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TOWARDS LINKING PERCEPTION RESEARCH 

AND IMAGE QUALITY 

J. A. J. Roufs and H. Bouma 
Institutefor Perception Research (/PO) 

Eindhoven, The Netherlands 

Abstract- Image quality as a general notion relales both to elementary 
an~ to complex visual funct_ions. In this paper we deal with a few of them, 
whach correspond tosome lmes of research at our Institute. We start with 
threshold predi~tions in _time and space domains by means of elementary 
response functaons, ~hac~ have been recently developed considerably, 
although f~ll g~nerahzauon has not yet been achieved. As to supra
threshold ~hmuh, the responses of subjects usually have to be scaled. Here 
w~ dea_l wat~ some problems conneeled with sealing techniques. After a 
b!aef dascussaon ?f the appl~cability of notions on visual conspicuity and 
vasual search to amage quahty problems, we finally discuss reading from 
alphanumeric displays. 

I. INTRODUCfiON 

A. Image Quality: What Does lt Mean? 

Electronically displayed images are becoming increas
ingly important as an interface between man and informa
tive or recreative media. Lengthy periods of intense observa
tion of displays are no Jonger unusual. In professional circles 
there is a growing awareness that specific demands should 
be made on displayed images in order to achieve an 
optimum match with the perceptual properties of the visual 
system. These demands may vary greatly, depending on the 
purpose of the display and the environmental conditions. 
Optimai-image specifications are clearly not the same for 
home TV, a TV projection system, a radar signal monitor, or 
a small control display. However, it is not always easy to 
specify demands explicitly. This is expressed in a character
istic way by Biberman1

: "It is a truism that a good picture is 
better than a bad picture, but it has not been abundantly 
clear, especially to designers of most electro-optical imaging 
systems, what criteria must be used to decide if the picture is 
good or bad." 

"Image quality" is the term usually used to refer to the 
way the parameters of the display fulfill the requirements 
~or optimal perception. lts meaning, however, can easily be 
mterpreted differently in different contexts. First, subjective 
image quality determined by physical parameters on purely 
perceptual grounds is not always distinguished clearly from 
purely physical parameters without subjective correlates. 
Second, subjective quality is sometimes thought of in terms 
of performance2

-4 (for example, detection or recognition of 
objects in thermographic, ultrasonic, or radar imaging), in 
other cases as Jack of impairments5

•
6

•
106

•
107 (for instance, 

noise interference, vignetting, etc.), and finally in terms of 
"pleasing the eye" (for example, in the case of TV broad
casting, films, slides, the video telephone, etc.). The latter 
may be the ability to come close to the impression of the 
original scene; for instance, by a good choice of the tone 
reproduetion curve,7

-
10 but it may equally have to do with 

the possibility of generating a text that can be read comfort
ably.' 1.12 

In this artiele we primarily direct our attention to subjec
tive image quality in the sense of "the ability to please the 
eye," i.e., through the proper image characteristics and by 
the absence of image degradation. In a way it is expressed 
by one definition of the word "quality" as given by the 
Concise Oxford Dictionary,13 "the degree of excellence of 
the image." This definition is too vague to be practical. 
However, while feeling unable to make the general defini
tion more explicit, we shall make part of it operational in the 
examples to be given further on. 

B. Multiple Delerminers of Image Quality 

On one hand, the subjective image quality of displayed 
images is determined by the apparatus, and, on the other, by 
the properties of the visual system. However, the latter can 
be inftuenced by the former. It is well known that many 
properties of the visual system depend on the mean level of 
retinal illuminance, and consequently on screen luminance. 

With respect to the desired degree of quality, a first 
· remark would be that the display should be matched to the 
eye but need not be better than that. Unfortunately, this 
does not get us very far. The different faculties of the visual 
system have different demands. For example, good visibility 
of details is neither sufficient for good subjective reprodue
tion nor for comfortable vision. A typical example of the 
latter is displayed text. Although it may be perfectly visible, 
it may also be unacceptably ti ring to read, irrespective of its 
actual contents. Here we are probably coming close to the 
underlying principles of layout. 14

•
15 Generally speaking, 

comfort or discomfort in perception is significantly deter
mined by higher faculties of the visual system. Although it is 
a different and rather vague field, we feel that it deserves 
attention in view of the straining effect of discomfort. 
Jones16 characterized the problem pithily by asking: "What 
does the eye really see? To what ex tent is the eye capable of 
seeing? What does the eye like to see?" 

C. The Approach in Image Quality Research 

There is a considerable amount of practical empirical 
knowledge about the techniques of displaying images 
acceptably for the eye. Literature on this is predominantly 
to be found in engineering journals. There is also a great 
deal of basic knowledge a bout the visual system spread over 
the scientific literature of several disciplines. Vet we ex peri-
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ence a gap between the explicit practical needs of the 
engineer and the possible application of the available funda
mental knowledge. For example, in most cases psychophys
ics eannot predict the answer to the engineer's question as to 
whether or not some spatial or temporal interference pattern 
wiJl remaio invisible. Psychometrics cannot easily answer 
topical questions 17 such as: How does (subjective) sharpness 
of still and moving images vary as a funetion of screen size 
and viewing distance? As a result, many engineering prob
Ieros in which perception is involved have to be solved by ad 
hoc research. However, we have the impression that in many 
cases it is difficult to use the results in analogous but 
somewhat different problems. Although it seems unlikely 
that this type of approach to engineering problems can be 
missed, particularly intheshort term, the Jack of generaliza
tion is very unsatisfactory to us. This is especially so since 
perception experiments in this field are usually tedious and 
expensive.18 We fee) that attempts to direct research efforts 
to a more generally applicable direction is worthwhile in 
spite of the high initia! costs. For instance, quantitative 
modeling with respect to prediction and evaluation of the 
perception of images is known as one way to promote 
generalization. This naturally entails a eertaio amount of 
risk since, unlike the ad-hoc approach, it takes a considera
ble initia) elfort without any guarantee of getting a satisfac
tory model for the problem involved. 

However, a simpte way to further the cause of generaliza
tion we advocate would be to choose conditions and specify 
stimuli in such a way that a link with other investigations 
can be made. A eertaio amount of uniformity of methods 
and conditions is already being stimulated in the field of 
application. 19 Fortunately, experimental designs, permitting 
an insight to be gained on the basis of more general 
viewpoints, are becoming more numerous. As an example, 
we reeall that the use of the spatial modulation transfer 
function concept for the eye has improved our understand
ïng of the limits of contrast and detail vision and their 
interrelation, although, as a result of a number of complica
tions, the predictive possibilities are feit unsatisfactory. 

D. Factors of Image Qua/ity 

As pointed out above, quality factors may be studied in 
terms of performance impairment and pleasure or comfort. 
Hunt and Sera 135 introduced a biseetion of the problem by 
distinguishing between performance- and nonperformance
oriented environments. The latter are understood to be 
involved with cosroetic or aesthetic eonsiderations and are 
directed towards broadcast TV, photogra phy, motion 
pictures, and so on. lt is this observer's "internal image" 
oriented part we would like to emphasize here. However, 
such a description is still too wide to bc practical. Wc have 
arranged our choice of subjects we wish to deal with in this 
artiele more or less according to thc complcxity of the 
perceptual processing involved. We start our serendipity 
with thrcshold expcriments, foliowed by sealing and judge
ment, conspieuity, and problems relating to such aspccts as 
displayed text information. Psychophysics, psychomctrics, 

and cognitive psychology are successively involved. This 
arrangement of the subjects is by no means obvious. On the 
contrary, one ~ould very well argue that the determination 
of the psychological dimensions of image quality (e.g., 
sharpness, contrast, size, color, etc.) and their relative 
importance should be looked at first, 20 23 foliowed by the 
sealing of the underlying sensorial attributes with respect to 
the physical parameters, and ending with a discussion of 
thresholds. Vet, for practical reasons we have opted for the 
first-mentioned arrangement. Several subjects relevant to 
image quality are disregarded here, of which color is one. lt 
should be emphasized that the following does notpretend to 
be anything more than an attempt to look at subjective 
image quality from a psychophysical point of view, moti
vated by our desire to narrow a gap between disciplines. 

11. THRESHOLDS OF SIMPLE PERCEPTS AS 
ELEMENTARY FACTORS IN IMAGE QUALITY 

A. Thresholds as Limitsof Perception 

In many problems concerning image quality, visual 
thresholds for the physical parameters of the displayed 
image are the relevant factors. Some thresholds relate to 
upper admissible limits. i.e .• it is preferabie to keep the 
perceptual attributes connected with thc physical parame
ters below the thrèshold. Frame flicker. the line structure of 
frames, interference patterns, vignctting of brightness, etc .• 
are well-known examples of such unwanted percepts. Other 
thresholds are required as information about lower limitsof 
desirabie percepts; for instance. the smallest luminanee step 
that produces a perceptible brightness contour, the mini
mum size of digits to permit their recognition, etc. 

Although thresholds of all kinds have been measured 
extensively for many decades, it is still barely possible to 
predict a particular threshold in some practical situation 
with sufficient precision. Generalization is still rather poor. 
However, much theoretica! and experimental work has been 
done recently in various laboratories which is beginning to 
show reasonably good prospects. 

B. Some Considerations on Modelling 

Current models are obviously constructed from different 
starting points. Some are based predominantly on physiolog
ical knowledge, while others are founded on a systems 
analyses approach, teaving out physiological details of 
actual processing. In practical image-quality problems, the 
latter approach seems to be somewhat more applicable, 
although basic physiological properties should be regarded. 
We want to restriet ourselves bere to problems concerning 
luminanee distribution in time and space. The quantity of 
interest is frequently the threshold of a luminanee change, 
given its time and space function. Examples are the upper 
limits of running interference patterns and dynamic noise 
dots. Models handling luminanee processing in space and 
time simultaneously are bcing worked on in various labora
tories24 28 but do not yet seem to have achieved suflicicnt 
general acceptance and operational simplicity to permit 
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their application in practical problems. As a consequence, in 
everyday problems one is prepared to relax the requirements 
of full generality for the time being and look at processing in 
space and time separately, hoping on this basis to gain 
sufficient information to be a bie to workone's way toa more 
general model eventually. But even when space and time 
domains are considered separately, predietien is not yet 
quite satisfactory. We will go into this in more detail later 
on. There are, of course, other complications that are usually 
ignored, primarily for the sake of simplicity. One example is 
the inhomogeneity of the retina?~-JJ Since foveal vision is 
relatively important, models are frequently restricted to 
predictions for that area alone (which is then considered to 
be approximately homogeneous). However, the part played 
by the periphery in image perception may be grossly under
estimated. Before becoming more specific, we would like to 
make a general remark in relation to the development of 
adequate quantitative models, which requires a great deal of 
data. lt is no doubt hampered by the fact that different 
authors often use different experimental conditions so that 
pooling or even comparison is difficult. Sometimes even the 
units of the light levels are not given properly. This seems to 
us an unnecessary waste. 

C. Characteristic Functions 

An accepted method of comparing the capacity of a 
display with that of the visual system is to use characteristic 
functions that reflect the important properties of the system 
and the state of the varia bles. The choice of these functions 
is inevitably connected with one's ideas about the model of 
the visual system. For instance, temporal or spatial modula
tion transfer functions (TMTF /SMTF) acquire their full 
meaning if all the systems in the chain involved in processing 
the visual information are operating linearly in the range of 
interest. lndeed, for small signals the eye probably functions 
approximately linearly and the resulting MTF is found 
simply by multiplying the transfer functions of the eye and 
of the apparatus. However, in spite of this obvious advan
tage of MTF, the interest in the literature for one-shot 
characteristic functions is gradually growing. Examples are 
pulse and step responses from which an MTF can easily be 
derived if the system operales linearly. They give informa
tion directly in the space or time domain and have some 
other advantages that will be made clear below. However, 
multiplication has to be replaced by convolution in the case 
of cascaded systems. 

