task was the same as in the first pursuit experiment: 
to judge sharpness. Late progress in automation enabled the ratings to 
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be recorded by means of an electronic device, using a linearly sliding 
potentiometer for sharpness indications ranging from 0 to 10. Ratings 
were registered with a precision of 0.2. Four subjects took part in the 
experiment; all were screened for a (corrected"to-normal) visual acuity 
of at least 1.0. Each subject received 3 replications of each stimulus. 
The stimuli were presented in 2 different sessions, each containing half of 
the stimulus set and lasting about 17 min. The first five stimuli in each 
session were always the same and covered the full range of resolutions 
and velocities. This was done in order to help the subjects maintain the 
same use of the category scale in each session. 

6.3.2 Results and discussion 

As usual, the sharpness judgements were transformed into a linear psy" 
chological scale, according to Thurstone's law of categorical judgement 
(see Torgerson, 1958, and section 1.2.2). Although the four subjects dif" 
fered in their use of scale, their data show the same tendencies. There
fore, we will concentrate on their collective results, which are plotted in 
figure 6.4. Here we find the sharpness values. depicted as a function of 
velocity, and with the level of filtering as a parameter. For each window 
width a separate graph is given, using a different range on the velocity 
axis as a result of the different maximum velocities. 

The three graphs show the same tendencies: for the higher resolution 
levels, there is a slight, and more or less linear, decrease of sharpness 
with velocity. This decrease gradually becomes less for more blurred 
images, until at the lower resolution levels, it has turned into a - non
linear - increase in sharpness. These effects in combination result in a 
compressed sharpness range for the higher velocities. 

The window"width parameter is of no influence on the above results, 
as is illustrated in figure 6.5 for a number of resolution levels: there it can 
be seen that the curves for all three window widths coincide. Thus it can 
be concluded that although the maximum velocity which causes no image 
disintegration is dependent on the width of the trajectory, the sharpness 
percept itself does not depend on it, provided the target velocity is below 
the disintegration limit. However, if the target velocity is near this limit, 
there will still be number of instances where the tracking is not accurate 
enough and the portrait does disintegrate. They apparently cause a drop 
in sharpness, as can be seen in figure 6.5. The occurrence of this drop is 
thus indirectly determined by the window width. 
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Figure 6.4: Sharpness as a function of velocity 
Sharpness values (after Thurstone scaling and based on 12 replications 
by 4 subjects) are plotted as a function of velocity with resolution level 
as a parameter. The lengths of the error bars in the upper right-hand 
corners indicate twice the average standard error in the mean. As in fig
ure 5.6, the top curve ( 0) signifies maximum-resolution images; those 
below ( 0, 6, \J, 0) are for sequences treated with 2, 4, 5, and 6 pixels 
line-step response filters, respectively. Three separate graphs are given 
for the three window widths used: 
a) window width 2.1 deg, 
b) window width 7.2 deg, 
c) window width 12.3 deg. 
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Figure 6.5: Sharpness as a function of velocity 
These are the same data as in figure 6.4, but now grouped differently. 
Here sharpness values for all three window widths are plotted in the 
same graph: finely dashed, medium dashed, and coarsely dashed curves 
connect values obtained for the window widths of 2.1, 7.2 and 12.3 deg, 
respectively. The top curves ( 0) indicate the maximum-resolution stim
uli, the lower ones (Ll, D) versions processed with filters having widths 
of 4 and 6 pixels, respectively. Again, the lengths of the error bars indi
cate twice the standard error in the mean. 

6.4 General discussion and conclusions 

6.4.1 Maximum-resolution images 

107 

In the results of the second pursuit experiment (section 6.3) we find a 
definite decrease in sharpness over the - rather large - velocity range. 

For speeds :::;: 5 deg/s this decrease is not yet significant, which is in agree

ment with the results found for the first pursuit experiment (section 5.2). 
For interpretation of the decline in sharpness found for the higher veloc

ities, we can again - as in the fixation condition (section 5.3) - refer 
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to the results reported by Burr (1980), which indicate that stroboscop
ically presented dots can lead to the perception of blur under certain 
circumstances. His results serve to show that it is indeed possible that 
images of maximum resolution which are displayed stroboscopically, are 
perceived as blurred, although on the retina no smeared images have 
been presented. 

