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aan Judith, Evelien 
en mijn ouders 

Trying to understand perception by studying only neurons is like trying to un· 
derstand bird flight by studying only feathers: It just cannot be done. In order 
to understand bird flight, we have to understand aerodynamics; only then do 
the structure of feathers and the different shapes of bird's wings make sense. 

David Marr 
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Chapter 1 

Introduction 

L IGHT entering the eye evokes an abundance of sensations. It provides 
us with colourful representations of the environment, to which aesthetic 

values can sometimes be attributed. It leads to the identification of objects 
positioned in three-dimensional (3-D) space. Moreover, vision enables us to 
navigate through and to communicate with the outside world. 

This thesis is concerned with one of the elementary aspects of human vi
sion, namely brightness perception. People intuitively agree on the meaning of 
the term brightness, namely some 'intensity' value assigned to a point in the 
visual field. In the CIE1 vocabulary (CIE, 1987) brightness is described as "an 
attribute of visual sensation according to which an area appears to emit more 
or less light." In practice, brightness is operationally defined on the basis of its 
relation to the photometrical quantity luminance.2 Formal definitions of lumi
nance can be found in almost every handbook dealing with light (Le Grand, 
1968; Wyszecki & Stiles, 1982).3 Here it is sufficient to grasp that luminance 
is a 'light-density' measure of a surface radiated in a certain direction. It is 
expressed in candelas per square metre ( cdjm2 ). 

The human visual system is sensitive to an enormous range of lumi
nances. Natural light sources already create slow, cyclic luminance changes 
that comprise, from starlight to sunlight at noon, roughly eight decades. The 
corresponding subjective range, i.e. the brightness range, is much smaller 
(e.g. Teghtsoonian, 1971; Barlow & Verrillo, 1976). As a consequence, the 
luminance-brightness mapping involves a powerful compression. This consti
tutes the central theme of the present thesis. Compression implies that infor
mation is eliminated or distorted. Now, obvious questions one can ask include: 

1 Commission lnternationale de l'Eclairage. 
2If the luminance of a certain object in an otherwise unaltered scene is changed, a mono

tonic relation between the luminance and the brightness of this object is experienced. 
3The luminance of an infinitesimal surface element in a given direction equals the number 

of light quanta radiated per second in an infinitesimal cone containing the considered direction 
divided by the product of the solid angle of the cone and the projected area of the surface 
element on a plane perpendicular to the given direction. 
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What scene information is preserved and how is it represented in the bright
ness domain? Can constraints be provided for this? Before answering these 
questions, it is worthwhile to have a closer look at the luminance distribution 
of a scene. 

The structure of the outside world is literally reflected in the luminance 
pattern projected onto the retina. The luminance pattern on the r~tina con
tains mixed information about the light source, the reflective properties, the 
shape and arrangement of objects, and the position of the observer. Without 
any doubt there is a close connection between the brightness representation 
and the luminance distribution, since local brightness variations and luminance 
variations are usually in topological correspondence. However, the r€ilation be
tween brightness and luminance is not trivial. Of the many demonstrations 
showing that the brightness representation is not a simple copy of the lumi
nance distribution, let us consider the one presented in figure 1.1. In this figure 
a bar of constant reflectance is embedded in a field with increasing reflectance 
from left to right. The typical impression is that the left-hand side of the bar 
looks brighter than its right-hand side. Apart from this brightness induction 
phenomenon, it is noteworthy that the brightness impression of this image can 
be described without prior knowledge of the light source, i.e. without speci
fying its intensity, position and spectral characteristics. Furthermore, as can 
be readily ascertained, brightness is robust against variation of the viewing 
distance. Rotation of this figure or displacement with respect to. the fixa
tion point also has a negligible influence. These considerations suggest that 
brightness representations are insensitive to light-source properties as well as 
to viewing conditions. Consequently, they are anchored to object properties, 
an idea already put forward by Hering (1878) and van Helmholtz {1896). To 
summarize, the compression is thought in the first instance to be such that 
the luminance distribution is stripped of light-source information and stabi
lized against changes in viewing conditions (see also Blommaert, Schouten & 
Martens, 1989; Blommaert & Martens, 1990). 

At this point it is relevant to take account of the brightness-lightness con
troversy. Lightness can be described as the psychosensorial correlate of re
flectance and as such is even more closely connected to object properties. As 
paraphrased by Arend & Goldstein (1987, 1990): "For lightness measurements 
observers were asked to judge achromatic stimulus strength as a piece of paper 
with a specific 'grey-tone'." In the past the terms brightness and lightness 
were often confused, causing problems with the interpretation of experimental 
results. Nowadays, it is universally accepted that brightness (perceived lumi
nance) and lightness (perceived reflectance) are two quite distinct attributes of 
visual perception (e.g. McCann, 1989). An elegant demonstration of a funda
mental difference between brightness and lightness is given by Schirillo, Reeves 
& Arend (1990), who showed that lightness is affected by depth whereas bright-
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Figure 1.1: Demonstration of the brightness induction phenomenon; although 
the bar has a constant reflectance, it appears brighter at the left-hand side. 

ness is not. 

Over the last two decades computational frameworks based on the object
oriented philosophy have been developed for both brightness and lightness. In 
general, the computational approach, an exciting development in vision re
search rooted in artificial intelligence and robot vision, includes a thorough 
analysis of the way in which properties of the physical world constrain problems 
in vision and results in algorithms, i.e. step-by-step procedures which transform 
one representation of visual information into the next (Marr, 1982; Hildreth & 
Ullman, 1988). Despite the success of computational studies it should be em
phasized that simulation of a biological system does not necessarily tell us how 
it actually works (Penrose, 1989; Ramachandran, 1990). A classical example of 
computational lightness modelling is the pioneering work of Land & McCann 
(1971 ). Their retinex algorithm creates a lightness representation that is closely 
related to reflectances. In order to achieve this, luminance ratios, i.e. a contrast 
measure, are extracted from the scene. Some recent brightness models are pre
sented by for instance Grossberg & Todorovic (1988), Morrone & Burr (1988), 
Cannon & Fullenkamp (1991) and Kingdom & Moulden (1992). Of special 
importance to the investigation reported in this thesis is the brightness model 
of Blommaert & Martens (1990), in which the object-oriented approach was 
analysed in a broader context and linked to the physiological characteristics of 
the human visual system. In essence, the model consists of two steps. First, 
contrast information is represented within a multiple-scale structure. Second, 
brightness is constructed by a summation over the scales. Within this concept 
compression is accomplished by disregarding variations of the illumination level 
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or average luminance level, a principle known as brightness constancy. 

However, there is at least one unsolved difficulty. As demonstrated in fig
ure 1.1, there is no unambiguous object-related correlate of brightness; the bar 
becomes clearly inhomogeneous in the subjective domain. Moreover, the fact 
that deviations between luminance or reflectance distributions and brightness 
maps are very characteristic and robust suggests that an additional constraint 
must be imposed on brightness perception. 

It is tempting to speculate on the possibility that brightness trepresenta
tions also reflect the coherence of the physical environment. It is important to 
realize that perfect brightness constancy and coherence demands are contra
dictory. This is illustrated in figure 1.2. Application of perfect brightness con
stancy eliminates information on the average luminance level. In other words, 
differences between average luminance levels of images are not e~pressed on 
the brightness scale, that is the coherence is disrupted. For a natural viewing 
condition, where the eye is incessantly jumping in a rather haphazard way from 
one fixation point to another and locomotion is commonplace, largel differences 
of the average luminance level can easily arise. For instance, one's glance can 
be switched within a fraction of a second from a sunlit part of a garden to a 
shaded seat under a tree. 

Display of coherence in the brightness domain, involving sets: of related 
images, is actually beyond the scope of this thesis. Instead we concentrate 
on brightness representations of images that can be considered as single, non
related entities. Particularly, it is investigated whether differences bletween the 
luminance map and the brightness map may be interpreted as ~ppearances of 
compression mechanisms. First of all psychophysical experiments; described 
in chapter 2 and 3, were conducted. Some general comments concerned with 
the experiments can be made. We used stimuli consisting of a Gan#eld, a ho
mogeneous field of view, on which a number of disks were superimposed. The 
whole visual field was thus stimulated in a controllable manner. Perceptual im
plications of Ganzfelder are summarized by Avant (1965) and Vill*'ni (1992). 
The method we employed was brightness matching. More specifically, to inves
tigate the luminance-brightness compression, the large luminance range was 
traversed in two different ways. In a first experiment exploring brightness con
stancy (see chapter 2) scene luminances were varied with certain multipliers. In 
the second series of experiments (see chapter 3), on the other hand, luminance 
ratios within a scene were altered. Subsequently, the compression mechanisms 
revealed by the experimental results are integrated into a novel brightness al
gorithm presented in chapter 4. The algorithm can be viewed as an extension 
of the brightness model proposed by Blommaert & Martens (1990). Finally, 
in chapter 5 this algorithm is applied to a set of brightness illusions including 
brightness induction and brightness assimilation phenomena, Mach bands and 
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Figure 1.2: Demonstration of the (perfect) constancy mechanism applied in 
photography (see also Schouten & Blommaert, 1991). The input of this map
ping consists of luminances from real-life scenes, while the output is determined 
by film densities. The constancy mechanism can be described as follows. Given 
the sensitivity of the film, the camera aperture and/ or shutter speed are ad
justed in such a way that the (spatially centre-weighted) average luminance 
corresponds to a standardized density value on the film. Now, scene luminances 
relative to this average level are transformed by means of a characteristic mono
tonic function to density values (e.g. Hunt, 1988). This mechanism is released 
on to a 'terrace scene'. The images mimic the effect of an eye movement. Note 
that it leads to density inequalities of objects appearing in related, overlapping 
images. Here, the density assigned to the encircled part of the wall in the 
right-hand image is substantially higher than the density of the corresponding 
region in the left-hand image. Hence, if such a constancy mechanism were to 
be applied to the luminance-brightness mapping, the brightness of a surface 
would depend on viewing conditions, such as fixation position and viewing dis
tance. It is do~btful whether the visual system allows inconsistencies of this 
type, i.e. violations of coherence, to occur. 