D. Spatia/ Response Functions For Characterization 
and Prediction 

lt has long been recognized that the ability of the eye to 
resolve spatial detail depends both on contrast and on the 
mean adapting luminanee of the scene. Extensive psycho
physical studies have yielded a great deal of data giving 
information about this relation. As an example, we reeall 
Blackwell's work34 concerning objective contrast thresholds 
of circular disks on a homogeneous background as a runc
tion of background luminanee and the diameter of the disk. 
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FIG. I. Example of spatial modulation transfer in a human subject, 
expressed in the reciprocal of modulation depth at threshold. Monochro
matic light (A - 525 nm) is used. The parameter is the mean level of retina! 
illumination. The sinusoidally modulated grating spans an angle of 4.5" 
horizontally and 8.25" in the vertical direction. (Data from Van Nes and 
M.A. Bouman, Ref. 41.) 

Since the introduetion of Fourier techniques in optics/5 

foliowed by electro-optics and vision,36
-40 the modulation 

transfer function has become a popular means to character
ize the transfer of detail in conneetion with objective 
contrast (e.g., Fig. I ).41 In vision, threshold amplitudes favor 
linearization. lf the amplitude of the processed signa! of a 
sinusoidally modulated grating at threshold is assumed 
constant, the sensitivity, being the reciprocal of threshold 
modulation amplitude, may be interpreled as the modula
tion transfer function but for a constant factor. However, 
predictions made from SMTF, consirlering the visual system 
as one linear !ow-pass filter, did not work out well.42 1t 
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INTENSITY 
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ECCENTRICITY (MIN. OF ARC) 

FIG. 2. Demonstration of the inhomogeneous sensitivity distribution of the 
retina around the fovea. Jncremental thresholds of a point-souree 
measured, with a homogeneous background of 1200 td, along the horizontal 
and vertical meridian. (Courtesy Blommaert, personal communication.) 
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became apparent that this interpretation is too simple. The 
notion that information is processed in frequency-selective 
parallel bandpass channels,43

-46 which do not operate inde
pendently,47 is one example of the complications involved. 
Another is that parameters such as the height of the grating 
and the number of periods affect the data considera
bly.48-so Since the sensitivity is distributed inhomogeneously 
(see, e.g., Fig. 2) and since the threshold is influenced by the 
number of bars, as a result of the stochastic nature of the 
system, this should be expected. Also, SMTF does not 
properly reflect the perceptual effect of some peculiarities of 
the system. For instance, a few percent ofveil may be easily 
overlooked at the log scale of an MTF curve, although it is 
perceptually a rather annoying phenomenon. On the Iinear 
scale of a line-spread function it does not escape attention 
that easily (Fig. 3). 

In conclusion, although we gained much insight with it, 
SMTF does not seem to be as appropriate a characteristic 
function as was expected initially. Other possibilities have to 
be investigated. Point-spread and line-spread functions are 
gradually receiving more attention from investigators. In 

s.o 
(b) 

4.0 

3.0 

2.0 

800 

linea per pleture helght t"/H) 

FIG. 3. lllustration of ways in which the effect of a Gaussian spot veil may 
be found in familiar systems-characterizing functions. line-spread rune
tions on a linear scale (a) are compared with MTF on a linear (b) and a 
double log (c) scale. The latter way is frequently used in conneetion with 
the eye. The shape of the normaliled point-spread function is not given here 
because it is hardly distinguishable from that of the line-spread without 
veil. In a way this reflects the spread of veil over two dimensions. 

order to derive them from thresholds, some system proper
ties also have to be postulated, which implies ample test 
procedures to justify these. 

E. Point-Spread and Line Spread Functions: On Trial 

The advantage of working with a point-spread function is 
its restricted area of act ion. Th is makes it easier to cope with 
the inhomogeneity of the retina, to apply linear theory, and 
to avoid stochastic complications encountered with extended 
stimuli. An example of an experimentally determined unit 
point-spread function U~(r)/ Dat a background level of 1200 
td* is shown in Fig. 4. lt is expressed in termsof the internal 
critica! amplitude D, required for detection. lt has been 
derived by Blommaerts1 at thresholds from a combination of 
a point souree (~ 0.08') and a thin annulus (width, 0.17'; 
radius, variable) by a perturbation technique basedon local 
space invariant linearity, homogeneity, radial symmetry, 
and peak detection. The detection model is illustrated in Fig. 

•The troland (td) is a unit of retina! illumination found by multiplying the 
luminanee ofthe fixaled object (cd m·1

) by the pupil area (mm2
). 
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FIG. 4. Top: Experimentally determined foveal point-spread function at a 
1200-td background level. The measurements are performed monocularly 
with an artificial pupil of 2.0 mm. Bottom: The effect of the spread of area 
elements of a subliminal disk on its center, as probed with a point souree 
(see Appendix A). The dashed curves in the upper and lower ligure are 
simultaneous computer fittings and related according to theory. (Blom· 
maert, Ref. 51.) 

5. Once U6(r) I Dis known, the unit response of any stimulus 
shape can be calculated by convolution, and hence its 
threshold can be found. Possible size or frequency selective 
parallel processing have been ignored for these small stim
uli. The essentials of the metbod are given in Appendix A. 

Although the determination of the point-spread function 
by perturbation looks simple and straightforward, within the 
paradigm it bas the disadvantage of being based on small 
effects; namely, threshold changes. As a consequence, 
special care bas to be taken to prevent camoufiaging these 
effects by sample spread and especially by nonstationary 
drift effects.84 As a result, the amount of time toperfarm an 
experiment is significant. (This particular curve took about 
9000 trials, measured inseven sessions). 

The resulting point-spread function looks very much like 
what is found electrophysiologically in the cat's retina 
(Rodieck52

) and can, in this case, also be described fairly 
well by two Gaussian functions. Furthermore, the shape is 
consistent with what should be expected in relation with 
perceptual phenomena like Mach Bands (Ratliff53

). 

Nevertheless, its predictive power bas still to be thoroughly 
proven. 
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FIG. 5. Visualized detection model as used for the determination of the 
responses of Fig. 4. 

Figure 4, lower half, shows the result of one test. A foveal 
point souree is superimposed on a subliminal disk in its 
center. F* in the lower figure is a measure of the effect of all 
disk elements on its center and is explained in Appendix A. 
The points are experimentally determined values. The 
dasbed curves are simultaneous fittings of the theoretica! 
relation (Biommaert51

). Although the agreement between 
prediction and experiment seems to validate the model, the 
next experiment demonstrales the hazards of such a conclu
sion, based as it is on a rather restricted subset of the 
parameter domain. lnstead of looking at the effect of a 
subliminal disk on the threshold of a point source, the 
response of the disk itself can also be used to determine its 
threshold. Figure 6 gives an example of such a calculated 
response for a certain diameter. Calculated and measured 
thresholds of disks as a function of their diameter are shown 
in Fig. 7. 

The discrepancy for diameters larger than a bout 3 min. of 
are is obvious. lncorporation of the effect of inhomogeneity 
of the retina (see Fig. 2) with linear-space variant theory 
using circle symmetry54 and the effect of probability 
summation does not close the gap. For predictions relating 
to disks that are larger than a few minutesof are, the model 
apparently has to refined. (A possibility at hand is the 
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FIG. ~· Calculated visual response of an incremental foveal disk (radius 
3.6 mm. of are) on a 1200-td background. (Blommaert personal communi
cation.) 

incorporation of size or frequency selective units, such as 
suggested by Bagrashet al./5 Fisher,~ and Koeoderink and 
Van Doorn.57 (More time will be required to test this and 
other refinements quantitatively.) Nevertheless, the mea
sured point-spread function is al ready of relevanee in practi
cal questions connected with electron-beam spot profiles 
(Biberman,1 p. 16) and their relation with picture resolu
tion,36'58 since the half-amplitude-width of the spot usually 
covers l-2 min. of are, which is within the validity range 
mentioned above. Without going into detail bere it might be 
stated as a sort of general requirement that in any case the 
spot luminanee profile need not be narrower than convolu
tion with the point-spread function of the eye would betray 
(except for an amplitude sealing factor). 

Line-spread functions have been determined from thresh
olds in analogous ways. In the case of a space-invariant 
linear system, point-spread, line-spread, and modulation 
transfer functions are closely related. As regards to the eye, 
however, local linear space invariancy is only a crude 
~pproximation. Therefore, in view of practical TV problems 
11 does make sense todetermine line-spread functions, neces
sarily averagedover the inhomogeneous retina. This has the 
advantage of not introducing the specific dimeosion prob
Iems of gratings mentioned in Sec. IJ D. Moreover, the 
spread of the effect of a TV line in the eye can be measured 
relatively easily in situ. Figure 8 shows an example, 
measured in our laboratory with perturbation and using a 
black-and-white monitor with an average luminanee of 200 
cd·m - 2

• Line- and edge-spread functions determined in 
various laboratories59-6s have sufficient in common to gener
~te ~nfidence in the techniques, although there are intrigu
mg d1fferences that are partly due to different conditions. 
The quality of predictions of patterns changing in one 
dimeosion is comparable with that of the point-spread 
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FIG. 7. 50% lhresholds of an incremental foveal disk as a function of its 
radius. The dashed curve is theoretica!, being based on convolution of the 
point spread function of Fig. 4, measured earlier at the same background 
level. {Courtesy Blommaert, personal communication.) 

function. As Limb and Rubinstein65 and Wilson60 have 
shown, the prediction of bar-type stimuli can be good for 
bars whose dimensions are not too far from the width of the 
line-spread function (up to about 6'). Refined models for 
line- and edge-spread functions arealso being constructed in 
Var·0 1 bo t · 64.65.67-70 I . h . 1 us a ra ones. n pract1ce, t e hoe-spread 
function provides suitable information for problems relating 
to frame lines. The edge-spread function, which in a space
i~variant linear system would simply be the integrated 
hoe-spread function, is particularly related to sharpness of 
contours. lt also determines the upper boundary of the 
frequency response of the circuitry. 

The deleetion of edges is an important quality measure 
connected with contours in pictures.66 ln that respect it is not 
only deleetion as such that is important, but also the 
noticeability of improvement. Carlson and Cohen66 found 
that in such complex perceptual tasks a quadratic deleetion 
model is better, which is in line withother findings relating 
to complex percepts.108 

F. Temporal Response Functions for Characterization and 
Prediction 

Developments analogous to those described forspace have 
also taken place in the temporal domaio-in fact, they 
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FIG. 8. A line-spread function of the visual system measured with a TV 
line in situ. The mean luminanee level was 200 cd-m- 2 with binocular 
viewing, natura! pupil, and an average diameter of 4.5 mm. Demonstration 
of performance of a completely naive subject. Standard deviations of means 
are indicated. 

preceded them. Technica! inventions like movies, gas 
discharge Jamps, TV, etc., stimulated research on temporal 
factors in vision. In conneetion with flicker phenomena 
alone, Landis71 compiled a bibliography of about 1500 
publications in 1953. De Lange gave the main impetus toa 
more general approach by using sinusoidally modulated 
light and keeping the mean background level at a constant 
value. • He showed that near flicker threshold the system 
behaves linearly and that the thresholds of arbitrary peri
octic functions can be predicted by means of Fourier analy
sis, provided their frequencies are not too Jow. Later, the link 
with thresholds of single functions was made by several 
authors.'3-

81 As in space, there are indications that the 
substitution of one temporal filter for the system is too 
simple.'8.82

•
83 Probability summations affect the threshold of 

perioctic stimuli considerably (up to about a factor of 3).80 

Although the effect can be calculated, it nevertheless 
complicates prediction. This may be one of the reasons for 
the growing interest in single temporal characteristic func
tions. 