In addition, Burr (1980) reports that the perceived blur is larger as 
the velocity increases, which is in agreement with our results: the higher 
the velocity, the lower the sharpness value. Now, however, the influence 
of stimulus velocity is less pronounced than in the fixation condition, 
although the retinal velocity of the portrait covers an even larger range: 
in the fixation experiment it ranged up to 5.3 deg/s, and with the aid of 
the eye-movement model presented in section 6.2.3.1 it can be estimated 
that retinal slip velocities extend up to 10 deg/s in the (second) pursuit 
experiment. An explanation might be found in the fact that the respec
tive experiments differ in the duration of presentation of the movement, 
which, according to Burr, is an important parameter: the shorter the 
presentation of the movement, the more motion smear is perceived. This 
fully agrees with our results, where for the fixation condition (presented 
movement duration 0.2 s), a larger influence of velocity on the sharpness 
impression is found than in the pursuit experiment (movement durations 
2 0.4 s). 

6.4.2 Basis of the sharpness increase at low resolutions 

An important aspect in the results of the last sharpness experiment (sec
tion 6.3) is the increase in sharpness with velocity for the lower resolution 
levels. Similar results can be derived from the data of Miyahara (1975), 
who did not, however, discuss this effect in any detail. Because the 
sharpness impression increases with velocity, we can conclude that ap
parently, somewhere in the visual system, an overcompensation of the 
blur encountered must be taking place. 

It is possible that the mechanisms that produce such an overcom
pensation, are of a peripheral (retinal) origin. Vrolijk (1986) and Burr 
(1980), for instance, describe spatiotemporal inhibition effects, that may 
serve to prevent the blurred perception of images in moving scenes, which 
might be partially explained by early neural processing through inter
connected ganglion cells. However, it is uncertain whether this type of 
inhibition could also lead to the sharpening effects found in the present 
experiment. On the other hand, the possibility remains that for the over-
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compensation to appear, a more central processing (in the visual areas in 
the brain) is needed. In its most extreme form, this could be understood 
as the subjects (over )correcting their sharpness impression for the blur 
they think is due to stimulus movement on the retina. 

In any case, it seems likely that the overcompensation is linked to the 
stimulus speed, because the perception of the resolution levels is affected 
by target velocity in a unique way. In principle, both the stimulus speed 
itself, but also the velocity of the eye movements, are possible candidates 
for causing the overcompensation. On the basis of the present experi
ment, it is impossible to distinguish between these options. However, 
some further conclusions can be reached with the aid of the results of 
the fixation experiment (section 5.3). 

Although the designs of the pursuit and fixation experiments are very 
different, they result in presenting the same signal on the retina: in the 
pursuit situation, there will still have been a small slip velocity on the 
retina, and the resulting accumulation of position error is every now and 
then corrected for by a corrective saccade. Thus at the retina the image 
moves at a relatively low velocity in the same direction, and the retinal 
position of the image makes backward jumps with a coarse regularity. 
It is exactly this type of image that was presented to the subjects in 
the fixation experiment. So the only relevant difference between the 
two experiments indeed lies in the presence or absence of pursuit eye
movements. 

As the fixation experiment did not yield the sharpness increase with 
velocity for the lower-resolution images that was found in the pursuit 
situation (section 6.3.2), we must conclude that the fact that the viewer 
pursues the target with his eyes is essential for the appearance of the 
overcompensation effect. Although this gives some clues about its origin, 
the actual mechanism is still unknown. In the next part of this section 
we will investigate to what extent the effect coincides with reports in 
literature. 