Craik-O'Brien-Cornsweet effects. 
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Chapter 2 

A fresh look at brightness constancy 1 

Abstract 

In this chapter experiments are described in which brightness con
stancy was verified for quasi-static images. Luminance variation by 
means of a multiplier was applied to test stimuli consisting of a 
Ganzfeld with superimposed disks. To this end, a special-purpose ap
paratus was constructed. Sequential dichoptical brightness matches 
with a reference stimulus were carried out for the disks as well as the 
homogeneous surround. The results of these brightness constancy 
measurements indicate that: 1) Besides a clear tendency towards 
brightness constancy, small but systematic effects of the average lu
minance level are present. 2) The brightness of the Ganzfeld is hardly 
affected by the presence of the disks. Finally, it will be shown that 
the experimental results can be modelled adequately in terms of a 
concept that involves an accumulation of contrast information. In 
order to obtain a satisfactory fit to the data it is assumed that the 
brightness of the contourless Ganzfeld originates from a contrast with 
an internal reference level. 

2.1 Introduction 

B RIGHTNESS constancy refers to the remarkable ability of the human 
visual system to make the brightness impression of a scene insensitive 

to changes in illumination. This implies a substantial compression in the 
luminance-brightness mapping (e.g. Walraven, Enroth-Cugell, Hood, MacLeod 
& Schnapf, 1990). One of the first psychophysical experiments demonstrating 
the brightness constancy phenomenon was published almost a century ago by 
two of Hering's students, Hess & Pretori (1894). An English translation of 
this article with some comment added is given by Flock & Tenney (1970). 

1 Parts of this chapter were presented at the 15th European Conference on Visual Percep
tion, Pisa, Italy, 30th August 3rd September, 1992 (see Schouten & Blommaert, 1992). 
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Among other important, earlier contributions concerning brightness 'constancy 
are the studies of MacLeod (1932), Wallach (1948), Heinemann (1955), Jame
son & Hurvich (1961), and Bartleson & Breneman (1967). For a catalogued 
list of references see Roufs & Smith (1988). Nowadays, brightness constancy is 
a well-known, broadly accepted principle included in most introductory text
books on visual perception. Contemporary research related to the constancy 
principle focuses on the lightness-brightness controversy (Arend & Goldstein, 
1987; Jacobsen & Gilchrist, 1988; Blommaert, 1993) and the so-called anchor
age problem (see Gilchrist, Cattaliotti, Bonato & Li, 1992). 

Brightness constancy is traditionally explained as one of the adaptation 
mechanisms of man (see e.g. Appley, 1971). In modern artificial intelligence 
language brightness constancy is regarded as an efficient way of mapping the 
large luminance range of the outside world onto a considerably smaller sensorial 
range (Forsyth, 1990). However, the consequences of brightness constancy for 
natural viewing conditions are not trivial. A basic problem is how brightness 
representations resulting from different eye fixations display the co}ference of 
the physical environment (Schouten & Blommaert, 1991; see also figure 1.2). In 
the present investigation brightness constancy is verified for quasi-static images 
that consisted of a Ganzfeld on which disks were superimposed. The rationale 
of using a Ganzfeld is that, compared to the experimental conditions employed 
for other brightness constancy measurements, it is better linked up with natural 
situations. Furthermore, a Ganzfeld was chosen to learn about the anchorage 
problem. 

2.2 Brightness constancy: principle and practice 

The concept of perfect brightness constancy is visualized in figure 2.1. Two 
luminance distributions that are equal but for a constant factor are mapped 
onto identical brightness representations. In other words, perfect brightness 
constancy reflects invariance for changes of the average luminance level. How
ever, a critical look at the aforementioned publications on brightness constancy 
reveals that all these measurements display deviations, to a greater or lesser 
extent, from perfect brightness constancy. That is, there is a dependence on 
the a~erage luminance level. It should be remarked that this is in accordance 
with daily experience; we indeed have some notion of the illumination level. 

At this point a few comments can be made. In many psychophysical ex
periments only a relatively small part of the visual field was manipulated, for 
instance a 10 deg x 10 deg square corresponding to a monitor display. Speci
fication of the environment is often given in rather vague terms, such as "the 
experimental room was otherwise dimly lit" or "the stimuli were presented in 
the dark." It is obvious that this typical 'laboratory situation' differs from 
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h1mjnance 
scale 

(log cd/m~ 

4 

scene 1 

scene 2 

-4 

ll 

Figure 2.1: The principle of brightness constancy. Scene 2 is an attenuated 
version of scene 1. The shift on the logarithmic luminance axis mimics the 
effect of putting on sun-glasses. 

most natural circumstances. Moreover, in the case of brightness constancy 
experiments, luminance variation by means of a multiplier has been explicitly 
applied within a limited part of the visual field. Without further preface it is 
therefore not clear whether the luminance statistics of the whole visual field 
shifted in the desirable way (see figure 2.1). To get round these problems an 
extended, controllable surround is necessary. For this a special-purpose optical 
apparatus has been designed. 

2.3 Brightness versus lightness 

The CIE vocabulary (CIE, 1970)2 employs the following definitions of bright
ness and lightness. 

1. Brightness 

Attribute of visual sensation according to which an area appears to emit 
more or less light. This attribute is the psychosensorial correlate, or 
nearly so, of the photometric quantity luminance. 

2In the 1987 edition a slightly different description of lightness is proposed. However, we 
prefer the 1970 definitions. 
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2. Lightness 

Attribute of visual sensation in accordance with which a body seems to 
transmit or reflect diffusely a greater or smaller fraction of the incident 
light. This attribute is the psychosensorial correlate, or nearly so, of the 
photometric quantity luminance factor3 • 

Although the definitions in themselves are clear, one has been sloppy in the past 
with the actual usage of both terms. The modern opinion is that brightness 
and lightness are two simultaneously available attributes of strength perception 
(see e.g. McCann, 1989), i.e. independent estimations of luminances as well as 
luminance factors (reflectances) can be made. Because this was not realized in 
the classical studies cited in the introduction their results are often ambiguous, 
since it is not clear whether observers judged brightness, lightness or perhaps 
some mixture of both. 

A direct and elegant demonstration of a fundamental difference between 
brightness and lightness is presented by Schirillo, Reeves & Arend (1990). 
They showed that lightness matches are influenced by perceived depth whereas 
brightness matches are not. In other recent work of Arend & Goldstein (1987, 
1990) the above distinction between brightness and lightness was also explicitly 
made. Their data indicate that specific brightness and lightness tasks produce 
significantly different results. Since we are primarily interested in brightness 
perception, our observers were asked to judge "brightness or perceived lumi
nance, i.e. the effective strength of the stimulus." This instruction must be 
looked upon as opposed to a typical lightness task in which observers are asked 
to judge stimuli "as if they were cut from a similar piece of paper." 

2.4 Methods 

2.4.1 Apparatus 

With a special-purpose apparatus based on the 'integrating sphere principle', 
which is also frequently employed in photometric measuring-instruments (Le 
Grand, 1968; Billmeyer, 1989), an adjustable, homogeneous environment was 
created. A schematic drawing of this optical apparatus is presented in fig
ure 2.2. We attached to the front of the sphere a hand-shaped cap which fits 
around the orbit of the observer's left eye. The sphere is illuminated by means 
of a xenon lamp (type: XBO, 150W /1 ). After passing through the appropriate 
optics, light enters by a small hole covered with a piece of tracing paper which 

3Ratio of the luminance of the body to that of a perfect reflecting or transmitting diffuser 
identically illuminated. 
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1. xenon lamp 
2. filter 
3. shutter 
4. diffusing screen 

17.7 deg 5. mirror 
6. TV monitor 
7. sphere 
8. hemisphere 
9. hand-shaped cap 

10. masking element 
11. box 

Figure 2.2: Special-purpose optical apparatus. 

transmits diffusely. The central part of the observer's field of view is filled in 
with the display of a monitor (type: Barco CTVM 3/51). By using a diffusing 
screen (type: Cinemoid no. 29 heavy frost) to obscure the visible line structure 
of the display and adjusting the monitor's luminance and colour coordinates4 , 

a uniform field of view ( Ganzfeld) can be presented to the viewer's left eye. 

We took two precautions in order to reduce the visibility of remaining con
spicuous inhomogeneities. First, the visible transition between the monitor 
and sphere was defocused by putting a frosted-glass hemisphere with a central 
hole close to the viewer's left eye. This hole corresponds to a 17.7 deg circu-

4 The optimal setting is close to the colour coordinates of the D-illuminant (see figure 2.10). 
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lar field of view. In this construction the newly created transition, between 
the monitor and hemisphere, is not visible since it is out of the normal eye's 
accommodation range and therefore heavily blurred. Second, local spatial in
homogeneities perceived as blobs (e.g. at the position where the beam of the 
xenon light source enters the sphere) were covered by masking elements5 with 
about the same reflecting properties as the inner-sphere surface. Calibration 
measurements with a luminance meter (type: PR-1980A Pritchatd) on this 
subjectively homogeneous field of view showed a 7% luminance decline per 30 
deg in every direction from the centre to the periphery. 

Neutral density filters, F 1 and F2 , can be used to attenuate the large sur
round and the 17.7 deg circular field, respectively. We positioned coupled shut
ters, 8 1 and 82 , at the indicated positions to switch the total field of view of the 
viewer's left eye off (or on). The shutters are controlled by externql electronic 
equipment. The advantage of this apparatus in comparison with thJ traditional 
'ping-pong ball construction' (e.g. Hochberg, Triebel & Seaman, 1951; Barlow 
& Verrillo, 1976; Corwin & Green, 1978) is that arbitrary luminaQce distribu
tions can be placed in a particular part of the visual field, independently of an 
approximately constant, adjustable surround. 

The image of another monitor (type: Barco TVM 3/37) is projected via 
a mirror to the viewer's right eye. Both monitors are connected ~o a Gould
deAnza image-processing device. A cardboard box, wrapped in ~lack velvet, 
is built around the mirror to screen indirect lighting. The mirror's position 
can be changed to compensate for differences in interocular dista~ces between 
observers. Exposure to the right eye is controlled by a shutter (S3) with a 9.0 
deg circular apertur~. The viewer's head is supported by a chin-rest. 

2.4.2 General procedure 

The Ganzfeld image presented to the viewer's left eye is. called the test stimulus. 
The right-eye image will be designated the reference stimulus. ; The spatial 
configuration of the reference stimulus is given in figure 2.3. It consisted of 
a 1.2 deg disk with a variable luminance Lref on a 9.0 deg background field 
with a fixed 6 luminance Lo,ref (±3 cdjm2 ) in an otherwise dark surround. This 
enables both incremental and decremental settings of the small reference disk 
with respect to the adjacent background field to be made. 