G. Putse and Step Response: On Trial 

a. Responses to Pixels 

In the context of images the temporal behavior of a 
picture element is a natura! starting point. Assuming a 
simple model as shown in Fig. 9, the response of arbitrary 

u A reference list of De Lange's work can be found in Ref. 72. 
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FIG. 9. Visualization of the deieetion model for temporal stimuli. The 
light is linearly transduced and the signa! is processed in a quasi-linear 
filter. A temporal response is assumed to be detected if the peak amplitude 
is d (or -d). Pboton noise is assumed to be weak compared to the internat 
noise. 

functions can be determined by means of perturbation. In 
Appendix 8, this is demonstraled for a particular case; the 
unit pulse response. The detection process is illustrated in 
Fig. I 0. As in the space domain, the response is expressed in 
the internal threshold magnitude, in this case .. a" - d or 
-d. 

Figure 11 shows an example of an ex perimental unit putse 
response obtained in the way described above with a foveal 
souree SJ 0.8' in diameter and at a 1200-td background.84 If 
the assumption of quasilinearity is correct, then the pulse
response is the time derivative of the step response: 

d 
v.~<t> - dt u,(t). (I) 

The result obtained with a step as the perturbation function 
is shown in the lowet half of Fig. 11. The dasbed curves are 
simultaneous fittings, the upper one being the exact deriva
tive of the lower. Figure 12 shows another test, performed by 
oomparing the thresholds of rectangular flashes as a func
tion of duration,. For durations larger than a critica! value, 
the predicted va lues of the dasbed curve have to be corrected 
by a few tentbs of a log unit for ••probability summation". 
The constant value of the dasbed curve beyond a eertaio 
duration reflects the fact that the peak value of the response 
to a flash with constant intensity no Jonger increases with 
duration. lt is only the flat crest of the response that 
becomes Jonger when the duration of the test flash increases 
and, in that way, increases the detection chance of the flash 
since ••d" is a stochastic variable. The stars present such a 
correction. lt is basedon noise data obtained from the slope 
of psychometrie functions of short flashes80 and the assump
tion that the autocorrelation function of the noise is narrow 
compared to the Shannon time sample of the signa!. The 
intersection point of the asymptotes in Fig. 12 indicates one 
of the definitions of critica! duration, a kind of inlegration 
time for the eye, which is a non-ideal integrator. The slope of 
-I of the left asymptote demonstrales Bloch's law: intensity 
times duration determines the threshold. This is a mere 
reflection of the width of the putse response (if a short flash 
is immediately foliowed by an identical one, amplitudes are 
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FIG. 10. Demonstration of the essentials of the use of a probe ftash, scanning the response of a weak (perturbating) test ftash. 

scaled up by a factor of 2 and the shape does not change 
noticeably). 

lt does not make sense to use phosphors that are faster 
than the pixel putse response in order to improve temporal 
acuity. On the contrary, this is inefficient in view of Bloch's 
law and it promotes unwanted flicker of larger areas as we 
shall see below. 

b. Visual responses to larger areas 

Going from pictures to larger areas, the visual system 
demonstrales its complex nature. The elements of the 
extended retina! area that is stimulated interact in a 
complex way. Near threshold, perceptual attributes change 
considerably, especially for fast changing stimuli. lncremen
tal flashes are no Jonger seen as brightness increments but as 
changes in the visual field that are hard to describe, though 
they strongly resembie the .. agitation" seen with high 
frequency flicker. lt is virtually impossible to distinguish 
incremental from decremental flashes at 50% threshold 
level. The putse and step responses, obtained by the same 
technique as described above, change drastically in shape as 

u;(t:.t •• ) 

demonstraled in Fig. 13.85 The responses show more oscilla
tory behavior: several phases of opposite sign become mani
fest. In fact, the system acts as a bandpass filter. However, 
these changes do not invalidate the essential properties we 
have postulated. The dasbed curves are simultaneous 
computer fittings, the pulse response being the exact deriva
tive of the step response. The prediction of thresholds of 
arbitrary (not too slowly varying) stimuli is fairly good. 
Figure 14 illustrates this for rectangular incremental flashes 
as a function of their duration. The correction for ••proba
bility summation" at long durations is small in this case 
because there is only a significant response at switch-on or 
switch-off of the stimulus, as a result from the bandpass 
filtering. 

In view of the above-mentioned problems with extended 
stimuli, the putse response does notseem a bad candidate for 
characterizing the system and predicting thresholds in the 
time domain. lts consequences for other stimulus·functions 
and for the influence of parameters such as the background 
level on the performance of the system are easily visualized. 
Nevertheless, a predietor operating simultaneously in the 
time and space domain will be of considerably more impor-
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· FIG. 11. Upper figure: putse responseoftbe visual system stimulated by a foveal point souree at a level of 1200 td. Lower figure: step response as aresult from 
the samepoint source. The dasbed curves are simultaneous computer fittings, the upper one being the exact derivative of the lower. 
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FIG. 12. Open circles: Measured SO% threshold of rectangular flashes of a 
point souree at a level of 1200 td as a function of flash duration. The dasbed 
curve is the predicted value calculated by convolution of the measured pulse 
response (see AppcndÎlt 8). For long duration this bas to be corrected for 
"probability summation" (stars). 

tance for practical problems. This is especially so in view of 
the surprisingly large distances over which the fast dynamic 
interaction of retina! elements carries, compared with the 
static interaction. In Fig. 15 this is demonstraled for circular 
centrally fixated stimuli, having a Talbot level*u of 60 td 
and a dark surround.86 In plotting thresholds of rectangular 
increments as a function of duration, or thresholds of sinu
saids as a function of frequency for various diameters, it 
becomes apparent that both sensitivity and time constants 
change. The sensitivity measures, defined as reciprocals of 
thresholds for long duration, F- 1/E, or the closely related 
crests, S, of the De Lange curves,7

l.76
•
86 are shown as a 

function of stimulus diameter. The diameter at which coop
eration between retina! elements ceases to affect sensitivity 
is much larger, as bas been demonstraled for static disks in 
Fig. 7. This interaction is more complex than a simpte 
addition of signals because the critica! duration and the 
cutoff frequency (the frequency at which aplitude sensitivity 
bas dropped toSf2) alsochange, as shown in Fig. 16. 

In practice, frame flicker is a somewhat more-compli
cated phenomenon as a result of the interlacing of lines. 
Nevertheless, the large area of summation with respect to 
flicker and {impairing) transients is an inconvenient factor 
in relation with image quality. The visibility of one-shot 
disturbances, in particular, is most adequately predieled on 
the basis of putse responses obtained for the same retina! 
area involved. Thus, complications that occur when flicker 
sensitivity curves of sinusoidal modulation are used {phase 
behavior and stochastic aspect of. the visual system) are 
avoided. 

111. SCALING METHOOS AND IMAGE QUALITY 

Thresholds of perceptual attributes are relevant in many 
problems concerning image quality. However, the strengtbs 
of attributes in relation to physical intensities are more 
directly related to the qualitative experience of subjects.;m..23 

.. *This is the static level equivalent to the local adaptive state. 
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FIG. 13. Upper figure: Pulse response of the visual system, stimulated with 
a I" field, having a Talbot luminanee of 1200 td and a dark surround. 
Lower figure: Step response with the same stimulus. The dasbed curves are 
simultaneous computer fittings, the uppcr one being the exact derivative of 
the lower. 

Consequently, sealing of sensory intensity and of subjective 
quality is important. Unfortunately, the validity of current 
sealing metbodsis somewbat controversial.87 

With respect to sealing of sensory intensity, magnitude 
estimation7

-
10

•
88 is frequently used. One of its advantages is 
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FIG. 14. Open circles: Measured 50% increment thresholds of retinal 
illumination for a 1° stimulus, having a dark surround and varying 
rectangularly in time. The solid line shows the predicted threshold. For Jong 
durations a small correction for "probability summation" bas to be made. 
The dasbed curves show the corrected predicted values. The Talbot level is 
1200td. 
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FIG. 16. Upper figure: Sensitivities characterized by the tops, S, of the 
curves of Fig. IS (upper half) or by F, the reciprocal of tbc threshold E of 
long duration flashes of Fig. IS (lower half) as a function of stimulus 
diameter. Sensitivity increases up to diameters of a bout 5°. Lower figure: 
Tbc time constants of tbc visual system characterized by either the 
reciprocal of tbc cutoff frequency fh of tbc upper curves or the critica) 
duration Tc of tbc lower curves of Fig. 15. 

its relative efficiency. Subjects are supposed to be able to 
estimate the strengthof sensations relative tosome standard 
by assigning corresponding numbers appropriately. On this 
basis, Stevens et al. found the well-known exponential rela
tion between the magnitude of sensation and the physical 
parameters. The exponent is believed to be characteristic of 
the growth of sensation inthemode involved.t The method 
was given a theoretica! foundation by the work of 
Krantz91-still assuming correct handling of numbers by 
subjects-which in turn is based on length perception. 
However, there have been several studies revealing difficul
ties in the interpretation of the results. For instance, the 
exponent appears to be influenced by the stimulus range 
used by the experimenter92

; it may be determined over the 
range between just perceivable and the maximal applicable 

tOverviewscan be found in Marks19 and Stevens.00 
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FIG. 17. Comparison of three scales of quality judgement. obtained by three different methoos as a function of relative objective contrast of photographic 
pictures. lf objec!!_ve <::!!"'!!!st is defined by AL/I, where AL is some effective measure of deviation from the mean luminanee I. it may be varied by adding L. 
according to AL/L x L/(L + L.). The deercase in objective contrast is determined by the second factor, which is called "relative contrast" bere. In fact, in the 
actual eliperiment it is achieved by the photographic copying process. In the left·hand figure, quality is rated on a 1 0-point scale. Each ei rele represents the 
average of 12 subjects. The triangles are the values after a monotonic transform of the judgement in order to obtain optima I fit with respect to differences in 
quality perception. The middle tigure shows the scales obtained from the estimated ratios in image quality between two pictures using all pairs. lf the scale 
values are logarithmized the shape beoomes a bout the same as that of the category of tbe left figure. This indicates that subjects may obtain ratios by 
exponentiating differences (circles). The triangles are the values that result after making a monotonic transformation in order to obtain optima! fit with 
respect to the ratio model. The nearness of circles and triangles indicates that subjects handle ratios quite wel!. The right·hand tigure shows averaged scale 
values from the same 12 subjects obtained by rank ordering of picture pairs. (Breimer, 1979.) 

intensity.93 These experiments lead to different expon
ents89·90 and even to other functional relations.94 Neverthe
less, there is some evidence that subjects who handle 
numbers quite differently do perceive the same sensations.95 

Another difficulty is that different sealing methods lead 
to different results. Scales based on estimated differences in 
sensations mapped on the sensorial continua, category seal
ing, appear to deviate from those based on estimated 
ratios.90 Stevens, among others, considered the latter to be 
val id. 

Rather than go into the detailed arguments, we prefer to 
pay some attention to investigations concerning the handling 
of instructions and numbers by subjects. To this end, Ander
son%-97·105 has suggested a factorial design of the experi
ments. The sensations evoked by a stimulus are not only 
compared with those of one standard but essentially with 
those of every other stimulus involved. This makes it possible 
to verify the consistency of the numerical judgement of the 
subjects. (Some essentials of the metbod will be given 
below.) This provided information about both the origin of 
the sealing and its consistency. Birnbaum and others,98

-
100 

using Anderson's suggestions as a starting point, found in 
loudness experiments that, at first, subjects use differences 
in sensations in making their judgements. They claim that if 
subjects are instructed to estimate ratio's, the results are 
exponential transforms of subjective differences. This would 
fit in with Torgerson's101 earlier observation that a category 
scale of dilTerences is usually linearly related to the loga
rithm of the ratio scale, suggesting that "the subject 
perceives or appreciated but a single quantitative relation 
between a pair of stimuli." Although these views are not 
generally accepted, 102 it is clear that the problem is highly 
relevant for sealing in the field of image quality. 