Quantitative studies of the sharpness impression of low-resolution 
complex images are not abundant (Miyahara, 1975). In psychophys
ical literature, similar effects are reported by Mateeff, Ehrenstein & 
Hohnsbein (1989). They asked the subjects to follow a moving-dot stimu
lus and afterwards to estimate the distance the dot had traversed between 
two marker positions that had been indicated acoustically to them dur
ing the pursuit. The perceived distance was always considerably shorter 
that the actual one, and differences of up to 30% were reported. More
over, the perceived distance seemed to decrease with increasing pursuit 
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velocity. Not only were the positions of beginning and ending markers 
seen closer to each other, but both also appeared to be shifted towards 
the middle of the trajectory. On the basis of this experiment and others 
(Mateeff, Hohnsbein & Ehrenstein, 1990), it was concluded that these 
effects are eye-movement-related and that their origin must lie in an 
underestimation of the actual pursuit velocity. 

Mateeff et al.'s (1989) decrease for estimated distances and our in
crease in sharpness have one feature in common: their dependence on 
velocity. This brings us to a speculation about a possible closer rela
tionship. Indeed, the finding that subjects use a parameter related to 
the width u of a line-spread profile for their sharpness criterion (sec
tion 3.2.4), provides a direct link, because this width can be regarded as 
a distance itself. Given their finding that distances are underestimated 
during smooth pursuit movements, one also expects an underestimation 
of u, which then will lead to an overestimation of resolution and thus 
to an increased sharpness. As the underestimation of the pursuit veloc
ity grows worse with velocity, we also predict the increase in sharpness 
found in section 6.3.2 for the lower resolution levels. This reasoning also 
explains why no increase in sharpness is found for the higher resolution 
levels: in that situation, u itself is of limited size, for which reason it 
cannot be perceived to be reduced. Thus on the basis of Mateeff et al.'s 
results it was indeed to be expected that in section 6.3.2 an increase 
in sharpness with velocity would be found, but for the lower resolution 
levels only. 

6.4.3 Implications for image generation and broadcast
ing 

In normal TV scenes motion plays an important role, and often the move
ment is unpredictable and complex, not only horizontal and constant 
- as in our experiments -, but also for instance circular or acceler
ated. Furthermore, different objects can be moving in various directions, 
each of them deserving, but not always achieving the viewer's attention. 
Therefore, for a given moving part of the image, eye-tracking perfor
mance will probably be less than under our test conditions, and possibly 
even non-existent. In these cases, the viewer's sharpness impression is 
probably less sensitive to degradation of resolution (see section 5.3.2), 
and one could profit from this by reducing the local resolution, but only 
in combination with a good model for the eye-movement behaviour while 
watching normal scenes, which could indicate whether the reduction is 
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allowed. 
However, such models are not available yet, and therefore in image 

coding a worst-case solution is often used: all moving objects are treated 
as if the viewer is watching with optimal tracking. But even then, some 
possibilities for bandwidth reduction might remain, and it is exactly 
for this worst-case situation that the present experiments give the right 
information, as they involved highly predictable motion patterns. 

The reported results have some interesting implications for the broad
casting of television signals. Their nature depends on the integration 
time of the signal-generating equipment. Firstly, it is clearly appreciated 
- under a pursuit condition - if the resolution of the images is max
imal, that is, if the integration time is very low. That of an ordinary 
50 Hz/2:1 tube camera is rather large (20 ms), but the advent of shut
tered COD cameras (with lower integration times} may be a possibility 
to raise the resolution - and thus the sharpness impression - of the 
moving parts in the image. Furthermore, computer-generated clips and 
motion cartoons also have no intrinsic motion blur. Very often, though, 
a temporal filter is applied to generate some. According to our results, 
this is a disadvantage as far as perceived sharpness is concerned, but it 
may serve to reduce flicker or judder phenomena. 