In the experiments, the observer's task was to adjust the luminance Lref 

of this reference disk until it was perceived equal to the brightn~ss of a pre
viously indicated field of the test stimulus. It should be emphasized that, in 

5 In our case parts of a ping-pong ball satisfy. 
6 Since L 0 , ref was not strictly constant but changed very gradually with time, calibration 

measurements were performed regularly with a luminance meter. 
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9.0 deg 

1.2deg 

Figure 2.3: Spatial configuration of the reference stimulus. 

order to obtain unambiguous match data, we adopted the Arend & Goldstein 
(1987, 1990) brightness match task rather literally. Observers were explicitly 
instructed "to make the brightness, i.e. the effective strength, of the reference 
disk and the relevant test field equal, disregarding other areas in the visual field 
as much as possible. Potential colour and texture differences between the test 
field and the reference disk have to be ignored." Effects of small colour shifts 
on brightness matches are considered separately in appendix 2.A. 

The left-eye test stimulus and the right-eye reference stimulus were pre
sented sequentially with dark periods in between. The exact time sequence of 
the brightness matches is indicated in figure 2.4. In the default situation shut
ters 8 1 and 82 are open and shutter 8 3 is closed, so that the observer views 
the test stimulus. When a start button is pressed, shutters 81 and 82 close 
for 3 sec. After 1 sec of darkness, shutter 83 opens for I sec during which 
the observer sees the reference stimulus. When shutters 8 1 and 82 open again 
(the test stimulus reappears), the observer has to report whether the reference 
disk was darker or brighter than the specific test field. After the experimenter 
has adjusted the luminance Lref of the reference disk, this trial is repeated by 
operating the start button again until a satisfactory match is obtained. This 
means that when the left eye is stimulated, the right eye is in the dark, and 

on 

----------} 3 • .., .[ 

open 
test 81 and Sa stimulus 

off closed 
start 

on --~-~:t~p~;;; :: reference 
Sa stimulus 

off 
-time 

Figure 2.4: Time sequence of the brightness matches. 
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vice versa. The effect of this specific time sequence was evaluated in a general 
control experiment (see appendix 2.B). 

Prior to each experimental session, the observer first adapted to the dark 
for about 15 min, and then adapted his left eye to the test stimulus for another 
5 min. Pupillary aperture was not controlled. Fixation was not guided. 

2.4.3 Observers 

Three observers participated in the experiments. All had normal, uncorrected 
vision. Two of them were well-trained but had red-green defects. As diagnosed 
by the H-R-R test (Hardy, Rand & Rittler, 1957), observer FB is deutera
nomalous while observer GS proved to be protanomalous. Observer MN was 
unexperienced. At the time of the experiments, two observers, GS and MN, 
were twenty-seven years old while the third, FB, was forty-two. 

2.5 Brightness constancy in a Ganzfeld 

2.5.1 Test stimuli and procedure 

As usual for brightness constancy experiments, luminances were varied with a 
multiplier. In general, the following routine was applied. First, several points 
of a test stimulus with luminance distribution L( x, y) are matched with an 
adjustable reference. Then the luminance distribution L( x, y) is replaced by 
another luminance distribution L'(x,y) that can be written as 

L'(x,y) = K-·L(x,y), (2.1) 

where K- is a scalar, and brightness matches involving the same points in the 
scene are again performed. This is repeated for a number of K--values. For 
our experimental set-up a Ganzfeld was created (see subsection 2.4.1). Sub
sequently, two disks with different luminances were positioned on the central 
circular region. Changes in K were accomplished by means of neutral density 
filters, F1 and F2, having the same light transmission. Owing to the design 
of the optical apparatus shown in figure 2.2, the above point-wise attenuation 
formula applies explicitly to the entire field of view. 

The test stimuli used in this experiment consisted of two 5.3 deg disks in an 
otherwise uniform surround, as illustrated in figure 2.5. The angular distance 
between the central points of these disks was 10.6 deg. To describe the test 
stimuli it is sufficient to consider the situation for one value of K. In that 
case only three luminance values are present. By mutual exchange of these 
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17.7 deg 

disk 1 

5.3 deg 

pattern Ps 

Figure 2.5: Above: Spatial configuration of the test stimuli. Below: Cross
section along the diagonal for each of the three luminance patterns P1. P2 , 

and P3. The dashed circle marks the invisible transition between monitor and 
hemisphere (see figure 2.2). 

luminance values over the scene elements, three patterns, denoted by Pt, P2 , 

and Pa, were constructed. 

At the end of an experimental session, in which only a single pattern was 
used, one brightness match, i.e. one value of Lref, was obtained for every scene 
element and 11:-value. For each pattern there were three scene elements and six 
different ~~:-values spanning a 3-decade luminance range. This yielded a total 
of eighteen matches per session. To shorten the duration of the experimental 
sessions as much as possible, we always started with the most attenuated sit
uation and proceeded with larger and larger ~~:-values. This is because light 
adaptation progresses quickly in comparison with dark adaptation. Sequence 
effects might be introduced by doing so. However, if there were any effects of 
sequence, they are not significant (see appendix 2.B). Within each session the 
experimenter determined the order in which the various elements of the test 
stimulus were matched with the reference disk. A session lasted approximately 
three-quarters of an hour. On one day three sessions, one for each pattern, 
were run in an arbitrary order. Between sessions the observer was given a con
siderable amount of time to 'recuperate'. Eventually, four brightness matches 
were collected for every ~~:-value and scene element of each pattern, leading to 
twelve sessions for one observer. 
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2.5.2 Results 

The results of these brightness constancy measurements are shown in figure 2.6. 
The symbols in the plots represent geometrical means of four £...,,-settings. 

Standard deviations of these means exceeding the symbol size are marked by 
vertical bars. Pattern Pt is designated by triangles, pattern P2 by circles and 
pattern P3 by squares. In all cases open symbols are for either 'disk 1' or 
'disk 2' (see figure 2.5). Filled symbols always refer to brightness matches of 
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Figure 2.6: See caption on page 19. 
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Figure 2.6: (Continued). Results of the brightness constancy measurements for 
observers FB, GS and MN. Luminances of the scene elements in the patterns P1, 

P2 , and P3 are plotted along the horizontal axis. The vertical axis represents 
the luminance of the reference disk. The background luminance of the reference 
stimulus is denoted by a star. The symbols in the plots represent geometrical 
means of four matches. Standard deviations of these means are marked by the 
vertical bars. Pattern P1 is designated by triangles, pattern P2 by circles and 
pattern P3 by squares. Open symbols are for either 'disk 1' or 'disk 2'. Filled 
symbols refer to brightness matches of the Ganzfeld. Matches of scene elements 
belonging to the same luminance distribution are connected; a dashed line is 
used for pattern P1, a solid line for pattern P2 and a dotted line for pattern 
P3. 

the Ganzfeld. Matches of scene elements belonging to the same luminance 
distribution are connected; a dashed line is used for pattern P1 , a solid line 
for pattern P2 and a dotted line for pattern P3 • The constant background 
luminance Lo,ref of the reference stimulus is denoted by a star on the ordinate. 

The data display several trends. Since brightness increases monotonically 
with the luminance of the reference disk, the log Lreraxis is in topological cor
respondence with the brightness scale. Therefore, the vertical axis in figure 2.6 
can be interpreted as a (perhaps warped) brightness yardstick. The following 
can now be concluded. 

1. At first sight, brightness constancy nearly holds. Whereas the luminances 
of the patterns P1, P2 and P3 vary over three decades, log Lref changes, 
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Figure 2.7: Brightness constancy measurements of observer FB for pattern P2 , 

copied from figure 2.6. Here, the dark disk is denoted by a circle filled with a 
horizontal line, the bright disk by a circle filled with a vertical line. For clarity 
these lines are omitted in the graphs of figure 2.6. A more detailed description 
is given in the caption of figure 2.6. 

on average, merely by a few tenths. To illustrate this clearly only the 
measurements of observer FB for pattern P2 are isolated and plotted in 
figure 2.7. Compared to the variation of the Ganzfeld brightness, the 
dark disk, marked by circles with a horizontal line, displays no system
atical brightness change and the bright disk, marked by circles with a 
vertical line, causes a relatively large displacement of about 0.5 log-units 
on the ordinate. In consequence of this, brightness differences become 
gradually smaller asK decreases. Furthermore, the plain fact that we can 
speak about dark and bright disks, despite substantial luminance vari
ations according to equation (2.1), already reflects brightness constancy 
behaviour. Note in this connection that, as indicated by the arrows in 
figure 2.7, the luminance of the bright disk at the lowest K-value is almost 
one hundredth of the luminance of the dark disk at the highest K-value. 

2. The brightness of the Ganzfeld is hardly affected by the presence of the 
disks. The plots in figure 2.6 demonstrate that the brightness matches 
of the uniform surround, no matter which pattern is regarded, can be 
depicted onto a single straight line. The slope of this line differs from one 
observer to the other. 
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2.6 Analysis 

2. 6.1 Theory 

In many theoretical frameworks it is assumed that brightness (or lightness) can 
be assembled from contrasts. Some examples: The retinex algorithm (Land & 
McCann, 1971; Land, 1986) accumulates logarithmic luminance ratios along 
some path in the visual field. The more physiologically oriented approach of 
Grossberg & Todorovic (1988), which is in essence similar, prefers the terminol
ogy "boundary segmentation by contrast-sensitive units followed by a filling-in 
process." In the object-oriented brightness model (Blommaert, Schouten & 
Martens, 1989; Blommaert & Martens, 1990) contrast information is repre
sented within a multiple-scale structure. Brightness is computed by a summa
tion over the scales. It is important to remark that all these models intrinsically 
include perfect brightness constancy. 