Bremiertt used the Anderson-Birnbaum approach for 

tt A full account of these experimentsis in preparation. 

the rating of subjective quality as a function of objective 
contrast. Pairs of black-white pictures, having different 
contrast but the same figural content, were exposed to a 
group of subjects. Three types of experiments were 
performed. In the first one, subjects were asked to estimate 
the difference in the quality of every pair of pictures on a 
0-10 points scale. The category ends were labelled as 
follows: 0 represents no difference and I 0 represents a very 
large difference. In the second experiment the same group of 
subjects were asked to estimate the ratio of quality of the 
best of each of two pictures inspected in relation to the 
worst. In the third experiment the subjects were exposed to 
two picture pairs and instn,1cted to choose the pair with the 
greatest quality difference. In the last case a scale was 
constructed according to the principlesof non-metric sealing 
developed by Shepard. 103 

Since no details can be given bere we shall confine 
ourselves to the remark that the matrices of estimates were 
consistent with Birnbaum's findings, which means that no 
matter what instruction is given the estimates are ultimately 
based on distances in the perceptual continuum. The results 
of the three methods are compared in Fig. 17. lf the scale 
va lues of the ratio scale are logarithmized, the sa me shape is 
obtained as the one based on differences. Moreover the 
shape of both curves is very similar to the nonmetric scale 
based on the rank ordering of pairs. The results show that 
three different instructions can lead to the same scale. 
Although no firm conclusion can be drawn on the basis of 
one experiment s.uch as this, the results seem to favor sealing 
based on differences. 

In our opinion, these matters deserve more attention. 
Moveover, it shows that experiments performed according 
to Anderson's factorial design do present possibilities for 
checking subjects behavior and testing the validity of scales 
even in the case of a rather vague and subjective dimeosion 
such as quality. 
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FIG. 18. Two individuals selected from the group who did the rank-order 
experimentsof Fig. 17. Subject I displays almost a log scale, whereas 
subject 2 appears to be quite linear. (Breimer, 1979.) 

With respect to image quality application, Breimer also 
showed how different subjects may interpret such an 
instruction. In Fig. 18, two subjects are isolated from the 
group. Subject I shows a logarithmic type of scale and in the 
interview at the end of the experiment he reported that in 
judging quality he especially looked at the blackness of the 
dark parts. Subject 2, who behaves linearly, reported that he 
looked for the visibility of details in conneetion with quality. 
People apparently judge quality in termsof different dimen
sions. 

IV. CONSPICUITY AND VISUAL SEARCH 

Certain visual objects are more conspicuous than others. 
Conspicuous objects will be more easily noticed than other 
objects. A high conspicuity may be of help for vision if the 
viewer wants or needs to see them. However, a high conspic
uity may hamper vision if it distracts the view from more 
important objects. Also, if unwanted effects in images 
cannot be made invisible, one should at least wisb them to be 
inconspicuous. 

This leads to a searcb for ways of making the notion 
"visual conspicuity" amenable, both experimentally and 
tbeoretically. In line with Engel, 109-

111 we define visual 
conspicuity as the property of objects in tbeir background, 
by whicb tbey attract visual attention and, consequently, are 
easily seen. Visual conspicuity should be distinguished from 
the directing of visual attention to certain objects or situa
tions by internat drives. 

lf the viewer knows where to findan object, he can direct 

his eyes toward it and recognize it, inspeet it, etc. A measure 
for the ease of recognition may be tbe visibility or recogniz
ability of such an object, in terms of the correct score or 
latency in foveal vision. On the other hand, if a viewer does 
not know wbere an object is, he first bas to find its position 
before he can direct his eyes toward it. Now, the fovea 
covers only a tiny solid angle-in fact about 3 sq. degrees out 
of the more tban I 0,000 sq. degrees of our vis u al space if 
head movements are left out of account. Thus, the ease of 
finding an object of unknown position relates to tbe ease of 
noticing it in eccentric vision, outside the fovea. Consequent
ly, visual conspicuity may be measured as the correct score 
or latency in eccentric vision, or the duration of visual 
search. Tbus, unwanted effects such as flicker or visual 
noise, should also be judged as to their detectability in 
eccentric vision. 

As is generally known, eccentric vision is distinguisbed 
from foveal vision by lower visual acuity. In fact, at sufti
eient luminanee the smallest detail of a standard object 
(Landolt annulus) against a homogeneons background that 
can beseen is a bout I /70 of its eccentricity (both in units of 
visual angle). lt is less generally known that there is a second 
important ditTerenee in that in a non-homogeneons back
ground, adjacent objects interfere substantially with each 
other in eccentric vision, thus hampering each other's detec
tion. Figure 19 gives an example of geometrie objects in a 
background of lines, wbere eccentric detectability turns out 
to depend on ditTerences between the object and back
ground. Engel112 bas shown tbat a visual searcb procedure 
may be described as more or less random eye saccades until 
tbe object is sufficiently close to the point of fixation tbat it 
can be seen in eccentric vision. A single final eye saccade 
tben brings it into foveal vision. 

The question of bow tbe eye is being attracted to wanted 
or unwanted visual objects can then be translated into the 
question of detectability in eccentric vision. The primary 
factor of interest seems to be the ditTerenee between the 
object and its background as to specific visual attributes 
sucb as movement, color, brigbtness, and form. For exam
ple, a moving object against a static background, or a red 
object against a black-and-wbite background, will easily be 
seen in eccentric vision, and correspondingly have a high 
conspicuity. Experiments on detection in eccentric vision 
migbt also be applied in image-quality problems. If interfer
ences could be specified for real-world images, explicit form 
could perhaps be given to notions that experienced 
photograpbers and movie directors intuitively use. Displays 
sbould then be such that tbey can produce or reproduce sucb 
attributes properly. 

Finally, one should be a ware of possible unwanted effects 
of the area surrounding the displays. These sbould not be so 
conspicuous that theeyes are automatically drawn from the 
screen. In addition, if the surround is bomogeneous, objects 
near the edges on the display wiJl have a bigher conspicuity 
because tbere is no interference from it. This may be 
compared to the frames of paintings and photographs. Fora 
review, see Bouma.11 
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FIG. 19. Wben eacb of four different test objects was presenled against tbe sa me background of straight lines (left picture, test objects in tbe centers), tbe 
functional visual field within wbicb tbey could be found in a single presentation ca me out as indicated in tbe right-band picture. Test objects drawn in bold 
lines were reported correctly in a single presentation, tbose in tbin lines were nol. Small central circle: fixation spot. (Engel, Ref. 109.) 

V. THE QUALITY OF TEXT DISPLAYS 

Since text displays are intended for reading, their essen
tial quality is how well users can read text, codes, and 
numbers on the display. With present-day electronic 
displays, this is generally far from easy due toa great many 
factors, which relate to the display itself (size, sharpness, 
contrast, letter configurations), the formatting of the infor
mation (letter density, layout), the location of the display in 
its actual environment (specular reftections, luminanee of 
the screen relative to the background), and also to ergon
omie factors of a non-visual nature. There are many 
complaints that the prolonged use of many current text 
displays is very fatiguing and that headaches are common. 
In a few countries there have already been efforts to restriet 
by law the periods of time for which subjects are allowed to 
work with such displays. lt seems Jikely that the complaints 
find their origin in a non-optimum choice of the above 
factors. 

The term .. quality" will be used here to express the degree 
to which physical factors of the displayed text and its 
surrounding satisfy the reader. Leaving syntactic and 
semantic factors out of account, we shall concentra te on the 
visual quality of the text. Unfortunately, partofwhat will be 
proposed bere bas to be speculative, because we could not 
find the relevant experiments in the literature. For general 
surveys of a somewhat more positive tone, the reader might 
wish to consult Grover113 and Kraiss. 114 Following the 
general approach advocated here, we first deal with what is 
known from visual reading processes in general and then 
apply it to text displays. 

A. Reading Processes 

Since reading is a complex task that involves both percep
tual and cognitive factors, there are many ways to subdivide 
the processes involved. The present subdivision is made for 
research purposes and permits the separate study of the 
various processes and their mutual relations. Thus, the main 
purpose is to provide a tooi for thinking, experimenting, and 
modelling visual reading processes. The subdivision is rooted 
in the observation that in reading normal printtheeyes of a 
reader move in jumps rather than smoothly. Between two 
jumps or eye saccades, the eyes are at rest during a quarter 
second or so. During the jumps, the retina! image moves 
very quickly and no useful information can be picked up. 
Consequently, the recognition proper has to start from the 
semistatic images during the eye fixations. Only within the 
central fovea and at short distances from it, is detail vision 
sufficient to recognize the information. 

We define the visual reading field as the area within 
which it is possible to recognize useful information during 
reading. The normal visual reading field is of the order of a 
few words only. Therefore, many subsequent fixations are 
necessary before the in formation contained in units of mean
ing, such as sentences or parts of sentences can be picked 
up. 

B. Eye Saccades, Eye Fixations, and Their Control 

During the reading of connected text, three different 
types of eye saccade occur (Fig. 20). The most frequent type 
is forward saccades of 8 ± 4 letter positions. Since forward 
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FIG. 20. Eye fixations in the silent reading of a paragraph of Dutch text. Three different types of eye saccades are indicated; e, normal forward jumps; à, 
small backward jumps (regressions); •. line jumps towards the next lower line. The numbers indicate the order of fixations within each line of print. (Bouma, 
Ref. 135.) 

saccades increase almost proportionally with letter size, it is 
useful to express them in letter units. For normal print at 
normal reading distances, there are about five letters in one 
degree of visual angle. The second type is the large eye 
saccade from the end of a line of print towards the beginning 
of the next one. These saccades are leftward directed and 
also have a small but critical vertical component. They start 
severalletter positions before the end of the line of print and 
stop a few letter positions within the next line. Consequent
ly, their size is somewhat less than the line length. The third 
type is a relatively small jump leftward. These jumps occur 
regularly directly after the large jump towards the next line 
of print and may also occur at several positions within the 
line of print. Their usual sizes are about four to six letter 
positions but occasionally they may be much larger. It is 
generally held that the frequency of occurrence of these 
regressive saccades increases with decreasing text quality 
and with increasing difficulty of the text relative to the 
reading skill. Thus, one may expect many regressive 
saccades when poor readers try to read a difficult text. 

The duration of fixational pauses is between 150 and 500 
ms, a normal average being 200 to 250 ms. These durations 
are not very dependent on the type of saccade teading to the 
fixation. In particular, there is little correlation between the 
size of a certain eye saccade and the duration of the 
preceding or following eye fixation. The evidence generally 
indicates that the duration of a certain fixation and the size 
of a saccade are independently controlled. 1t is presently a 
matter of debate as to how individual eye fixations are 
controlled, both in timing and in extent. 11

•
11

H
17 Of course, 

there may be many different eye-control repertoires, and eye 
movements will generally follow cognitive processing within 
memory limits. Both eccentric visual and cognitive process
ing of text may therefore be reflected in eye movements. 