For the transmission of video signals, bandwidth reduction often has 
to be applied, which usually comprises spatial filtering for certain parts of 
the image. The sharpness increase with velocity we found for the lower
resolution images (section 6.3.2) indicates that it would be worthwhile 
trying to filter mainly the parts with a higher velocity. This is not because 
the reduction in resolution would not be noticed, but rather because it 
is perceived as less annoying, and it is at the higher velocities where 
a reduction of resolution is allowed at the expense of only a minimal 
decrease in sharpness. 
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List of symbols 

symbol description dimensional 
unit1 

a viewing distance m 

a opt optimal viewing distance m 

ae eye acceleration deg/s2 

a high constant 
alow constant 
b picture width m 
c constant 
Co constant 
c1 constant deg- 1 

c2 constant 
dret distance on retina deg 

dmaz maximum presentable distance on retina deg 
for inducing apparent motion 

!sdB cut-off frequency c/m 

fang angular resolution c/deg 

/bwr bandwidth-related resolution cycle 

t category label 

J stimulus label 
K constant 
K' constant 
ks constant deg- 1 

k number of fields 
n number of fields 

1unless explicitly stated otherwise in the text 



122 list of symbols 

list of symbols (continued) 

symbol description dimensional 
unit2 

p width of portrait deg 

Q quality 

Qhigh quality (averaged) 

Qlow quality (averaged) 

Qcor corrected quality 

r radial distance deg 

r correlation 
si average stimulus strength 

Sj,m momentary stimulus strength 

sf} visual acuity arcmin- 1 

shiuh visual acuity arcmin-1 

Slow visual acuity arcmin-1 

ta time available for eye acceleration s 

team camera integration time s 

t, duration of a field s 
ti average upper category boundary 

ti,m momentary upper category boundary 

Ve eye velocity degjs 

Vmaz maximum achievable eye velocity deg/s 

Vret image velocity on retina deg/s 

V26% velocity causing 25% disintegration deg/s 

Vso% velocity causing 50% disintegration degjs 

Vs stimulus velocity degjs 

w window width deg 

Wt width of line-step filter pixel 

X position deg 

2 unless explicitly stated otherwise in the text 



list of symbols 

list of symbols (continued) 

symbol description 

constant 
visual picture angle 

width of line/point-spread function 

width of point-spread function 

width of point-spread function 

bandwidth-related u 

3 unless explicitly stated otherwise in the text 
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dimensional 
unit3 

s-1 

deg 

deg 

deg 

deg 
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Summary 

This thesis is concerned with the perceptual impression complex images 
make on their viewers. The impression is described in terms of subjective 
quality and perceived sharpness and is related to the physical character
istics of the images. The focus is on perceptual issues in connection with 
the physical parameter of resolution, although always in combination 
with other physical parameters of interest, such as image size, viewing 
distance, luminance or object velocity. Whenever possible, it is tried to 
interpret the effects found in relation to what is known about the human 
visual system. 

Chapter 1 serves as a general introduction. It defines the area of 
interest, and gives an overview of the topics covered in the rest of the 
thesis. In addition, considerable emphasis is placed on test methodology, 
covering general aspects as well as issues directly related to the experi
ments described in the rest of the thesis. In particular, it explains why 
the method of scaling will be used, and a number of examples are given 
as evidence of its validity. 

Chapter 2 describes two experiments in which (still) slide projections 
are used as stimuli and the parameters viewing distance, resolution and 
picture size are varied. The quality was scaled by the subjects, and 
the results indicate that the (angular) resolution expressed in c/deg and 
the visual picture angle spanned by the display each influence subjective 
quality independently. Quality increases with resolution, but saturates 
at a resolution (6 dB cut-off frequency) of approximately 20 c/deg. Fur
thermore, there is a linear relationship between the subjective quality 
and the logarithm of the visual picture angle. The results are compared 
with those of a number of experiments known from the literature. They 
are also interpreted in terms of consequences for future high-quality TV 
systems, such as HDTV (High-Definition TV). 

The influence of human visual acuity on subjective quality is inves
tigated in chapter 3. Visual acuity is varied within subjects by lowering 
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the average stimulus luminance by a factor of about 100. Two main con
clusions can be derived from the results: firstly, that a local resolution 
measure, such as the width u of the point-spread function, is better suited 
to describe image quality than, for instance, a spatial cut-off frequency 
is, because quality appears to decrease linearly with increasing u. Sec
ondly, a considerable influence of the viewer's visual acuity is reflected in 
the saturation of the quality as a function of u. From the data of several 
subjects, it can be derived that for a viewer with a normal visual acuity 
of 1.0, quality approximately saturates for u-values of about 0.5 arcmin 
and lower. 