In order to incorporate the occurring deviations from perfect brightness 
constancy into this broad class of models consider the following expression in 
which the brightness B is written as a weighted sum of contrasts: 

(2.2) 

Note that within this general scheme B = 0 corresponds to the absence of 
contrast information. In principle, different contrast measures (e.g. Mould en, 
Kingdom & Gatley, 1990) can be taken for Ci, for instance, Weber contrast, 
Michelson contrast, retinex contrast, etc. Contrast definitions have the common 
feature that they all reflect a measure for the spatial variation in luminance 
reduced with respect to some average level. Therefore, contrast is invariant 
for luminance changes that obey equation (2.1 ), i.e. it does not depend on 
illumination level. To give concrete form to the above concept we adopt in 
this chapter the retinex contrast measure, which is defined as the logarithm of 
a luminance ratio (Land, 1986). To be precise, the retinex contrast Ci of an 
object with luminance Li on a background with luminance L0 equals 

(2.3) 

On the other hand, the weights ai may vary with illumination. Obviously, 
within this scheme, deviations from perfect brightness constancy are attributed 
to variations in ai as a function of luminance. The weights ai can be inter
preted as efficiency factors or, alternatively, as parameters with which the visual 
system wilfully likes to display average luminance. 
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2.6.2 Application to the brightness constancy experiment 

Before applying this concept to our brightness constancy measurements, one 
additional postulate is necessary. Within the context of equation (2.2) the 
brightness of a Ganzfeld is ill-defined. Since a Ganzfeld is contourless, there is 
in principle no contrast information present. However, the results of the exper
iment show not only that the Ganzfeld brightness Ba gradually increases as a 
function of its luminance La but also that Ganzfelder 'behave' in conformity 
with the smaller disks. Therefore, we propose that the brightness Ba origi
nates from a fixed contrast value derived from the Ganzfeld luminance and a 
hypothetical internal reference level, 

Ba=aaCa. {2.4) 

Now, the brightness Btest of any element of the test stimulus can be written as 

(2.5) 

where Cd = log(Ld/La) refers to the contrast between the considered scene 
element (disk), having a luminance Ld, and the uniform surround. If Cd = 0 
(Ld =La) is substituted, the Ganzfeld brightness obv~ously emerges. Similarly, 
application of equation (2.2) to the reference stimulus leads to the following 
expression for the brightness Bret of the reference disk: 

Bref = Bo,ref + O!ref Cref• (2.6) 

In this formula Cref represents the contrast between the reference disk and 
its 9.0 deg background field. Likewise, Cref = log( Lretf Lo,ref ), where Lref 
and Lo,ref denote the luminances of the reference disk and the constant back
ground field, respectively. The brightness Bo,ret of this background field equals 
a weighted sum of the remaining, constant contrasts related to the reference 
stimulus. 

As a first-order approximation we assume that the efficiency factors a of 
the test stimulus depend only on the Ganzfeld luminance La, i.e. 

aa =ad= O!test(La). (2.7) 

· Encouraged by the tendencies in the experimental data (see figure 2.6), we 
propose for O!test(La) a linear function of log La: 

(L ) { 0 for La< Ltk, 
O!test a = a log( La/ Ltn) for La ;?: Lth· (2.8) 

The luminance Ltk can be interpreted as a threshold level. When the luminance 
is smaller than Lth the visual system cannot obtain any contrast information 
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at all. Furthermore, for the reference stimulus, CX.ref and Bo,ref are regarded as 
constants. 

Brightness matching between the reference disk and a scene element of the 
test stimulus implies: Bret = Btest· Substitution of equations (2.5) and (2.6), 
together with the function (2.8), yields the important expression: 

a Bo ref 
Cref = -(log LG -log Lth) ( CG + Cd) - -' -. (2.9) 

CX.ref CX.ref 

In this expression, 6:/cx.ref, log Lth, CG and Bo,reJicx.ref are the unknown pa
rameters, log LG and Cd can be considered as the input variables, determined 
by or derived from physical measurements at the test stimulus, and Cret rep
resents the output variable, i.e. the predicted contrast between the reference 
disk and its background field. 

The model summarized by equation (2.9) is fitted to the data points of 
the brightness constancy measurements. Note that the ordinate of figure 2.6 
can be converted into a vertical Creraxis, simply by offsetting in such a way 
that the star, representing log Lo,ref, coincides with Cret 0 (see figure 2.8). 
Parameter values were estimated separately for each observer. This was done 
by minimizing the sum of squared differences between predicted Crervalues and 
experimental Crervalues. A detailed description of the estimation process is 
given in appendix 2.C. The estimated parameters and their standard deviations 
are listed in table 2.1. The result of the fit of the model to the brightness 
constancy measurements is shown in figure 2.8. In these graphs data points 
are plotted as a function of log LG. For a description of the symbols we refer 
to the caption of figure 2.6. From equation (2.9) it is clear that, for a fixed 
value of Cd and for LG > Lth, a straight line with slope &fcx.ref (CG + Cd) 
results. Furthermore, it can easily be verified that a set of such lines, each 
labelled with a different cd value, possesses one common point of intersection, 
namely (log Lth, - Bo,ret/ CX.ref ). The displayed fan-like structure through the 
data points is generated with the estimated parameters. The dashed lines refer 
to the predictions for pattern P1 • Similarly, the solid lines are for pattern P2 

and the dotted lines for pattern P3. 

11 &/cx.ref IogLth CG , 
FB 0.102 ± 0.013 -5.07±0.66 0.90 ± 0.14 0.49± 0.08 
GS 0.026 ± 0.016 -21.2 ± 12.9 2.59 ± 1.61 1.46 ± 0.90 
MN 0.097 ± 0.022 -6.29 ± 1.49 2.54 ± 0.60 1.60 ± 0.39 

Table 2.1: Estimated model parameters and corresponding standard deviations 
for the observers FB, GS, and MN. 
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Although, as can be seen in figure 2.8, a reasonable overall fit is obtained 
for all three observers, some minor discrepancies are present. In particular, 
predicted Crervalues for the dark disk of pattern P2 tend to lie above the data 
points. To a lesser extent this also holds for the least luminous disk of pattern 
P1 ; for the most luminous disk of pattern P3 the situation is just the reverse. 
These effects are elucidated once more in figure 2.9. Here, slopes a of regression 
lines of data points in figure 2.8 that belong to a certain scene element of either 
pattern P 1 , pattern P2 or pattern P3 and run through the point of intersection 
(logLth, -Bo,reffaref) are compared with the performance of the model, that 
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Figure 2.8: See caption on page 25. 
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Figure 2.8: (Continued). Experimental results as a function of log LG together 
with curves generated by the fitted model, for observers FB, GS and MN. 
Dashed curves are for pattern P1 , solid curves for pattern P2 and dotted curves 
for pattern P3. A description of the symbols is given in the caption of figure 2.6. 

Further, as pointed out by the standard deviations in table 2.1, it is striking 
that the parameter sets of the observers MN and, more especially, FB are well 
conditioned in comparison with the parameter set of observer GS. The reasons 
for the poorly conditioned parameter set of observer GS are twofold. First, 
the straight lines through the data points of observer GS have, unlike the lines 
for observers FB and MN, a clear tendency to run parallel. This means that 
the point of intersection, which directly concerns the parameters log Lth and 
Bo,ref faref, is determined with a low accuracy. Second, in the case of observer 
GS the brightness matches of the Ganzfeld do not fit neatly onto a single line, 
as dictated by the model. Moreover, a small contextual effect can be seen; at 
a fixed value of log LG the experimental Crervalue of the uniform surround of 
pattern P 1 is smaller than the experimental Crervalue of the uniform surround 
of pattern P2, which in turn is smaller than the experimental Crervalue of the 
uniform surround of pattern P3. The fact that the standard deviations of the 
parameters for observer MN are somewhat larger than those for observer FB 
is due to noise on the measurements, which in the case of observer MN is 
considerably larger. 
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Figure 2.9: Slopes of regression lines through the estimated intersection point 
as a function of the contrast Cd, for observers FB, GS and MN. In accordance 
with figures 2.6 and 2.8, triangles are for pattern P 1 , circles for pattern P2 

and squares for pattern P3 • Filled symbols refer to the Ganzfeld. Standard 
deviations of the slopes are smaller than the symbol size. The solid line reflects 
the behaviour of the model. 

2. 7 Discussion 

First of all, it can be stated that, like classical data (e.g. Jameson & Hurvich, 
1961; Bartleson & Breneman, 1967), our experiment concerning quasi-static 
images with a homogeneous surround demonstrates brightness constancy be
haviour. Although luminances of the test stimuli were varied over about three 
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decades, log Lrerchanges span merely a few tenths. It is evident that this 
points to a powerful compression in the luminance-brightness mapping. On 
the other hand, there is a small but systematic effect of luminance. Brightness 
differences within a scene are magnified when the factor K. of equation (2.1) 
increases. Recent experimental support for this is provided by Peli, Yang, 
Goldstein & Reeves (1991), who showed that perceived contrast diminishes 
for low luminance levels. It is also in agreement with the fact that the We
ber fraction of a stimulus is not exactly constant but gradually increases if 
the luminance is reduced (Blackwell, 1946). Clearly, the displayed brightness 
constancy behaviour is not the same for all three observers. The most conspic
uous difference is that for observer MN the luminance dependence is somewhat 
more pronounced, at the cost of the constancy principle. Individual differ
ences concerning psychophysical brightness measurements . are also reported 
by, for instance, Saunders (1972), Bartleson & Breneman (1973) and Higgins 
& Rinalducci (1975). 

Secondly, it is shown that the brightness of the Ganzfeld, which is to a first
order approximation independent of the superimposed disks, slowly increases 
with its luminance. Barlow & Verrillo (1976) and Bolanowski (1987), using 
the method of magnitude estimation, determined brightness variations of a 
pure Ganzfeld over an 8-decade luminance range. Their results indicate that 
subjective estimates can be described by power functions of luminance with 
exponents around 0.3. However, Wagenaar {1982), Krueger (1989), Roufs, 
Blommaert & de Ridder (1991) and de Ridder {1992), for example, pointed 
out that the notorious luminance dependence suggested by these studies is 
out of proportion owing to non-linear number handling of human observers. 
A closer look at the Ganzfeld matches also reveals a second-order contextual 
effect (see also Bimbaum, 1982), present especially in the data of observer GS. 