Consequences For Text Qua/ity 

Normal forward eye saccades follow the cognitive needs 
of the reader fairly automatically. Their sizes are derived 
more or less directly from the effective size of the visual 
reading field. The same holds for the small regressive 
movements. However, the large leftward jumps towards the 
beginning of the next line depend on certain layout factors. 

a. Margins 

For a proper control of the large leftward jump towards 
the next line, the left margin of a new line must be visible 
when the point of fixation is near the right-hand margin of 
the text. This is therefore a matter of eccentric vision. A 
suitable way to achieve this is to have a sufficiently wide 
homogeneous left margin. Also, the beginning of text lines 
should stand out clearly and must therefore be in a straight 
line. This enables eccentric vision to plan the size of the 
leftward jump reasonably accurately. The right-hand end 
also needs some margin, such that the control mechanism 
can knowin advance where it should stop its normal forward 
jumps. Requirements for the right-hand margin are not as 
severe as for the leftward side, because the point of fixation 
is so much closer to the right-hand margin at the moment 
where the proper decisions have to be made. lt is therefore 
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unnecessary or even disadvantageous in the case of short 
lines to justify the right-hand margin. 118 

b. Line Distance and Line Length 

The line jumps of the eye also need control in a vertical 
direction such that the eye lands properly on the next lower 
line. lf the vertical component of the eye jump is inaccurate, 
the eye may mistakenly jump over two or perhaps even three 
lines. This is clearly inefficient, and in the case of uncon
nected information, such as code numbers, the reader may 
not even notice that he has missed one or two lines. The print 
factor relevant for the proper control of line saccades is line 
distance over line length. A rough estimate of the minimum 
admissible value seems to be about 1/40, corresponding to 
an angle of about 1.5 degrees with line direction. As a 
consequence, line distance should increase with line length. 
It follows that for large line lengths, line distance should be 
large and print density (number of letters per unit area) 
should be low. Therefore, if a high density is required, line 
length should be restricted. An example can be found in 
newspapers, where a high print density is reached by using 
relatively narrow columns. If only a single column of text is 
used, it is of advantage to have the page vertically oriented. 
Most electrooie text display units are horizontally oriented 
(aspect ratio 3:4), probably because they are directly 
derived from normal television screens. lt seems advanta
geous to use sereens vertically oriented (aspect ratio 4:3), 
thus resembling the standard format of A4 sheets ( .Jï: I) or, 
if oriented horizontally, in a two-column mode, particularly 
if a high density of letters is required. 

C. The Visual Reading Field and Word Recognition 

At the point of fixation, i.e., at the center of the retinal 
fovea, visual acuity is at its maximum. Visual acuity is 
defined as the reciprocal of the smallest visible detail D of a 
standard object against a homogeneous background and is 
measured in units of reciprocal minutes of are visual angle. 
At suftkient illumination, normal foveal visual acuity is 
about 1.0 min. When moving away from the fovea, the 
smallest visible detail D increases almost proportionally with 
eccentricity, .p, viz., 

D.., (l/70).p. (2) 

In many daily life situations, including reading, the back
ground is not homogeneous. Only recently it has been 
realized that the concept of visual acuity is not applicable 
then. Detail vision then turns out to be limited by adverse 
interactions between adjacent configurations (Fig. 21 ). The 
interference has properties quite unlike visual acuity, such 
as a large working range and an anisotropy since it is 
stronger towards the fovea than away from it (Fig. 22). 

The limits of the momentary visual reading field are 
determined by eccentric vision. They can be measured by 
having subjects recognize words, displayed at various 
distances from the point of fixation forabout 100 ms, which 
is too brief for eliciting an eye saccade toward the stimulus. 
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0 
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c 
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·2 p u ca Lep .... -
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0 2 "' 6 8 10 12° 

eccentricity [degrees] 
FIG. 21. Embedding randomly chosen target letters between two letters 
(indicated as fxax/) makes recognition scores in eccentric vision drop 
sharply as compared with the non-embedded situation (indicated as /a/). 
The diameter of the corresponding useful visual field shrinks toa bout 30% 
of its non-embedded value. One degree of visual angle corresponds to four 
letter positions. (Bouma, Ref. 132.) 

Thus, the visual reading field for words is found to be about 
20 letter positions wide, stretching farther to the right of 
fixation than to the left} 19 120 This is probably because of an 
asymmetrical interference, visual acuity being strictly 
symmetrical (Fig. 23). When compared to actual reading 

Late,.. Interterenee In eccentrlc vl•lon 

FIG. 22. Schematic indication of the ex tent of lateral visual interference. 
Recognizability of targets positioned at the centers of the indicated areasis 
decreased if other stimuli are present within these areas. The central dot is 
the point of fixation; retina) eccentricity is indicated as lf'. (Bouma, Ref. 
I 1.) 
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FIG. 23. Average word response fractions as a function of retina! eccentricity of presentation. One degrec corresponds to four letter positions. Bar width 
indicates average word length of 4Y,.letters. Note the higher correct scores for stimuli right of fixation. (Bouma, Ref. 120.) 

situations, the width of the reading field, as determined from 
single-word recognition, should be corrected in two ways. 
First, actual text contains many words, and consequently 
many letters, placed closely together, which causes the 
interference to be more pronounced. Second, in text, words 
are conneeled by grammatica! and semantic relations so 
that less visual information is required for correct recogni
tion. Apparently these two factors roughly balance each 
other and the estimate found for the reading field in a fairly 
optima! reading situation comes close to the above 
mentioned values. 121 

From the above it will also be clear that in eccentric vision 
initia! and final letters of words can be better recognized 
than embedded letters because the blank spacing limits the 
amount of visual interference. Also the end of lines can 
already be noticed far from the actual point offixation. 

A proper understanding of recognition within the reading 
field calls for a theory of visual word recognition. Qualita
tively speaking, visual word recognition will be easier if 
more details of the word can be seen. Si nee all recognition is 
based on both perceptual information and available knowl· 
edge, recognition will also be easier if the words involved are 
well known or are likely to appear in a partienlar context.122 

For short words, it has been shown possible to understand 
both correct and incorrect word recognition scores on the 
basis of a specificadon of letter recognition and subjective 
word availability.123 lf such initia! success spreads to Jonger 
words, and can also be extended to the dynamics of recogni
tion, the concept of the visual reading field for words wiJl be 
firmly established. 

Consequences for Text Quality 

Reading can proceed efficiently if a maximum amount of 
text information can be picked up in a single eye fixation. In 
strictly foveal vision, poorly designed letters of low contrast 
and sharpness can perhaps be recognized although it will 
take more time than necessary. The width of the reading 
field, however, depends on eccentric vision and here the 
requirements are much more strict. In this respect the 
difference between foveal and parafoveal vision is often not 
appreciated. At least we can think of no other explanation 
why the quality of text on commercial displays is often so 
poor. Text on displays should be such that the visual reading 
field is maximally wide, and research should be directed at 
measuring both recognition score and Iatency in foveal and 
eccentric vision. 

a. Letter Type and Contrast 

In the case of print, the requirements of a typeface for 
easy reading are well known. First of all, displays should 
provide sharp and undistorted letters (Fig. 24). Letter 
configurations should be simple, without unnecessary orna· 
mentation. The difference between configurations of letters 
that resembie each other, such as e versus c, should be 
maximized. Serifs at the end of line elements may be of 
restricted help, but they should be short or triangular. For 
running text, lower case letters are better than upper case 
Jetters 12

""
125 (Fig. 25), but the extensions should be at least 

40% of the x height. There are several good letter fonts, and 
the search for the single best letter configuration seems as 
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FIG. 24. Elfeet on textlegibility of an improvement in the focusing quality 
of a shadow-mask color picture tube. The full 26 in. sereens type 20 AX 
(upper) and the improved type JO AX (lower) is used to display text. 
(Courtcsy of Mr. P.G.J. Darten, N.V. Philips Gloeilampen fabrieken.) 

elusive now as it bas proved in the past. However, if there 
are additional restrictions-for example, if letters are 
designed within a matrix (Fig. 26)-a careful design and a 
proper experimental check on legibility is necessary. The 
following three factors should be considered: 

Acceptability, i.e .• the degree to which the letter configu
rations suil the notion that subjects have of such letters: 
There may well be certain cultural differences in these 

notions, that are, for example, also the case with the usual 
configurations of digits. 

ldentifiability of letter details, which should stand out 
c/ear/y: This is particularly important for the inner details 
that are surrounded by other elements, for example, in e, a, 
and s. The line elements should contrast sharply with the 
background and be homogeneous. Stroke width should be 
between I 0 and 15% of x height. Letter size is probably not 
very critica! but their details should stand'out to ensure 
sufficiently quick recognition. 

Distinctiveness, i.e., each symbol should stand out from 
simi/ar symbols: Resemblances between letters depend on 
the letter font. Figure 27 gives letter similarities for a lower 
case font. Requirements may be confiicting and an example 
of this is shown in Fig. 28. 

Experimental checks on perceptual quality should involve 
recognition in eccentric vision. Single letters should be 
tested both with a homogeneaus background and embedded 
between two other letters. The confusion matrix obtained 
will indicate the letters that fall bebind in legibility and also 
the reason for this. Particularly in the case of code numbers, 
which have little redundancy and in which each symbol has 
to be recognized on its own strength, it is important to have 
each symbol optimally designed. 

The well-known seven-segment digits are not optima!. 
Confusion between certain digits is common, 129 and depend 
primarily on the number of segments in which the digits 
differ (Fig. 29, taken from Bouma and Van Nes130

). What is 
probably a better design is proposed in Fig. 30. lt seems 
unfortunate that these digits should have been introducedon 
a very large scale without proper perceptual testing. 

b. Line Distance 

The width of the reading field depends on more factors 
than simply a proper type face displayed in proper contrast. 
Because of the large-range effect of visual interference in 
parafoveal vision, there is a danger that recognition is being 
adversely influenced by the lines of print above and below 
the one actually read. In order to prevent this, the homogen
eaus area between the lines should be equal toabout three 
letter spacings. lf the interline distance is chosen smaller 
than this, the width of the reading field will be narrowed by 
the adjacent Iines of print (Fig. 31 ). This restricts the 
acceptable text density on the screen. Subjective ratings of 
character densities demonstrate such an effect (Fig. 32). 

REhDING OF ALL-CAPITAL TEXT IS MOP~ D!FFICULT THAN OF 
LOWER-CASE TEXT BECAUSF.: CF THE l"B.3ENCE OF CUARAC'I'E:RIST!C 
ASCENOING AND OESCENDING LE'rTER-PARTS; ALTHOUGH CERTAIN 
CAPITAL LP.TTERS IN THEMSELVES APE BETTER RECOGNISABLE 
THAN THEIR LOWER-CASE EQUIVALENTS,BECAUSE OF SHEER SIZE, 
THERE SEEMS NO P~TIONAL EXCUSE FOR USING CAP!TALS ONLY; 

FIG. 25. Reading of all-capita! text is the more difficult than of lower-case text because of the absence of characteristic ascending and deseending letter 
elements. Although certain capita I letters in themselves are more easily recognizable than their lower-case equivalents, because of sheer size, there seems to be 
no rationale for using capitals only. 
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FIG. 26. A set of alphanumeric symbols as designed in a 7 x 11 matrix. Optimum acceptability, identifiability, and distinctiveness were the goals. These have 
been checked by preferenee ratings and by analysing confusions from legibility experiments. (Bouma and Leopold, Ref. 126; Bouma and Van Rens, Ref. 
127.) 

D. Inlegration of Jnformation From Successive Fixations 

From the above discussion it follows that the horizontal 
width of the reading field is about twice the average eye 
saccade. 1t also follows that successive reading fields for 
words overlap in such a way that each word can be recog
nized correctly during two successive eye fixations. In actual 
reading, however, we do not recognize words twice but only 
once. How can this be explained? Although no definite 

Short letters a s z x 

n m u 

r v w 

Aseenders d h b k 

t i 1 f 

Deseenders g j p y g 

FIG. 27. Letter grouping of lower-case letters, based u pon the confusabil
ity of letters of the Courier JO font. (Bouma, Ref. 128.) 

answer is available, some relevant suggestions have recently 
been advanced. The basis of these suggestions is the ex peri
mental observation that recognition in the parafovea is 
much slower than in foveal presentation. At a distance of 
about eight letters from fixation, which is the size of a 
typical saccade, word recognition is slower by about 200 ms. 

acceptability 

ident if ia bi I ity 
FIG. 28. Two examples of a conflict between acceptability and identifi
ability. (Bouma and Leopold, Ref. 126.) 
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FIG. 29. The percentage of confusions in seven-segment digits as a 
function of the total number of different segments between the pairs of 
digits concerned. Data points are averaged over digit pairs and over 
observation conditions. (Bouma and Van Nes, Ref. 130.) 