Like the introductory chapter, chapter 4 is mainly methodological, 
and focusses on the judgement criterion that is adopted in the type of 
experiment presented in this thesis. Two questions are dealt with, one 
concerning the stability of the criterion used for quality judgements, the 
other concerning the relationship between quality and sharpness judge
ments. For the analysis a criterion measure is defined on the basis of 
the combined results of chapters 2 and 3. It is found that in our type of 
experiment, quality and sharpness evaluations induce slightly different 
judgement criterions. Furthermore, a small degree of criterion change 
indeed occurs in the course of a quality judgement experiment. This 
criterion change, though, is shown to be of only minor influence on the 
results reported so far (chapter 2). 

The influence of image motion on the sharpness percept is examined 
in chapter 5 for horizontal object velocities below approximately 6 deg/ s. 
This is done both for a fixation condition and for a pursuit condition 
in which - as is usual in watching TV images - the moving object 
is followed. being more applicable to everyday television viewing. The 
results of the two experiments show some interesting differences: whereas 
the fixation condition results in a decrease in perceived sharpness with 
increasing object velocity for images having a maximum resolution, this 
decrease is absent in the pursuit condition, because the tracking eye 
movements enable the viewer to perceive the image without additional 
blur. 

The last chapter, 6, extends the findings of the previous chapter to 
a considerably larger velocity range and examines possible effects of the 
distance covered on the screen by the object. In a pre-experiment it is 
investigated which is the highest velocity presentable without leading to 
the disintegration of the image sequence. This velocity turns out to be 
linearly dependent on the distance covered by the object. A simple model 
is presented to explain this dependence. The sharpness evaluation of 
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not-disintegrating stimuli shows no dependence on the distance covered, 
and for maximum-resolution images only a small decrease with velocity 
is found. More important is a considerable increase in sharpness with 
velocity found for images having a lower resolution, and this effect is 
discussed in terms of both its possible origin and its implications for 
video encoding. 



Samenvatting 

Dit proefschrift behandelt de perceptieve indruk die complexe beelden 
maken op degene die ernaar kijkt. Die indruk wordt gemeten in termen 
van subjectieve kwaliteit en scherpte, en deze worden geevalueerd in re
latie tot de fysische karakteristieken van de beelden. De nadruk ligt hier
bij op de invloed van de fysische parameter resolutie, hoewel deze altijd 
onderzocht wordt in samenhang met andere belangrijke fysische para
meters, zoals beeldgrootte, kijkafstand, luminantie, of bewegingssnelheid. 
Wanneer mogelijk wordt een verband gelegd tussen de gevonden effecten 
en datgene wat uit de literatuur bekend is over het functioneren van het 
menselijke visuele systeem. 

Hoofdstuk 1 dient ter algemene inleiding. Hierin wordt het onderwerp 
voor de rest van het proefschrift afgebakend, en een overzicht gegeven 
van de te behandelen onderwerpen. Bovendien krijgt het onderwerp test
methodologie een zekere nadruk, zowel waar het algemene aspecten be
treft, als ook in directe relatie met de experimenten die in het proef
schrift beschreven worden. In het bijzonder wordt aangegeven waarom 
we daarin gebruik maken van categorie-schaling als evaluatiemethode. 

In hoofdstuk 2 wordt een tweetal experimenten besproken, waarin 
diaprojecties tot stimuli dienen, en de parameters kijkafstand, resolutie 
en beeldgrootte worden gevarieerd. De kwaliteit daarvan is door proef
personen geschaald, en de resultaten laten zien dat de ( angulaire) reso
lutie, uitgedrukt in perioden-per-graad, en de beeldhoek die het display 
voor de kijker omspant, heiden, doch onafhankelijk hun invloed hebben 
op de beeldkwaliteit. De kwaliteit neemt toe met de resolutie (6 dB afsnij
frequentie), en verzadigt bij een waarde van ongeveer 20 perioden-per
graad. Bovendien wordt een lineaire relatie gevonden tussen de subjec
tieve kwaliteit en de logaritme van de beeldhoek. De resultaten worden 
vergeleken met een aantal uit de literatuur bekende experimenten, en 
verder worden er gevolgtrekkingen gemaakt waar het toekomstige ver
beterde TV-systemen betreft, zoals bijvoorbeeld HDTV (Hoge Definitie 
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TV). 
In hoofdstuk 3 wordt de invloed onderzocht die de menselijke gezichts