The findings can be modelled satisfactorily with a simple theoretical frame
work which basically involves an accumulation of contrast information. Within 
this concept, built-in weights are used to cope with the luminance dependence. 
It is argued that the characteristic Ganzfeld behaviour can be incorporated eas
ily by including an additional contrast with an internal reference level. Many 
authors, e.g. Blommaert et al. (1989), Blommaert & Martens (1990), Forsyth 
(1990), Walraven et al. (1990), to cite some recent references, ~ave already em
phasized the logic and functional role of constancy mechanisms: They anchor 
perception firmly to object properties. One can also speculate on functional ar
guments concerning the luminance-dependent component. Our measurements 
indicate that the human visual system has, on account of brightness infor
mation, two clues for estimating the illumination. The first is the average 
brightness of a scene. For the test stimuli used in the brightness constancy 
experiments, this average level approximately equals the Ganzfeld brightness. 
The second cue, a more indirect one, may be expressed as the vividity of a 
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scene, and involves a measure for the occurring brightness differences. On the 
other hand, it can be verified from introspection that we can 'see' whether, 
for instance, the lighting in a room is comfortable. Likewise, we know if it 
is broad daylight or dimming towards twilight. Probably, it is by means of 
these weak photometrical characteristics that brightness representations, re
sulting from different images, can be compared to one another. Alternatively, 
the luminance dependence might also point to what Marr (1982) calls the "the 
principle of graceful degradation", providing a gradual decline of contrast vision 
towards nil in the absence of light. 
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Appendix 2.A Control experiment 1: effects of colour 

The reasons for checking on interference of colour and brightness are twofold. 
First, all three observers complained about the difficulty in matching a scene 
element of the test stimulus with the reference disk when colour differences 
were present. Particularly in the case of test disks that were brighter than 
the Ganzfeld, such colour differences were experienced as annoying. Second, it 
should be mentioned that small colour shifts of the test stimuli can be intro
duced easily via the filters F1 and F2 (see subsection 2.4.1). Because decreasing 
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Figure 2.10: CIE chromaticity diagram. The colour points of the test stimuli 
are marked with the capitals A, B, C and D. The colour point of the reference 
disk coincides with A. The D-illuminant is located in the centre of the pinnule. 
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Kin equation (2.1) meant "put identical filters in cascade", changes of the at
tenuation were in practice accompanied by gradual colour shifts. 

With careful calibration an inventory was made of the colour coordinates 
occurring in the gamut of scene elements and K-values of the patterns P1 , 

P2 and P3 • The ellipse in the CIE chromaticity diagram of figure 2.10 only 
just encloses all these colour points. For the control experiment four points 
on the boundary of this confined region, labelled A, B, C and D, were se
lected. The colour point of the reference disk coincides with point A in this 
diagram. Two patterns) P1 and P3 (see figure 2.5), with approximately equal 
Ganzfeld luminances were taken. This gave a set of eight test stimuli, viz. 
{Pl,A,Pt,B,Pt,c,Pt,D,Pa,A,Pa,B,Pa,c,P3,D}· For example: The test stimulus 
P1 ,c consisted, in conformity with pattern Pt, of a Ganzfeld on which two 
bright disks with colour point C were superimposed. The match procedure 
described in subsection 2.4.2 was followed. During a session, which lasted a 
little over three-quarters of an hour, one brightness match was made for every 
scene element of the eight test stimuli. The sequence of scene elements and 
test stimuli was randomized over the sessions. Four sessions were run for every 
observer. for pattern Pa. 

The results of this colour control experiment for observers FB, GS and MN 
are shown in figure 2.11. As in figure 2.6, luminances of the various scene ele
ments of the test stimuli are plotted along the abscissa. Again, the ordinate rep
resents the luminance of the reference disk. The background luminance of the 
reference stimulus is denoted by a star. The triangles, used for the disks in the 
test stimuli, represent geometrical means of four matches; standard deviations 
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Figure 2.11: See caption on page 33. 
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Figure 2.11: (Continued). Results of the colour control experiment for oh
servers FB, GS and MN. The luminance of the scene elements of the test stimuli 
are plotted along the horizontal axis. The vertical axis represents the luminance 
of the reference disk; the background luminance of this disk is marked by a star. 
The triangles, used for the disks in the test stimuli, represent geometrical means 
of four matches. A right-wards pointing triangle refers to colour point A, an 
upwards pointing triangle to colour point B, a left-wards pointing triangle to 
colour point C and a downwards pointing triangle to colour point D. The cir
cles refer to brightness matches of the Ganzfeld. Dashed lines connect averaged 
log Lrervalues of equiluminant scene elements. 

of these means are indicated by vertical bars. Because the brightness matches 
of the Ganzfelder, on the one hand of the subset {P1,A,P1,B,Pt,c,P1 ,v} and 
on the other hand of the subset { P3,A, P3,B, P3,C, P3,D}, are very much alike, 
only the geometrically averaged value of each subset, designated by a circle, is 
plotted. Like an arrow on the hand of a watch, right-wards pointing triangles 
are used for disks with colour point A, upwards pointing triangles for disks 
with colour point B, left-wards pointing triangles for disks with colour point 
C, and downwards pointing triangles for disks with colour point D. 

The graphs in figure 2.11 reveal, at least for these four colour points, that 
there is no significant effect of colour on brightness. In this respect, the colour
weak observers FB and GS do not behave differently from observer MN, who 
has normal colour vision. Note, moreover, that the Ganzfeld brightness of 
pattern P1 is slightly lower than the Ganzfeld brightness of pattern P3 . 
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Appendix 2.B Control experiment 2: a general check 

A general control possibility for the experimental procedure and the apparatus 
can be accomplished by stimulating both eyes of the viewer with exactly the 
same visual information. It is obvious that two equivalent stimuli, presented 
sequentially to the left and right eye, must evoke similar brightness impressions 
if there are no differences in sensitivity between the accompanying pathways. 
For this second control experiment the equivalence was achieved in,two steps. 
First, the spatial configuration of the test stimuli was made identical to that 
of the reference stimulus (see figure 2.3), while the time sequence remained 
as depicted in figure 2.4. We shorten this to '§patial £Orrespondence' (SC). 
Subsequently, the temporal structure of presentation was altered. Specifically, 
the time sequence of the reference stimulus was applied to the test stimuli with 
a delay of 2 sec. The latter alteration will be referred to as '§l>atio!_emporal 
£Orrespondence' (STC). 

The dark surround of the test stimuli was created by means of an opaque 
cylinder-cone shape that fitted into the integrating sphere. The luminance 
of the resulting 9.0 deg background field, Lo,test, was set close to the fixed 
level Lo,ref· For the central 1.2 deg disk of the test stimuli five luminance 
values Ltest around the constant background luminance Lo,test were taken. 
Apart from the time sequence employed for the STC condition, the procedure 
described in subsection 2.4.2 was adhered to. In each session, which took about 
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Figure 2.12: See caption on page 35. 
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Figure 2.12: (Continued). Results of the general control experiment for ob
servers FB, GS and MN. The luminance Lret of the reference disk is plotted 
versus the luminance Ltest of the test disk in log-log units. The background 
luminance of the reference stimulus is denoted by a star on the ordinate; the 
background luminance Lo,test of the test stimuli is indicated by an arrow in the 
plot. For the STC condition, upwards pointing triangles and diamonds halved 
by a horizontal line, connected by dashed curves, refer to the test disk and 
its background field, respectively. For the SC condition, downwards pointing 
triangles and diamonds halved by a vertical line, connected by dotted curves, 
refer to the test disk and its background field, respectively. 

half an hour, four brightness matches were obtained for every Ltest-value: one 
concerned with the test disk for the se condition, one with the background 
field for the SC condition, one with the test disk for the STC condition, and one 
with the background field for the STC condition. Again, four sessions were run 
for observers FB, GS and MN. In two sessions the luminance.Ltest of the test 
disk was gradually increased; in the other two sessions this order was reversed. 

In figure 2.12 the results for observers FB, GS and MN are plotted versus 
the luminance Ltest of the test disk. Since an increasing or decreasing order of 
the luminance Ltest leads to similar results, only log Lrervalues averaged over 
four sessions are presented in the plot. Standard deviations of these means 
are smaller than the symbol size. For the STC condition, upwards pointing 
triangles and diamonds halved by a horizontal line, both connected by a dashed 
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curve, denote the brightness matches of the test disk and its background field, 
respectively. For the se condition, downwards pointing triangles and diamonds 
halved by a vertical line, connected by dotted curves, are used for the test disk 
and its background field. 

In the case of 'spatiotemporal correspondence' the brightness matches re
lated to the test disk do not differ significantly from the solid line with slope 
1.0, at least for observers GS an MN. In other words, equal relative luminance 
increments (or decrements) of test and reference disk, presented for the same 
period of time to the left and right eye, respectively, result in similar bright
ness values attributed to these disks. Therefore, we can conclude from this 
general control experiment that the results comply with commonsense expec
tations. This validates the experimental procedure employed and indicates that 
the cumbrous structure of the optical apparatus sketched in figure 2.2 gives no 
reason to suspect that any effects have been overlooked. Furthermore, bright
ness matches for test stimuli, with disk luminances Ltest < Lo,test, are nearly 
identical for Se and STe conditions. On the other hand, if Ltest > Lo,test 

differences arise between the se and STe conditions, indicating that temporal 
aspects play a role in brightness perception. 

Appendix 2.C The parameter estimation process 

For a thorough mathematical treatise on this subject we refer readers to Bard 
(1974). Some more or less related applications of parameter estimation prob
lems have been worked out by den Brinker (1989). 

To start with, consider the model comprised by equation (2.9). Just for 
notational convenience this expression is rewritten in the following schematic 
form: 

(2.10) 

Here q= (ql,q2,q3,q4)T is the parameter vector and z= (zl,z2)T the vector 
that joins the independent variables log La and Cd; GP denotes the predicted 
contrast value. Since each data point (see figures 2.6 and 2.8) was obtained 
with the same number of matches and the standard deviations of the means 
are approximately equal the objective function W, i.e. the function that has to 
be minimized, is taken to be the sum of unweighted and squared residuals /i, 

M 

w(ij) = L Jl(ij), (2.11) 
i=l 

where the i-th residual function h( ij) contains the difference between the value 
of the model function Cv(ij, zi) and the corresponding experimentally deter-
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mined value, denoted by Cm,i• for each of the M data points, that is 

(2.12) 

Because analytical expressions of the first and second derivatives of the i-th 
residual function fi(if) are available, we are allowed to use the routine E04HEF 
from the NAG7 library. From a starting vector ij<1>, supplied by the user, the 
routine generates a sequence of vectors ij<2>, ij(3), .•• , which converges to a 
local minimum of 'if!( if). In order to ensure that the routine converges to the 
global minimum, i.e. the lowest of the local minima, it is necessary to enter 
an appropriate starting vector if(l). In practice, this means that the starting 
vector if(l) should already lead to a rather close fit to the experimental data. 
The final vector if N, which serves as an estimate of the optimal parameter 
vector if~ is tabulated in subsection 2.6.2. 