As a consequence, the two-fold presentation of certain words 
(first in the right parafoveal field and second, after about 
200 ms in foveal fixation) activates the internat word 
concept at about the same moment, and so can easily 
operate simultaneously. 11

•
131 

Consequences for Text Quality 

Proper inlegration of the information requires a suffi
ciently high speed of recognition. To the first approxima
tion, the running storage of information may be assumed 
either time limited or content limited. In either case, the 
adequate units of meaning must be picked up uninter
ruptedly in sufficiently rapid succession to enable them to be 
integrated into a meaningful whole. Relevant factors 
include: 

Contrast: black on white versus white on black. The 
relevant difference bere is the state of adaptation of the eye, 
which is adapted to a higher luminanee level in the case of 
dark letters on a white background. than vice versa. A lower 
level of adaptation corresponds toa somewhat lower resolv
ing power of the eye and, probably more important, a lower 
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ra te of processing information. For quick reading, dark print 
on a light background therefore seems advisable. 

Text quality: This should be sufficiently high that recog
nition time is not prolonged unduly. The requirements are 
worked out in more detail in the preceding paragraph, but 
the dependent variabie to be investigated is now recognition 
latency rather than recognition score. Recent pilot experi
ments in our Institute indicate that eccentric recognition 
Jatency is fairly sensitive toa reduction of contrast. 134 

Units of meaning: Si nee relevant units of meaning have to 
be picked up within the time span of storage, text should be 
made up in such a way that these units can be read in 
conneetion and not be separa ted by intervening sentences or 
parts of sentences. A discussion of this content factor falls 
outside the scope of this section. 

E. Additional Factors 

A few factors relevant to text displays did not fit in easily 
with the context of the last sections and wiJl be mentioned 
bere. 

Synchronization and fine jlicker: For semi-static images, 
which are usual in text, the horizontal edges of letters will 

· change appearance continually unless frames are synchro
nized. Flicker between interlaced scanning lines will appear 
as wobbling horizontal letter strokes, depending on display 
size and viewing distance. 

Frame jlicker: In order to avoid the disturbing effects of a 
fikkering image, it is preferabie for the image frequency to 
be above approximately 70 Hz. The increasing quietness of 
an image when image frequency is raised from 50 to 60 Hz 
is already quite remarkable. Since flicker perception 
increases with luminanee and with increasing size of lumi
nant parts, bright letters on a dark background have less 
flicker than a bright background with dark letters, always ' 
provided that other factors remain unchanged. 

Color and contrast coding: The relevant factor for read
ing is luminous contrast rather than color contrast. Thus, 
any color combination of text and background will do as 
long as the colors are sufficiently bright (on a dark back
ground) or dark (on a bright background). From the view
point of perception, color is relevant not for reading itself 
but rather for grouping and for quick visual search. Only a 
Jimited number of colors should be used for this that have 
sufficiently large subjective differences. About 4% of the 
population bas some color weakness. 

B Cl 
~ I 
~ 11 -

I '-' 1 5b IQ 
I J_, 

Cl 11 , ,_, 
FIG. 30. Configurations of seven-segment digits. Upper row: a commonly used configuration. Lower row: proposed configuration, in which confusability 
between different digits bas been decreased. (Bouma and Van Nes, Ref. 130.) 
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FIG. 31. At short interline distances, reading is difficult because of a narrow visual reading field. A lso, the eye may easily lose track of tbe line to be read; for 
example, wben jumping back to the beginning of tbe next lower line. In itself, eacb word remains recognizable, albeit witb some extra latency. 

Screen reflections: Even with adequate luminous contrast 
in the display itself, actual contrast may be poor because of 
specular and diffuse reflections from bright windows, walls, 
and luminaires. There are a number of solutions for protect
ing the display. In addition, the display should be properly 
installed in its environment. 
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FIG. 32. Judgements by viewers witb normal visual acuity of ncwspaper 
text on TV sereens witb different cbaracter densities obtained at tbree 
different viewing distances, d. Results from 12 subjects. (Breimer, 
Timmers, and Van der V een; Ref. 12.) 

Contrast between the paper or display to be read and its 
surround: Since the eye shifts continuously over the text, 
portions of the retina continuously change their state of 
adaptation from the paper or display to the surround and 
vice versa. Thus, the general contrast between the text 
display and its surround should not be too high. For eyes 
that suffer from internal scatter, which is quite usual for 
subjects above the age of 50 or so, light letters on a dark 
background are preferred because they provide a higher 
retina! contrast. 

Reading distance: Reading distance is usually not very 
critical, if letter size is adequate. However, the need for 
proper accommodation (focusing) on the text distance 
should be borne in mind. In particular, subjects above the 
age of 45 or so wiJl need speetades specially suited for that 
particular reading distance. In addition, if two reading 
distances are involved such as in case of the typing of 
documents, the original and the display should beat roughly 
equal reading distances. Adjustment of accommodation is 
both relatively slow and fatiguing and so should only be 
required infrequently. 

Jndividual differences: For represeotative testing, it 
should be remembered that there are wide individual differ
ences between most perceptual faculties. Thus distributions 
of the relevant properties should be considered rather than 
just a few unrepresentative subjects. This is only one reason 
why critica! eyes will distrust what they see. 

Vl. FINAL REMARKS 

The present paper advocates a certain approach rather 
than either providing answers to the many practical prob
lems that exist or by giving a balanced review of the 
literature. A proper understanding of image quality requires 
an understanding of human visual information processing, 
and thus can only be acquired by dedicated research effort. 
On the other hand, the design of displays tends to require 
fast decisions basedon many technica! and economie consid
erations as well as perceptual ones. Thus, the two types of 
activity cannot easily be combined. What can be done is' to 
organize close cooperation between visual researchers and 
display engineers, to the mutual advantage of both parties. 
Visual researchers may learn where serious problems lie and 
where theories offer insufficient insight for understanding 
vision as it occurs in daily life, of which visual displays have 
become a part. Display engineers may experience a certain 
distrust of the representativeness of their own vision, use 
better methods for subjective rating, and take advantage of 
the available general insights in the field of hu man vision. A 
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first requirement for such cooperation is to learn each 
. other's terminologies. Ex perimental conditions should be 
chosen carefully and in close conneetion with the existing 
literature. 1t is unfortunate that so much tedious research 
effort has already lost effectiveness because it proved impos
sibie to relate it to other literature-. Of course, one should 
aim at quantitative theories with well defined, and if possi
ble, wide limitsof validation. Furthermore, it seems useful 
to agree on restricted problem areas that combine practical 
urgency with theoretica! amenability. To suggest just a few 
of these: What are the limits of visual constancy laws 
(brightness, color) if display size is increased? How do eye 
movements depend on display size? How sharp should high 
definition TV be? What are proper color codes for graphics? 
What requirements should text displays fulfil in order to 
permit the easy selection of in formation by the reader? 

We have tried to indicate a number of present gaps 
between theory and practical problems, each of which may 
act as a reminder that achieving a real understanding is no 
easy matter. However. research in the past contains many 
examples in which a serious concern with practical problems 
was the basis for an advancement of insights. Vision theory 
will be incomplete unless it deals with vision as it occurs. 
Optimum image quality means quality that is maximally 
suited to vision as it occurs. Consequently, the two problem 
areas are intrinsically linked and progress will increasingly 
depend on the ability to make the links explicit. 

APPENDIX A 

Point-Spread Function Derived by Perturbation 

The annulus is always kept below threshold, the point 
souree acting as a probe. Let A,t,U6(r) be the response of 
the point-souree having an area A, and an iocrement of 
retina) illumination ~:,. The response in the center of a thin 
annulus with radius r11 and width Ara wiJl be 

(A. I) 

(A.2) 

lf we keep E,/Ea ""' qat a constant value and q is sufficiently 
small to hold the annulus below threshold, than the ampli
tude of the response of the combination at threshold is given 
by extr[E,A,U41 (0) + E4 A.,U6(r11 )] - D, where D is the 
minimum amplitude for (50%) detection. Hence, 

(A.3) 

8y varying r.,, the point-spread function in D units can be 
found from the variabie part of I /E,(r4 ). Subtracting the 
reciprocal of the point souree alone leads to the simple 
formula 

E,:o))· (A.4) 

Within the model the unit response to any stimulus in D 
units can be calculated by convolution. For example, a 
circular homogeneous stimulus ha ving a radius rd and being 
I td above background is 

U(r) [2 .. [rd Uo~(lr- r'D 'd, à 
D - D r r 'P· (A.S) 

Hence, E1h, at threshold is given by 

E,h,extr[U(r)/D]- I. (A.6) 

The effect of the response of the area elements of a disk, 
ha ving a retina! illumination Ed - qt,·, on the threshold of the 
point souree in its center, is given by 

The quantity plotted in Fig. 4 is 

I '• rU/(r) d A, ( Ep I) F• - 211" --- r =- - - . 
D q Ep,d 

(A.8) 

APPENDIX B 

Pulse Response Determined by Perturbation 

Two short flashes, having a constant intensity ratio q and 
equal durations fJ are used. The dominant phase of the 
response to the stronger flash, having an intensity E, is used 
as a probe for the response to the test flash, having intensity 
QE and initialed at an interval r. In order to be detected, the 
amplitude of the response to the combination has to be at a 
threshold level d: 

extr[E.,,OUa(t) + qEcpfJU6 (t - r)] =a- dor -d. (8.1) 

Si nee q « I, the moment at which the extreme value of the 
combination is the same as that of the crest of the response 
to the probe flash is given by 

(8.2) 

The first term is constant, U6 is expressed in units that can 
be found from Ec,(r). 

Using the threshold of the probe flash alone gives 

(8.3) 

from which we obtain the convenient formula 

(8.4) 
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Normalizing this gives 

U*(t _ T) _ (U&(Iu- T)) (u&(t, .... ))-t 
6 

'· a a 

(8.5) 

the norm constant being U6(t,.)/a- 1 /EpfJ. 

REFERENCFS 
1L.M. Biberman, Perception of Displayed lnformation, edited by L.M. 
Biberman (Plenum, New Vork, 1973). 

2L.M. Biberman, ibid, pp. 11-86. 
3H.L. Snyder, "Image Quality and Observer Performance," in Perception 
of Disp/ayed lnformation. ibid, pp. 87-118. 

4 F.A. Roseli and R.H. Willson, "Recent Psychophysica1 Experiments and 
the Display Signal-to-Noise Ratio Concept," in Perception of Displayed 
/nformation. ibid, pp. 167-232. 

sc.A. Siocos, "Numerical Va1ues for Subjeelive Picture Quality in 
Television," J. Soc. Mot. Piet. Eng. 80,958-962 (1971 ). 
'J.W. Allnatt, "Opinion-Rating Mode1s Applied to Television-Transmis· 
sion-System Studies," Proc. I.E.E.E. 121. 769-774 ( 1975). 

1C.J. Bart1eson and E.J. Breneman, "Brightness Reproduetion in the 
Photographic Process," Photographic Sci. and Eng. 11, 254-262 (1967). 

'C.J. Bartleson and E.J. Breneman, "Brightness Perception in Complex 
Fields," J. Opt. Soc. Am. 57,953-956 (1967). 

'C.J. Bartleson, "Visua1 Comparison of Photographic Transparencies and 
Photomechanical Reileetion Prints," Photographic Sci. and Eng. 12, 
36-40(1968). 

1°C.J. Bartleson, "Criterion of Tone Reproduction," J. Opt. Soc. Am. 58, 
992-995 ( 1968). 