scherpte heeft op de subjectieve kwaliteit. De gezichtsscherpte wordt bin
nen een proefpersoon gevarieerd door de gemiddelde stimulusluminantie 
met ongeveer een factor 100 te verlagen. De resultaten leiden tot twee 
conclusies: ten eerste is een locale resolutiemaat, zoals de breedte u 
van de puntspreidfunctie, beter geschikt voor de beschrijving van beeld
kwaliteit dan een spatiale afsnijfrequentie, omdat de kwaliteit op lineaire 
wijze afneemt, met· toenemende u. Ten tweede komt een aanzienlijke 
invloed van de menselijke gezichtsscherpte tot uiting in ee.n verzadi
ging van de beeldkwaliteit als functie van u. Uit de data van meerdere 
proefpersonen kan worden afgeleid dat voor een kijker die een normale 
gezichtsscherpte van 1.0 heeft, de kwaliteit verzadigt voor u-waarden van 
ongeveer 0.5 boogminuut en lager. 

Evenals het inleidende hoofdstuk, is ook hoofdstuk 4 hoofdzakelijk 
van methodologische aard, waarbij de interesse ligt bij het beoordelings
criterium dat wordt gehanteerd in het soort experimenten dat in het 
proefschrift beschreven wordt. Er worden twee vragen behandeld: 
de eerste betreft de stabiliteit van het criterium dat voor kwaliteits
oordelen gebruikt wordt, de andere stelt de relatie tussen kwaliteits
en scherpte-beoordelingen aan de orde. Ten behoeve van de ana
lyse is een criteriummaat gedefinieerd, die gebaseerd is op gecombi· 
neerde resultaten van de hoofdstukken 2 en 3. In het gebruikte type 
experimenten blijken kwaliteits- en scherpte-evaluaties tot enigszins ver
schillende beoordelingscriteria te leiden. Bovendien treedt een Iichte 
criteriumverschuiving op in de loop van een kwaliteitsbeoordeling&o 
experiment. Deze verschuiving heeft echter slechts een minieme invloed 
op de tot dusverre gepresenteerde resultaten (hoofdstuk 2). 

De invloed van beweging op de scherpte-indruk wordt in hoofdstuk 5 
onderzocht voor horizontale snelheden van het bewegende object, die 
kleiner zijn dan 6 graden per seconde. Dit gebeurt zowel in een fixatie
conditie, als in een conditie waarin het object zoals gebruikelijk bij 
televisie kijken- gevolgd wordt. De resultaten van beide experimenten 
geven interessante verschillen te zien: terwijl in de fixatie-conditie voor 
beelden met een maximale resolutie een afname van de scherpte wordt 
gevonden met toenemende snelheid van het bewegende object, is een 
dergelijke afname afwezig in de volg-conditie, omdat oogbewegingen de 
kijker dan in staat stellen zonder additionele versmering waar te nemen. 

In het laatste hoofdstuk, 6, worden de experimenten van het vorige' 
hoofdstuk uitgebreid naar een aanzienlijk grater snelheidsbereik, en wor-
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den mogelijke effecten onderzocht van de afstand, zoals die door het 
object op het scherm wordt afgelegd. In een voorafgaand experiment is 
eerst bekeken welke de hoogste snelheid is die nog kan worden vertoond, 
zonder dat de beeldsequentie opbreekt of perceptief uiteen valt. Deze 
snelheid blijkt lineair af te hangen van de afgelegde afstand, en een sim
pel model wordt gepresenteerd om deze afhankelijkheid te beschrijven. 
De scherpte-evaluatie van niet-opbrekende stimuli blijkt daarentegen niet 
belnvloed te worden door de afgelegde afstand, terwijl voor beelden met 
een maximale resolutie slechts een kleine afname met de snelheid van 
het bewegende object wordt gevonden. Belangwekkender is echter de 
aanzienlijke toename van de waargenomen scherpte met de snelheid, die 
voor beelden met een lagere resolutie wordt gevonden. In de discussie 
van dit effect worden zowel de mogelijke oorsprong, alsook de gevolgen 
ervan voor de codering van bewegende beelden besproken. 
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Stellingen 