Moreover, the routine E04HEF also provides possibilities for estimating 
the accuracy of the optimal paramater vector itself, and of a model prediction 
made with this vector. Mathematical expressions for the variances of qj, for 
j = I, 2, ... , n, and Cp( if'j z) are, respectively: 

2\f!( ... *) 
varq': = q h-:.1(if*) (2.13) 

3 M-n JJ ' 

varCp(if*,z) = 
2 \f!(ij*) t t (lJCp) (acP) h-:l(if*), (2.14) 
M - n 8q3· q .... * z... 8qk q ... * z"" 3 

j=l k=l ' ' 

where hjk1 (if*) is the jk-th element of the inverse n x n Hessian matrix. The 
Hessian matrix itself is defined as 

h· ("")- ()2\I!(if) 
Jk q - !:1 !:1 • 

uq; uqk 
(2.15) 

In the neighbourhood of the solution ifj i.e. for llif -if* 11 small, the n x n Hessian 
matrix can be approximated by 

(2.16) 

By means of an eigenvalue decomposition this can be written as 

n 

hjk(if) ~ 2 Lvil(if)v~ct(if)JLt(if), (2.17) 
1=1 

7Numerical Algorithms Group 
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observer FB, "W(qN) = 0.186 

Aj(qN) Vjt(qN) Vj2(qN) Vj3(qN) 
40.51 0.985 0.171 0.004 
4.637 -0.020 0.002 0.200 
0.736 0.080 -0.460 0.867 
0.091 -0.151 0.871 0.457 

observer GS, "W(qN) = 0.284 

Aj(qlV) Vjt(qlV) Vj2(qN) Vj3(qlV) 
414.7 1.000 0.020 0.000 
1.871 -0.001 -0.001 0.139 
0.183 0.010 -0.493 0.862 
0.006 -0.017 0.870 0.488 

-0.015 
0.037 -0.453 

-0.058 0.888 

Vj4(qlV) 
-0.019 
-0.980 

0.174 
0.098 

Vj4(qLV) 
-0.001 
-0.990 

0.121 
0.067 

0.905 
-0.358 
-0.230 

Table 2.II: Output of routine E04HEF for observers FB, GS and MN. 

where Jli ( q), with j = 1, 2, ... , n, are the eigenvalues. The n x n matrix of 
orthonormalized eigenvectors is given by v;~o(q). Using equation (2.17) and the 
fact that E~=t h;l(q) h"U/(q) = Ojk, which is the jk-th element ofthenxn unity 
matrix, it can be derived that, for lltf-tf*ll small, hj,.1(q) can be approximated 
by 

hj,.1(q) ~ ~ t Vj!(q) Vkl(q) Jlt
1(q). 

l=I 

(2.18) 

Since the output of the routine E04HEF contains w(qN), >..;(ifN) = VP.;(ifN), 
and v;,.(qN), for j = 1, 2, ... , 4 and k = 1, 2, ... , 4 (see table 2.II), we can esti
mate, by means of equation (2.18), the variances of qf and Cv(ifN, z) according 
to the equations (2.13) and (2.14). Standard deviations are simply obtained 
by square-rooting the estimated variances. 



Chapter 3 

In search of additional luminance-brightness 
compression mechanisms 

Abstract 

In the previous chapter it was shown that brightness constancy im
plies a substantial compression in the luminance-brightness mapping. 
Here it is argued that additional compression mechanisms are required 
for scenes with large luminance ranges. To trace these, a series of ex
periments was conducted which involved expansion of the luminance 
range. We used a simple spatial configuration consisting of a disk on a 
contourless homogeneous surround ( Ganzfeld). The contrast between 
the disk and Ganzfeld acted as the independent variable while the size 
of the disk was parametrically varied. Sequential dichoptical bright
ness matches with a reference were carried out for both the disk and 
the surround. The results reveal a compression mechanism which we 
term brightness indention. This indention, which has not previously 
been reported in the literature, only occurs if the Ganzfeld is less lu
minous than the disk and takes the form of a brightness decrease of 
the immediate surroundings of the disk. 

3.1 Introduction 

T HE compression termed brightness constancy implies that contrast infor
mation, i.e. quantities related to luminance ratios within a· scene, is primar

ily transferred to the brightness scale (Forsyth, 1990; Walraven, Enroth-Cugell, 
Hood, MacLeod & Schnapf, 1990). Brightness constancy is sometimes even 
explicitly referred to as the ratio principle (e.g. Wallach, 1948). Our measure
ments concerned with brightness constancy, described in the previous chapter, 
are in agreement with this idea. Moreover, it was shown that for images con
sisting of (small) disks on a Ganzfeld the brightness of the Ganzfeld is scarcely 
affected by the contrast of the disks, at least to the extent of one log-unit lumi-
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(log cd/m~ 
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Figure 3.1: Illustration of brightness constancy and the need for additional 
compression mechanisms. For clarity, the small, experimentally found effects 
of the average luminance level are omitted. Attenuation of a luminance distri
bution with a constant factor results in a translation on a logarithmic axis (see 
also figure 2.1). 

nance increment or decrement. In other words, the Ganzfeld brightness serves, 
to a first-order approximation, as an anchor on the brightness scale. 

The principle of brightness constancy is visualized once more in figure 3.1. 
This figure is meant to show clearly that there is no a priori reason to assume 
that brightness constancy is the only compression mechanism in the luminance
brightness mapping. In particular, it is expected that other compression mech
anisms emerge when the luminance range of a scene is increased. The search 
for additional compression mechanisms constitutes the main issue of the inves
tigation described in this chapter. With respect to this it should be remarked 
that natural scenes can have considerable luminance ranges; three decades are 
not exceptional (McCann, 1988). This is caused by the ubiquitous presence of 
spatially non-uniform illumination, shadows, highlights and light sources in the 
scene. An adventitious item of this investigation concerns the anchorage on the 
brightness scale. For small scene elements with a vast homogeneous surround 
the brightness of the surround is apparently not influenced by the contrast of 
the scene elements. However, is this still valid when the size of such a scene 
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element is increased until it occupies a substantial part of the entire visual 
field? Before the questions put forward in the above can be answered, experi
mental data for scenes, to which luminance range expansion and size variation 
are applied, have first to be gathered. 

3.2 Methods 

9.2.1 Apparatus and general procedure 

The experimental situation was largely similar to that described in the pre
vious chapter. We shall therefore restrict ourselves to an enumeration of the 
essentials. 

In this case the special-purpose optical apparatus (see figure 2.2) was em
ployed to present a disk surrounded by a Ganzfeld to the viewer's left eye. The 
size of the disk and its contrast with the Ganzfeld were varied. The largest disk 
we used was a 17.7 deg circular field of view corresponding to the hole in the 
hemisphere. Size variations were achieved by using locking caps with variable 
circular apertures. As shown in figure 3.2, these covers, which have about the 
same reflecting properties as the inner-sphere surface, were fitted to the back 
of the sphere. Since retinal blur caused by these locking caps is unavoidable1 , 

very small disks ( < 2 deg) were created directly on the monitor.2 Expansion of 
the luminance range implies enlargement of the contrast between the disk and 
the Ganzfeld. This can be accomplished by means of the neutral density filters 
F1 and F2 • The luminance contrast setting is limited. The upper bound of the 
luminance contrast between the disk and Ganzfeld is related to the integrating 
property of the Ulbricht sphere. The lower bound is determined by the diffuse 
reflective component of filter F2 • As pointed out in figure 3.2, annoying specu
lar reflections were avoided by orienting filter F2 in an oblique direction. This 
left-eye image is called the test stimulus. 

The right-eye configuration forms the reference stimulus. It consisted again 
of a 9.0 deg circular background field with a fixed luminance Lo,ref in an oth
erwise dark surround. In the middle of this background field, a disk of 1.2 deg 
with a variable luminance Lref was superimposed. 

1 For the largest disk, the distance l of the eye to the circular contour, i.e. the edge of the 
hole in the hemisphere, was about 3.5 cm. Application of locking caps yielded an enlargement 
of the distance l to 8.4 cm. In the case of the tiny disks l refers to the distance between the 
eye and the monitor, which was approximately 1.20 m. The distances l = 3.5 cm and 8.4 cm 
are both beyond the accommodation range ofthe normal young adult's eye (±20 cm to oo). 
Therefore, in these situations the optics of the eye causes a considerable amount of blur on 
the retina, especially for l = 3.5 cm. 

2 However, as shown by du Buf (1987) the influence of edge-sharpness on brightness is for 
disks of minor importance. 
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1. filter 
2. diffusing screen 
3. sphere 

1 4. hemisphere 
5. hand-shaped cap 
6. locking cap 

Figure 3.2: Simplified sketch of the optical apparatus (for the complete drawing 
see figure 2.2). 

In each of the following experiments, the observer's task was to adjust 
the luminance Lref of the reference disk until it was perceived equal to the 
brightness of a previously indicated field of the test stimulus. The specific 
brightness match instruction ran as follows: "Make the brightness, i.e. the 
effective strength, of the reference disk and the relevant test element equal, 
disregarding as much as possible other areas in the visual field. Potential 
colour and texture differences between the reference disk and the test element 
must be ignored." Note that, since brightness increases monotonically with the 
luminance of the reference disk, the Lrerscale is in topological correspondence 
with the brightness scale. 

The left-eye test stimulus and the right-eye reference stimulus were pre
sented sequentially. In the default situation the observer viewed the test stim
ulus. Pressing a button caused the reference stimulus to appear for only 1 sec, 
after which the test stimulus reappeared. A graphical display of the exact time 
sequence of both the test stimulus and the reference stimulus was drawn in fig
ure 2.4. After each presentation of the reference stimulus the observer reported 
whether the reference disk was darker or brighter than the specific test field. 
Next, while the observer again viewed the test stimulus, the experimenter ad
justed the luminance Lref of the reference disk. This procedure was repeated 
until a satisfactory match was obtained. 
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3.2.2 Observers 

Two observers, FB and GS, who also performed the brightness constancy mea
surements, participated in these experiments. At the time of the experiments, 
observer FB was forty-three and observer GS twenty-seven years old. 