11 H. Bouma, "Visual Search and Reading: Eye Movements and Functional 
Visual Field: A Tutorial Review," Attention and Performance VI/. 
edited by J. Requin (Erlbaum, Hillsdale, NJ, 1978), pp. 115-147. 

12A.J. Breimer, H. Timmers, and K.G. van de Veen, "The Legibility of 
Televised Text," I.P.O. Annual Progress Report 13.58-63 (1978). 

uH.W. Fowler and F.G. Fowler, The Concise Oxford Dictionary (Oxford 
University Press, 1960). 

••w. Crouwel, "Typography, a Technique for Makinga Text Legible," 
Proceedings of the Symp. on Processing of Visible Language, edited by 
P. Kolers, M. Wrolstad, and H. Bouma (Geldrop, The Netherlands, 
1977; Plenum, New Vork, 1979). 

15R. Jackson, "Television Text: First Experiences With a New Medium," 
ibid. 

16F.E. Jones, Noted from his introductory talk at the Rank International 
Symposium on Electronic lmaging, London, 1978. 

11D.G. Fink, Chairman of the SMPTE HDTV Study group, Letter to the 
International Study Group NIS, 3-394, 13-2-1978. 

1'L.D. Clark, Mathematica! Prediedon of Photographic Picture Quality 
From Tone Reproduetion Data," Photographic Sci. and Eng. 11, 306-
315 (1967). :'; 

19C.C.I.R. Recommendation 500: Method for the Subjective Assessment 
of the Qualiry of Television Pictures. Report 405-2: Subjeelive Assess
ment of the Quality of Television Pictures, Report 313·3: Assessment of 
theQualityofTelevision Pictures, 1974. 

»r.s. Huang, 0. Tretiak, and W. Schreiber, "Image processing," I.E.E.E. 
Proc. 59, 1586-1609 ( 1971 ). 

11 R.M. Wilmotte, Technological Bormdaries of Te/evision: Volume 1: 
Findings & Recommendations, PB 241 599. Volume 2: Simulated TV 
Displays, PB 241 600. Volume 3: Appendices to Volume I, PB 241 601. 
Report No FCC/OCE CE 74-01 National Technica! lnformation 
Service, US Dept. of Commerce, Springfield, VA 22151, 1974. 

21T. Nakayama, "Picture Quality and Subjeelive Evaluation," in Funda
mentals of Image Electronles (Corona Book Co., Japan, 1975), pp. 
294-352. 

21H. Marmolin and S. Nyberg, "Multidimensional Sealing of Image 
Quality," F.A. Rep. C-30039-H9, Swedish Nat. Oef. Res. lnst., 1975. 

24K. N. Leibovic, "Some Problems of lnformation Processing and Models 
of the Visual Pathway," J. Theoret. Biol. 21.62-79 (1969). 

1sK. Fukushima, V. Vamaguchi, M. Yasuda, and S. Nagata, "An Elec· 
tronie Model ofThe Retina," Proc. I.E.E.E. 58, 1950-1951 (1970). 

16J.J. Koenderink, W.A. van de Grind, and M.A. Bouman, "Foveal 
lnformation Processing at Photopic Luminances," Kybernetik 8, 128-
144 (1971). 

27A. Korn and W. von Seelen, "Dynamische Eigenschaften von Nerven
netzen im Visuellen System," l!(.ybernetik 10, 64-77 (1972). 

3 R. Röhler, "Ein Modell zur Ortlich-Zeitlichen Signalübertrag und im 

Visuellen System des Menschen auf der Basis der Linearen Systemtheo
rie Kontinuierlicher Medien," Biol. Cybernetics 22,97-105 (1976). 

29J. Mandelbaum and L. Sloan, "Peripheral Visual Acuity," Am. J. of 
OPhthalmotogy JO., 581-588 {1947). 

JOE. Aulhorn and H. Harms, "Visual Perimetry," in Handhook of Sensory 
Physio/ogy, Vol. Vll/4. edited by D. Jameson and L.M. Hurvich, pp. 
102-145. 

11 A.J. van Doorn, J.J. Koenderink, and M.A. Bouman, "The lnlluence of 
the Retina! lnhomogeneity on the Perception of Spatial Patterns," 
Kybernetik JO, 223-230 ( 1972). 

32J.J. Koenderink, M.A, Bouman, A.E. Bueno de Mesquita. and S. 
Slappendel, "Perimetry of Contrast Deleetion Thresholds of Moving 
Spattal Sine-Wave Patterns: I. The Near Peripheral Visual Field (Eccen
tricity 0-80°)," J. ÛJ)t. Soc. Am. 68,845-849 (1978). 

llJ.J. Koenderink, M.A. Bouman, A.E. Bueno de Mesquita, and S. 
Slappendel, "Perimetry of Contrast Deleetion Thresholds of Moving 
Sine-Wave Patterns: 11. The Far Peripheral Visual Field (Eccentricity 
0-500)," J. Opt. Soc. Am. 68,850-854 (1978). 

"'H.R. Blackwell, "Contrast Thresholds of the Human Eye," J. Opt. Soc. 
Am. 36,624-643 (1946). 

35P.M. Duffieux, "L'lntegrale de Fourier et ses Applications à L'optique," 
Fac.desSc. Besancon, 1946. 

"''.H. Schade, "Eiectro-Optical Characteristies of Television Systems," 
RCA Rev., 1948. I. Characteristics of Vision and Visual Systems, p. 5: 11. 
Electro-Optical Specilication for Television Systems, p. 245; 111. Electro
Optical Specilication for Television Systems, p. 490; and IV. Correlation 
and Evaluation of Electro-Optical Characteristics of lmaging Systems, p. 
653. 

310.H. Schade, "Optica! and Photoelectric Analog of the Eye.'' J. Opt. 
Soc. Am. 46,721-739 (1956). 

»A. Arnulf, and 0. DuPuy, "La Transmission des Contrastes par Ie 
Systéme Optique de l'oeil et Jes Seuils des Contrasles Rêtiniens," Comp. 
Rend. Behd. Séanc Acad. Sci., Pa ris 250, 2757-2759 ( 1960). 

39E.M. Crane, "An Objective Method for Rating Picture Sharpness: SMT 
Acutance," J.S.M .P.T.E. 73, 643-647 ( 1964). 

40F.W. Campbell, and O.G. Green, "Optica! and Retina! Factors Affect
ing Visual Resolution," J. Physiol. 181, 576-593 (1965). 

••F.L. van Nes, and M.A. Bouman, "Spatial Modulation Transfer in the 
Human Eye," J. Opt. Soc. Am. 57, 401-406 ( 1967). 

•
2F.W. Campbell, R.H.S. Carpenter, and J.Z. Levinson, "Visibility of 
Aperiodic Patterns Compared with that of Sinusoidal Gratings," J. 
Physiol. 204.283-298 ( 1969). 

41 F.W. Campbelland J.G. Robinson, "Application of Fourier Analysis to 
the Visibility of Gratings," J. Physiol. Lond. 241, 261-270 ( 1968). 

"A. Pantie and R. Sekuler, "Size Detecting Mechanisms in Human 
Vision," Science 162, 1146-1148 ( 1968). 

45C. Blakernare and F. W. Campbell, "On the Existence of Neurons in the 
Hu man Visual System Selectivity Sensitive to the Orientation and Size 
of Retinallmages," J. Physiol. Lond. 248, 237-260 (1969). 

46C.F. Stromeyer, 111 and B. Julesz, "Spatial Frequency Masking in 
Vision: Critica! Bands and Spread of Masking," J. Opt. Soc. Am. 62, 
1221-1223 (1972). 

41G.B. Henning, B.G. Hertz, and D.E. Broadbent, "Some Experiments 
Bearing on the Hypothesis That the Visual System Analyses Spatial 
Patterns in Independent Bands of Spatial Frequency," Viston Res. 15, 
887-897 (1975). 

.. J.J. McCann, R.L. Savoy, and J.A. Hall. Jr., "Visibility of Low Spatial 
Frequency Sine-Wave Targets: Dependenee on Number of Cycles," J. 
Opt. Soc. Am. 63, 1297 {1973). 

49J. Hoekstra, D.P.J. van der Groot, G. van den Brink, and F.A. Bilsen, 
"The lnfluence of the Number of Cycles Upon the Visual Contrast 
Threshold forSpat ia I Wave Patterns.'' Vision Res. 14, 365-368 ( 1974). 

50V.D. Glezer, and N .B. Kostelyanets, "The Dependenee of Threshold for 
Perception of Rectangular Grating U pon the Stimulus Size," Vision Res. 
15, 753-756 (1975). 

"F.J.J. Blommaert, "Spatial Processing of Small Visual Stimuli," !.P.O. 
Annual Progress Report 12, 81-86 ( 1977). 

52R.W. Rodieck, "Quantitative Analysis of Cat Retina! Ganglion Cell 
Response to Visual Stimuli," Vision Res. 5, 583-601 (1965). 

HF. Ratliff, Mach Bands: Quantitative Studies on Neura/ Networks in the 
Retina. (Holden Day, lnc., San Francisco, 1965). 

"'C.R. Carlson, R.W. Cohen, and I. Gorog, "Visual Processing of Simple 
Two-Dimensional Sine-Wave Luminanee Gratings," Vision Res. 17, 
351-358 (1977). 

ssF.M. Bagrash, J.P. Thomas, and K.K. Shimamura, "Size-Tuned Mecha
nisms: Correlation of Data on Deleetion and Apparent Size," Vision Res. 
14,937-942 (1974). 

56B. Fischer, "Overlap of Receptive Field Centers and Representation of 
the Visual Field in the Cat's Optie Tract," Vision Res. 13, 2113-2120 
(1973). 

57J.J. Koeoderink and A.J. van Doorn, "Visual Detection of Spatial 
Contrast: lnlluence of Location in the Visual Field, Target Extent, and 
llluminance Level," Biologica! Cybernetics 30, 157-16 7 ( 1978 ). 

51 P.D. Griffis and J. Shefer, "Kinescope Spot Size as it Relales to Picture 
Quality," I.E.E.E. Trans. on Consumer Electronics xx, 14-21 (1977). 

Ro11fs and Bo11nta{Towards L.inking Perception Research and Image Qualily 



"J.J. Kulikowski and P.E. King-Smith, "Spatial Arrangementsof line, 
Edge, and Grating Detectors Revealed by Subthreshold Summation," 
Vision Res. 13, 1455-1478 (1973). 

110H.R. Wilson, "Quantitative Characterization of Two Types of Line
Spread Function Near the Fovea," Vision Res. 18,971-981 (1978). 

"P.E. King-Smith and J.J. Kulikowski, "The Deleetion of Gratings by 
Independent Activation of Line Detectots," J. Physiol. (London) 247, 
237-271 (1975). 

62H.R. Wilson and J.R. Bergen, "A Four Mechanism Model for Threshold 
Spatial Vision," Vision Res. 19, 19-32 (1979). 

"R.M. Shapley and D.J. Tolhurst, "Edge Detectors in Human Vision," J. 
Physiol.129,165-183 (1973) . 

.. M. Hines, "line Spread Function Variation Near the Fovea," Vision 
Res. 16, 567-572 (1976). 

65 J.O. limb and C.B. Rubinstein, "A Model of Threshold Vision lncorpo
rating lnhomogeneity of the Visual Field," Vision Res. 17, 571-584 
(1977). 

"C.R. Carlson and R.W. Cohen, "A Model for Predicting the Just
Noticeable Dilference in Image Structure as a Function of Display 
Modulation Transfer" S.I.D. Digest of Tech. Papers, 1978, pp. 30-31. 

61D.H. Kelly, "Eifects of Sharp Edges on the Visibility of Sinusoidal 
Gratings," J. Opt. Soc. Am. 60,98-103 (1970). 

61G.A. Gelade, C.L. Poole, and R.L. Beurle, "The Pooling of Excitation in 
Threshold of Bar Stimuli," Vision Res. 14, 317-327 (1974). 