behorende bij het proefschrift 

Perceived sharpness in static and moving images 
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1. De verdubbeling van resolutie, die als een van de belangrijkste 
kenmerken van HDTV ('hoge definitie TV') geintroduceerd zal 
worden, zal in de meeste huiskamers tot een aanzienlijke verbe
tering van de waargenomen beeldkwaliteit kunnen leiden. 

Dit proefschrift. 

2. Een betrouwbaar statistisch model dat voorspelt naar welke 
gedeelten in het beeld de kijker zijn blik zal richten, op welke 
wijze en hoe lang, zal waarschijnlijk met succes kunnen worden 
toegepast in algorithmes die tot doel hebben de bandbreedte of 
bit rate van TV -signalen te reduceren. 

Dit proefschrift. 

3. Een belangrijk aspect in de ontwikkeling van een LCD-TV
scherm betreft de perceptieve consequenties van de discrete 
beeld-opbouw, zoals onder andere beschreven door Blommaert 
(1988). Behalve de spatiale veranderingen zal echter ook het 
temporele gedrag verschillen van dat van CRT's, hetgeen gevol
gen kan hebben voor de waargenomen scherpte, met name in 
bewegende beelden met hoge resolutie. 

Blommaert, F.J.J. (1988) Perceptually optimal sampling of im
ages, IPO Annual Progress Report 23, 45-54. 

4. Wanneer de weergave-frequentie van TV-beelden verhoogd 
wordt van 50 naar 100 Hz, zal dat, zeker bij grote beeldfor
maten, een gewaardeerde verlaging van de flikker-indruk be
werkstelligen (Farrell, Benson & Haynie, 1987). Het is echter 
de vraag of de positieve bijdrage van deze flikkerreductie aan 
de beeldkwaliteit opweegt tegen de gevolgen van de artefacten 
die gelntroduceerd worden, wanneer de extra benodigde beeld
informatie moet worden berekend uit een 50 Hz-interlaced 
transmissie-sigaal. 

Farrell, J.E., Benson, B.L. & Haynie, C.R. {1987), Predicting 
flicker thresholds for video display terminals, Proceedings of 
the SID 28, 449-453. 



5. In de ontwikkeling van nieuwe coderingen voor de transmissie 
van een verbeterd TV -concept wordt terecht rekening gehouden 
met de compatibiliteit met reeds bestaande systemen. De ont
wikkeling richt zich echter voornamelijk op de signaal-technische 
kant, terwijl mogelijk ook artistieke beperkingen hun invloed op 
het kijkgenot kunnen hebben. 

6. De richtlijnen en vuistregels die regisseurs en video-mixers 
toepassen om in TV-produkties tot een effectieve en ambi
gulteiten-vrije beeldvoering en beeldwisseling te komen, bevat
ten voor de cognitieve wetenschap interessante informatie over 
het proces waarop de mens in het dagelijks leven visuele infor
matie combineert en concateneert. 

Gibson, J.J. (1950) Tke perception of the visual world, River
side Press, Cambridge. 
Arnheim, R. (1974) Art and visual perception, University of 
California Press, Berkeley. 

7. Sarnoff sprak in de beginjaren van de televisie de verwachting 
uit, dat deze zou meehelpen om het culturele peil van het volk te 
verhogen. Het getuigt van vergaand elitarisme om deze gedachte 
in twijfel te trekken, op basis van het culturele peil van de TV
programma's zelf. 

Cerf, C. & Navasky, D. (1984), The experts speak. The 
definitive compendium of authorative misinformation, Pan
theon Books, New York. 

8. Desalniettemin: 
TV is opium van de natie: TVeel, TVaak, TVredenheid. 

Vrij naar K. Marx 