3.3 Experiments: expansion of the luminance range 

3. 3.1 Test stimuli and procedure 

The test stimuli consisted of only two luminances: a disk with diameter d 
surrounded by a Ganzfeld. As illustrated in figure 3.3, two types of experiments 
were carried out. In the 's;onstant Ganzfeld' (CG) experiments, the luminance 
of the disk, Ld, was varied while the luminance of the Ganzfeld, La, was. kept 
constant; in the '£onstant _disk' (CD) experiments, La was varied while Ld was 
kept constant. For the diameter d values between 0.6 deg and 17.7 deg were 
chosen in three approximately equidistant steps on a logarithmic scale. 

Although the Ganzfeld had a uniform luminance, it appeared markedly in
homogeneous if the disk was more luminous than the Ganzfeld. Particularly 
the direct surroundings of the disk looked darker. In such cases, the observers 
were asked to perform brightness matches for three parts of the test stimulus: 
the far surround, the near surround and the disk. As far as the near surround 
was concerned, both observers judged in effect the average brightness of an 
area equal in size to the reference disk and bordering directly on the test disk. 
The brightness of the far surround and test disk gave a homogeneous impres
sion. When the entire Ganzfeld was also perceived as being uniform only two 
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Figure 3.3: Luminance profiles of the test stimuli. The luminance variations 
applied in the CG and CD experiments are indicated. 



44 Chapter 3 In search of additional luminance-brightness compressions 

brightness matches were made, viz. for the disk and the Ganzfeld. 

For each experiment four sessions were run, on at least two different days. 
During a session, which lasted about three-quarters of an hour, one brightness 
match was obtained for every contrast setting. We always started with the 
lowest setting of the variable luminance and proceeded with increasingly higher 
values. Within each session the experimenter determined the order in which 
the different parts of the test stimulus were matched with the reference disk. 

3.3.2 Results 

The results of the CG and CD experiments are shown in figures 3.4 and 3.5, 
respectively. In both figures log Lrervalues are plotted as a function of the vari-
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Figure 3.4: See caption on page 45. 
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Figure 3.4: (Continued). Results of the CG experiments for observers FB and 
GS. log Lrervalues are plotted as a function of log Ld for d = 0.6 deg, 1.8 deg, 
5.2 deg, and 17.7 deg. Circles are for the disk, the far surround is marked by 
a square occupied with an upright cross and the near surround by a square 
occupied with a St. Andrew's cross. In the case of a subjectively homogeneous 
Ganzfeld the crosses are omitted. The arrows indicate the constant values of 
log LG. The background luminance of the reference stimulus is denoted by a 
star. 

able luminance (Ld for the CG experiments and LG for the CD experiments). 
The value of the constant luminance (concerning either the Ganzfeld or the 
disk) is indicated by an arrow. The background luminance Lo,ref of the refer
ence stimulus is denoted by a star on the ordinate. The symbols in all plots 
represent geometrical means of four Lrersettings. Standard deviations of these 
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means exceeding the symbol size are marked by vertical bars. Open circles are 
for brightness matches of the disk. Brightness matches of the far surround are 
denoted by squares occupied with an upright cross ( +) and brightness matches 
of the near surround by squares occupied with a St. Andrew's cross ( x ). In 
the case of a. subjectively homogeneous Ganzfeld the crosses are omitted. 

The results in figure 3.4, for d = 0.6 deg, 1.8 deg and 5.2 deg, display similar 
tendencies. First, the brightness of the far surround is found to be more or less 
constant for variations of the luminance La over several decades. Second, the 
brightness of the disk increases monotonica.lly with luminance La; the extent 
of this effect seems to diminish gradually with the size of the disk. Third, 
whenever the disk is more luminous than the Ganzfeld, the brightness of the 
near surround is locally suppressed. Ford = 17.7 deg, the brightness of the 
Ganzfeld gradually decreases as a function of the luminance La. 

The experimental results of figure 3.5 indicate that the brightness of the 
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Figure 3.5: See caption on page 47. 
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Figure 3.5: (Continued). Results of the CD experiments for the observers FB 
and GS. log Lrervalues are plotted as a function of log LG for d = 0.6 deg, 1.8 
deg, 5.9 deg, and 17.7 deg. Circles are for the disk, the far surround is marked 
by a square occupied with an upright cross and the near surround by a square 
occupied with a St. Andrew's cross. In the case of a ~ubjectively homogeneous 
Ganzfeld the crosses are omitted. The arrows indicate the constant values of 
log La. The background luminance of the reference stimulus is denoted by a 
star. 

Ganzfeld slowly increases as a function of its luminance LG. The brightness of 
the disk strongly declines with the Ganzfeld luminance. This effect is known 
as brightness induction (e.g. Horeman, 1965; Heinemann, 1972). Note that 
for d = 17.7 deg, on the one hand the brightness increase of the Ganzfeld is 
somewhat more pronounced, and on the other hand the brightness decrease of 
the disk seems less dramatic. Again, as displayed in the graphs labelled 'd = 0.6 
deg' and 'd 1.8 deg', the visual system adopts a brightness indention around 
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the disk if this field is more luminous than the Ganzfeld. Finally, it should be 
mentioned that there is a 'rough' mirror symmetry between the results of the 
CG and CD experiments. 

3.4 Discussion 

3.4.1 Brightness indention 

During pilot measurements both observers had the impression that, if the 
luminance Ld of the disk was substantially higher than the Ganzfeld luminance 

scene 

log L 

- position --. 

reconstruction I reconstruction n 
brightness brightness 

- position --. - position --. 

Figure 3.6: Illustration of the compression accomplished by brightness in
dention. Above: Luminance profile. The arrows symbolize contrast informa
tion extracted from the scene. The left-hand arrow represents a contrast with 
some internal reference level (see chapter 2). Below: Brightness reconstruc
tions assembled with the contrast information. In the reconstruction on the 
left straightforward accumulation is applied; on the right brightness indention 
is added. The occupied ranges in the sensoria are denoted by R1 and Rn, 
respectively. 
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LG, no single brightness value could be attributed to the surround. The phe
nomenon has an asymmetrical appearance; it only occurs if the Ganzfeld is less 
luminous than the disk and leads to a brightness drop of the nearby surround. 
This lowering flattens out smoothly to the brightness level of the far surround. 
The strength of the 'indent' gradually increases with the contrast of the bright 
disk on the relatively dark surround. Furthermore, the spatial extent of the 
indention seems to scale with the size of the disk. These two facts are probably 
the reason why there is no visible 'bifurcation' of the surround for d = 17.7 deg. 
At this point it should also be emphasized that this effect is quite distinct from 
the Mach band phenomenon (e.g. Fiorentini, 197~). Two major differences: 
1) The appearance of Mach bands is symmetrical, i.e. both dark and bright 
'stripes' can occur. 2) Mach bands are highly localized, the width varies from 
a few minutes of arc to at least 10 arcmin. 

If it is assumed that contrast information is unaffectedly transferred to 
the brightness scale, the effect of brightness indention is a reduction of the 
brightness range that is needed to represent the scene. Hence, it can be regarded 
as a compression mechanism in the luminance-brightness mapping. This is 
illustrated in figure 3.6. Brightness indention implies that the concept of a one
to-one relationship (Fechner, 1860; Stevens, 1957; Wagenaar, 1975; Krueger, 
1989) has to be ruled out for the luminance-brightness mapping. Moreover, the 
indention effect points to the necessity to incorporate spatial interactions into 
brightness models (see also McCann, 1988; Roufs, Blommaert & de Ridder, 
1991). 

This unexpected finding was discovered by performing systematically 
brightness matches for both the disk and the Ganzfeld. Other studies that 
used a single field on an extended uniform surround (e.g. Saunders, 1972) did 
not report the brightness indention effect. Probably, this is due to the fact that 
only brightness measurements for that particular field were carried out. In or
der to quantify the brightness indention phenomenon accurately, more precise 
measurements for the nearby surround are needed. Unlike our situation, this 
requires small sizes of the adjustable reference and fixation marks in the test 
stimulus (Lowry & DePalma, 1961). 

3.4.2 Internal consistency 

The CG and CD experiments are closely related. Whereas a certain contrast 
setting for the CG experiments was achieved by adjusting the luminance La 
of the disk, this was done for the CD experiments by changing the Ganzfeld 
luminance LG in the opposite direction. The difference between the two types 
of experiments is to be found in the variation of the average luminance level. 
For small sizes of the disk it can even be stated that the average luminance 
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remains nearly constant in the case of CG experiments and is almost inversely 
proportional to the luminance ratio Le~./ LG for the CD experiments. If perfect 
brightness constancy holds, i.e. if there is invariance for changes of the illumi
nation level, a pure mirror symmetry would be expected between the results 
of the CG and CD experiments plotted as in figures 3.4 and 3.5. This is not 
the case. The most striking deviation from symmetry is that the brightness 
of the far surround is constant for the CG experiments, at least for small and 
intermediate sized disks, while for the CD experiments the Ganzfeld brightness 
increases slowly. 

The results of the brightness constancy measurements (see figures 2.6 and 
2.8) also display an increase of the Ganzfeld brightness with its luminance. 
As shown in the previous chapter, these results could be described adequately 
by means of a model involving an accumulation of contrast information with 
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Figure 3.7: See caption on page 51. 
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Figure 3.7: (Continued). Corrected results of the CG experiments for observers 
FB and GS. log L::ervalues are plotted as a function of Cd for d = 0.6 deg, 1.8 
deg, 5.2 deg and 17.7 deg. Circles are for the disk, the far surround is marked 
by a square occupied with an upright cross and the near surround by a square 
occupied with a St. Andrew's cross. In the case of a subjectively homogeneous 
Ganzfeld the crosses are omitted. 

the addition of a weak luminance-dependent component, expressed by equa
tion (2.2). To ensure a fair comparison between the results of the CG and CD 
experiments, the data presented in figures 3.4 and 3.5 should be compensated 
for this luminance dependence. Therefore, equivalent log Lrervalues, defined 
at a fixed level of Le = 1.0 cd/m2 and abbreviated to log L~1 , were calcu
lated. The computation, performed with the model presented in the chapter 
on brightness constancy for the parameter values of observers FB and GS as 
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listed in table 2.1, is described in full detail in the appendix. 