691.D.G. McLeod and A. Rosenfeld, "The Visibility of Gratings: Spatial 
Frequency Channels or Bar Detecting Units," Vision Res. 14, 909-915 
(1974). 

'~~H.R. Wilson, "Quantitative Characterization of Two Types of Line
Spread Function Near the Fovea," Vision Res,18, 971-981 (1978). 

11C. Landis, "An Annotated Bibliography of Flicker Fusion Phenomena 
Coverin!J the Period 1740-1952," The Exec. Secr. 3433, Mason Hall, 
Univers1ty of Michigan, 1953. 

12J.A.J. Roufs, "Dynamic Properties of Vision. I. Experimental Relation
ships between Flicker and Flash Thresholds," Vision Res. 12, 261-278 
( 1972). 

nD.H. Kelly, "Visual Responses to Time Dependent Stimuli. 11. Single 
Channel Model of the Pbotopic Visual System, J. Opt. Soc. Am. 51, 
747-754 (1961). 

'•J.Z. Levinson, "Fiicker Fusion Phenomena," Science 160, 21-28 
(1968). 

15L. Matin, "Critica! Duration, the Dilferential Luminanee Threshold, 
Critica! Flicker Frequency, and Visual Adaptation, a Theoretica! treat
ment," J. Opt. Soc. Am. 58,404-415 (1968). 

16J.A.J. Roufs, "Dynamic Properties of Vision. 11. Theoretica! Relation· 
ships Between Flicker and Flash Thresholds," Vision Res. 12, 279-292 
(1972). 

11 J.A.J. Roufs, "Dynamic Properties of Vision. 111. Twin Flashes, Single 
Flashes, and Flicker Fusion," Vision Res. 13,309-323 (1973). 

11J.A.J. Roufs, "Dynamic Properties of Vision. IV. Thresholds of Decre
mental Flashes, lncremental Flashes, and Doublets in Relation to Flicker 
Fusion," Vision Res. 14,831-851 (1974). 

19J.A.J. Roufs, "Dynamic Properties of Vision. V. Perception Lag and 
Reaction Time in Relation to Flicker and Flash Thresholds," Vision Res. 
14,853-869 (1974). 

10J.A.J. Roufs, "Dynamic Properties of Vision. Vl. Stochastic Threshold 
Fluctuations and Their Elfeet on Flash-to-Fiicker Sensitivity Ratio," 
Vision Res. 14,871-888 (1974). 

11G. Sperling and M.M. Sondhi, "Model for Visual Luminanee Discrimi· 
nation and Flicker Detection," J. Opt. Soc. Am. 58, 1113-1145 (1968). 

12A. Pantle, "Flicker Adaptation. I. Elfeet on Visual Sensitivity," Vision 
Res. 11, 943-952 ( 1971 ). 

11D.J. Tolhurst, "Sustained and Transient Channels in Human Vision," 
Vision Res. 15, 1151-1155 (1975). 

.. J.A.J. Roufs and F.J.J. Blommaert, "Tempora! Pulse and Step 
Responses of the Human Eye Obtained Psycbophysically by Means of a 
Drift-Correcting Perturbation Technique," (to be published). 

15J.A.J. Roufs and F.J.J. Blommaert, "Pulse and Step Response of the 
Visual System," I.P.O. Annual Progress Report 10, 60-67 ( 1975). 

16J.A.J. Roufs and H.J. Meulenbrugge, "The Quantitative Relation 
Between Flash Threshold and the Flicker Fusion Boundary for Centrally 
Fixaled Fields," I.P.O. Annual Progress Report 2, 133-139 (1967). 

11E.C. Poulton, "Quantitative Subjective Assessments Are Almost Always 
Biased, Sometimes Completely Misleading," Brit. J. Psychol. 68, 409-
425 (1977). 

US.S. Stevens, "On the Brightness of Lights and the Loudness of Sounds," 
Science 118,576 (1953). 

19L.E. Marks, Sensory Processes, the New Psychophysics (Academie, 
New Vork, 1974). 

tos.S. Stevens, Psychophysics, edited by G. Stevens (Wiley &. Sons, N.V. 
1974). 

"D.H. Krantz, "A Theory of Magnitude Estimation and Cross-Modality 
Matching," J. Math. Psychol. 9, 168-199 (1972). 

92E.C. Poulton, "Population Norms of Top Sensory Magnitudes and S.S. 
Stevens' Exponents," Perception and Psychophysics 2, 312-316 ( 1967). 

93R. Teghtsoonian, "On the Exponentsin Stevens' Law and the Constants 
in Ekman's Law," Psycbol. Rev. 78,71-80 (1971). 

"'C.J. Bartleson and E.J. Breneman, "Ditferences Among Responses of 
Observers in Sealing Brightness," Die Farbe 12, 200-212 ( 1973). 

95J.E. Saunders, "The Validity of Magnitude Estimation of Luminosity 
and the Measurement of the Relative Effects of Preadaptation and 
Contrast," Vision Res. 12, 689-698 (1972). · 

116N.H. Anderson, "A Simple Model for lnformation lntegration," in 
Theories of Cognilive Co11.~isteney: A Souree Book. edited by R.P. 
Abelson, E. Aronson, E. McGuire, W.J. Newcomb, M.J. Rosenberg. and 
P.H. Tannenbaum (Rand McNally, Chicago, 1968). 

"'N.H. Anderson, "Functional Measurement and Psychophysical Judg-
ment," Psychol. Rev. 77, 153-170 (1970). _ 

"M.H. Birnbaum and C.T. Veit, "Scale-Free Tests of an Additive Model 
for the Size-Weight lllusion," Perception and Psychophysics 16, 276-282 
(1974). 

99M.H. Birnbaum and R. Elmasian, "Loudness "Ratios" and "Dilfer· 
ences" lnvolve the Same Psychophysical Operation," Perception and 
Psychophysics 12, 383-391 ( 1977). 

100M.H. Birnbaum, "Using Contextual Effects to Derive Psychophysical 
Scales," Perception and Psychophysics 15, 89-96 (1974). 

101W.S. Torgerson, "Distances and Ratiosin Psychophysical Sealing.'' Acta 
Psychologica 19,201-205 ( 1961). 

102H. Eisler, "On the Ability to Estimate Dilferences: A Note on 
Birnbaum's Subtractive Model," Perception and Psychophysics 24, 185-
189 (1978). 

103R.N. Shepard, "Metric Structure in Ordinal Data," J. Math. Psychol. 3, 
287-315 (1966). 

104M. Hagerty and M. H. Birnbaum, "Non-Metric Tests of Ratio Vs. 
Subtractive Theories of Stimulus Comparison,'' Perception and Psycho
f.hysics 24,121-129 (1978). 

10 N.H. Anderson, "Note on Functional Measurement and Data Analysis," 
Perception and Psychophysics 11,201-215 (1977). 

106J.W. Alnatt, "Subjective Assessment of lmpairments in Television 
Pictures," Applied ergonornies 2, 231-235 (1971). 

'
01J.W. Alnatt, "O~inion-Rating Model Applied to Television-Transmis

sion-System Stud1es," Proceedings ofthe I.E.E.E. 111,769-774 (1975). 
101 J.J. Koenderink and A.J. Doorn, "Detectability of Power Fluctuations of 

Temporal Visual Noise," Vision Res. 18, 191-195 (1978). 
1119F.L Engel, "Visual Conspicuity, Directed Attention, and Retina! 

Locus," Vision Res. 11,563-576 (1971). 
11°F.L. Engel, "Visual Conspicuity and Selective Background lnterference 

in Eccentric Vision," Vision Res. 14,459-471 (1974). 
111 F. L. Engel, "The Measurement of Visual Conspicuity," Philips Tee. Rev. 

36,71-73 (1976). 
112F.L Engel, "Visual Conspicuity, Visual Search, and Fixation Tendencies 

ofthe Eye," Vision Res. 17,95-108 (1977). 
113 Visual Display Units and Their Applieation, edited by D. Grover (IPC 

Business Press, Guildford, Surrey, G. Br., 1976). 
11•K.F. Kraiss, "Vision and Visual Displays," in Introduelion to Human 

Engineering. edited by K.F. Kraiss and J. Moraal, pp. 85-147. 
mH. Bouma and A.H. De Voogd, "On the Control of Eye Saccades in 

Reading," Vision Res. 14, 273-284 (1974). 
116K. Rayner, "Eye Movementsin Reading and lnformation Processing," 

Psychol. Bull. 85,618-660 (1978). 
111 A. Levy-Schoen and K. O'Regan, "The Control of Eye Movements in 

Reading," in Processing of Visible Language J. P.A. Koters, M. Wrol
stad, and H. Bouma (Plenum, New Vork, 1979). 

111M. Gregory and E.C. Poulton, "Even Versus Uneven Right-Hand 
Margins and the Rate of Comprehension in Reading," Ergonornies 13, 
427-434 (1970). 

"'M. Mishkin and D.G. Forgays, "Word Recognition as a Function of 
Retina! Locus," J. Exp. Psychol. 43,43-48 (1952) . 

120H. Bouma, "Visuallnterference in the Parafoveal Recognition of Initia! 
and FinalLetters of Words," Vision Res. 13, 767-782 (1973). 

12'K. Rayner, "The Perceptual Span and Peripheral Cues in Reading," 
Cognitive Psychol. 7, 65-81 (1975). 

mJ. Morton, "lnteraction of lnformation in Word Recognition," Psychol. 
Rev. 76, 165-178 (1969). 

123D.G. Bouwhuis and H. Bouma, "Visual Recognition of Three Letter 
Words as Derived from the Recognition of the Constituent Letters," 
Perception and Psychophysics 15, 12-22 (1979). 

12•M.A. Tinker, Legibility of Print, (Minnesota University Press, Minneso
ta, 1954). 

mE.C. Poulton, "Searching for Newspaper Headlines, Printed in Ca pitals 
or Lower-Case Letters," J. Appl. Psychol. 51,417-425 (1967). 

1ZróH. Bouma and F.F. Leopold, "A Set of Matrix Cbaracters in a Special 
7 x 8 Array," IPO Annual Progress Report4, 115-119 (1969). 

121H. Bouma and A.LM. Van Rens, "Completion of an Alpha-Numeric 
Matrix Display with Lower-Case Letters," IPO Annual Progress Report 
6, 91-94 (1971). 

121H. Bouma, "Visual Recognition of lsolated Lower-Case Letters," Vision 
Res.IJ,459-474(1971). 

Proceedinp orthe SID, Vol. 21/3, 1980 



1:19N.C. Ellis and S.E. Hili, "A Comparative Study of Seven Segment 
Numerics," Human Factors lt, 655-660 ( 1978). 

1.10H. Bouma and F.L Van Nes, "Legibility of Rectîlinear Digits," IPO 
Annual Progress Report 12, 117-123 (1977). 

tl•c.w.J. Schiepers, "Response Latencies in Parafoveal Word Recogni· 
tion," IPO Annual Progress Report 9, 99-103 (1974). 

mH. Bouma, "lnteraction Effects in Parafoveal Letter Recognition," 
Nature 116, 177-178 ( 1970). • 

mH. Bouma, "Perceptual Functions," in Handhook of Psychonomics. 
edited by J.A. Michon, L.F.W. de Klerk, and E.G.J. Eijkman (Nortb. 
Holland, Amsterdam, 1979). 

114H. Timmers, "An Elfeet of Contrast on the Legibility of Printeet Text," 
IPO Annual Progress Report 13, 64-67 ( 1978). 

mB.R. Hunt and G.F. Sera, "Power·Law Stimulus-Response Moelels for 
Measures of Image Quality in Nonperformance Environments," IEEE 
Transactions on Systems, Man, and Cybernetics 8. 781-791 (1978). 

270 Roufs attd Bouma/Towards linking Perception Research and Image Quality 