Corrected results for the CG experiments are shown in figure 3. 7 and those 
for the CD experiments are shown in figure 3.8. To stress the similarity be
tween these corrected data they are plotted as a function of the retinex contrast 
between the disk and Ganzfeld, defined as Cd = log(Ld/La). Here, the sym
bols in the plots represent means of four log L::ervalues. Standard deviations 
of these means exceeding the symbol size are indicated by vertical bars. Again, 
open circles refer to the disk and squares to the surround. In particular, squares 
occupied with an upright cross are for the far surround and squares occupied 
with a St. Andrew's cross are for the near surround. Although the corrected 
results of the CG and CD experiments are more alike, there is still some dis
crepancy. In the plots of figure 3.8 we see, for decreasing, negative values of Cd, 
an increase of the log L;_,rvalues regarding the Ganzfeld. On the other hand, 
log L ;_,1 of the far surround is still constant in the graphs of figure 3. 7, except 



Figure 3.8: (Continued). Corrected results of the CD experiments for observers 
FB and GS. log L;.,rvalues are plotted as a function of Cd for d = 0.6 deg, 1.8 
deg, 5.9 deg and 17.7 deg. Circles are for the disk, the far surround is marked 
by a square occupied with an upright cross and the near surround by a square 
occupied with a St. Andrew's cross. In the case of a subjectively homogeneous 
Ganzfeld the crosses are omitted. 

ford= 17.7 deg. 

To analyse these differences, we plotted the results of all brightness matches 
of Ganzfelder in a single graph (see figure 3.9) as a function of the Ganzfeld 
luminance La. Different symbols refer to separate experiments, details are 
given: in the figure caption. This collection of brightness matches shows that 
the model, on which the correction is based and which generates the straight 
line in the plots, is inaccurate for large values of La. It should be noted that the 
deflecting points in figure 3.8, derived by means of this first-order description 
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observer: FB 
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Figure 3.9: Pooled brightness matches of the Ganzfeld as a function of its 
luminance for observer~ FB and GS. The ordinate represents log(Lref / Lo,ref ), 
i.e. the results are corrected for slight variations over the experiments of the 
luminance Lo,ref, referring to the background of the reference stimulus. Every 
symbol represents an average over four ·matches. Different symbols indicate 
separate experiments. The period at which the experiments were carried out is 
given between brackets. Upright crosses (January 1991) refer to the brightness 
constancy experiment. St. Andrew's crosses (September- December 1991) are 
used for the experiments on luminance range expansion. Since the brightness 
matches of the Ganzfeld for d 17.7 deg deviate from those concerning smaller 
disks, they are omitted. The diamonds (January 1992) are taken from the 
colour control experiment described in appendix 2.A. Some additional data 
points are also presented. The squares (April1992) refer to Ganzfeld brightness 
matches of a spatial configuration similar to the pattern denoted by P2 , which 
was also used for the brightness constancy measurements. Both upwards (June 
1991) and downwards pointing triangles (April 1992) are used 'for brightness 
matches of a pure Ganzfeld. Furthermore, the model prediction, based merely 
on the brightness constancy measurements, is indicated by the solid line. 
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(see appendix 3.A), actually fall within the 'deviating' high-luminance region. 
In the light of these findings we feel justified in concluding that the results of 
the two types of experiments can be considered internally consistent. 

3.-/..3 Anchorage onto the brightness scale 

In the previous chapter it was shown that, for small disks on a Ganzfeld, the 
Ganzfeld brightness is, to a first-order approximation, anchored onto the bright
ness scale. In,other words, the brightness of the Ganzfeld is independent of the 
contrast of a small superimposed disk. This is illustrated in the left-hand panel 
of figure 3.10. The Ganzfeld brightness of the above configuration produces a 
horizontal line in the lower graph. The corrected results for small disks shown 
in figure 3.7 (where the aforementioned deviations at high luminance levels can 
be neglected) are in accordance with this schematic graph. On the other hand, 
if the diameter d approaches the width of the entire visual field, as demon-

logL log L logL 

d 

+- position _.,.. +- position _.,.. +- position _.,.. 

brightness 

Figure 3.10: Schematic brightness changes of disk and surround for variations 
of the diameter d. In order to present a clear picture, the brightness indention 
effect is not included and only properly corrected brightness values are consid
ered. Luminance profiles for increasing d values are drawn in the upper part. 
The luminance level which should be rescaled to a fixed value is indicated by a 
diamond. The size of the visual field is marked by twisting lines. Below, anal
ogous to figures 3.7 and 3.8, brightness values are plotted versus Cd. A solid 
line is used for the surround brightness and a dashed line for the brightness 
of the disk. The symbols, a circle for the disk and a square for the surround, 
specifically refer to the above luminance profiles. 
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strated in the right-hand part of figure 3.10, it is the brightness of the disk, 
stretched out almost to the size of a Ga.nzfeld, that should remain constant (if 
corrections are carried out for variations of the luminance Ld)· Thus, in this 
case the luminance Ld is transformed to the anchorage level on the brightness 
scale. The brightness of the surround, shrunk to a thin peripherical annulus, 
now varies with the contrast Cd. These two extreme states change into one an
other as the diameter d gradually increases. This implies that, for the spatial 
configuration pictured in the middle of figure 3.10, the brightness of the disk as 
well as its surround vary as a. function of Cd and that some intermediate lumi
nance level L is projected onto the anchored brightness level. This behaviour 
corresponds to the trends that can be seen in figures 3.7 and 3.8 for d = 17.7 
deg. Since this effect is only just emerging, measurements with larger disks 
are necessary in order to derive a. useful empirical expression for the average 
luminance level L. 

9 . ../..4 Size effects on brightness contrast 

Here, it is assumed that brightness contrast or perceived contrast corresponds 
to the brightness difference between the disk and near surround. A reliable 
measure for this brightness difference is A log L;ef> i.e. the difference between 
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Figure 3.11: See caption on page 57. 



3.4 Discussion 57 

C\l 

s observer. GS 

.... 

*}~ 
~0 

.S.o 
<lCji 

i" 

1 
'? 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3 

cd 
Figure 3.11: (Continued). ~logL;ef versus Cd for the observers FB and GS. 
Averaged values of four corresponding differences are marked. Open symbols 
refer to the CG experiments and filled symbols to the CD experiments. Circles 
represent a diameter of 0.6 deg, squares a diameter of 1.8 deg, open diamonds 
a diameter of 5.2 deg, filled diamonds a diameter of 5.9 deg and triangles a 
diameter of 17.7 deg. 

the log L;ervalue of the disk and the log L;ervalue of the nearby surround, 
as depicted in figures 3.7 and 3.8. In figure 3.11 ~log L;ef is plotted versus 
the retinex contrast Cd = log(Ld/La), the diameter d of the disk is used 
as a parameter. Only averaged values of four corresponding differences are 
marked. Open symbols refer to the CG experiments, filled symbols to the CD 
experiments. Circles indicate a diameter of 0.6 deg, squares a diameter of 1.8 
deg, open diamonds a diameter of 5.2 deg, filled diamonds a diameter of 5.9 deg 
and triangles a diameter of 17.7 deg. Note that the plotted differences roughly 
concur for the CG and CD experiments. For small values of d, brightness 
contrast is somewhat greater. 

Many studies on brightness using disks with variable diameters were dedi
cated to the spatial Broca-Sulzer effect (Hanes, 1951; Higgins & Rinalducci, 
1975; Bjorklund & Magnussen, 1979; du Buf, 1987). For this small-scale size 
effect, diameters varied from 1 arcmin to approximately 30 arcmin. Changes 
in spatial characteristics at a larger scale, as· employed in our experiments, 
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usually aim at size invariance. For perceived grating contrast it was shown 
that size invariance applies, at least for spatial frequencies down to about 1 
cjdeg (Georgeson & Sullivan, 1975; Kulikowski, 1976; Quinn, 1985). On the ~ 
other hand, minor effects of diameter are found here for disks on a Ganzfeld. 
However, compared to the above suprathreshold studies, the range of stimulus 
sizes applied in our experiments was much larger. 

3.5 Conclusions 

This investigation reveals that, besides brightness constancy, there is an addi
tional compression mechanism in the luminance-brightness mapping. We have 
termed this new compression mechanism brightness indention. It occurs if the 
Ganzfeld is less luminous than the disk and causes a brightness lowering of 
the nearby surround of the disk. No such effect is found when the Ganzfeld is 
brighter than the disk. As a side issue of this investigation it is shown that: 
1) For small and intermediate-sized disks the Ganzfeld brightness is anchored 
onto the brightness scale; for the largest disk (about 20 deg) slight deviations 
occur. 2) There is a small effect of diameter on brightness contrast. 
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Appendix 3.A Calculation of log L;ervalues 

In the model presented in chapter 2 brightness is constructed by means of 
an accumulation of contrast information with a weak luminance-dependent 
factor. It was shown (see equation (2.9)) that application of this concept to 
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the e:il:perimental situation, i.e. brightness matches of the familiar reference 
stimulus with a test stimulus that consisted of a Ganzfeld with small disks 
superimposed, can be summarized with the following expression: 

a(La) 
Cref = -- (Ca + Ca)- K, 

O!ref 
(3.1) 

where Cref denotes the retinex contrast between the reference disk and the 9.0 
deg background field, i.e. 

Lref ( Cref =log -L-. 3.2) 
O,ref 

Likewise, Ca is the retinex contrast in the test stimulus between the considered 
disk and the homogeneous surround, i.e. 

(3.3) 

Furthermore, O!ref, Ca and K are regarded as constants, and the fattor a(La), 
which depends on the Ganzfeld luminance La of the test stimulus, is given by 

a(La) = &(logLa -logLth), (3.4) 

with & and Lth constant. Equations (3.1) and {3.4) imply that the difference 
tl..Cre/1 between the Crervalue of the disk and the Ganzfeld (for which Ct~. = 0), 
increases linearly with log La, namely: 

(3.5) 

The scale factor p that transforms a difference tl.C~} at a Ganzfeld luminance 

Lg> to a corresponding difference ac!;} at a value L~> is given by 

log L~) -log Lth 
p = (1) • 

log La -log Lth 
(3.6) 

A c:e,-value is defined as the equivalent Crervalue at La = 1.0 cd/m2
• In 

order to obtain these C:.C,-values we need, besides p-factors with log L~) = 0, 
an anchorage with respect to which the scaling must be performed. Note 
that for Cd = -Ca equation (3.1) reduces to Cref = -K, that is Cref is a 
constant, independent of the Ganzfeld luminance La. Therefore, c;.,,-values 
are generated by 

(3.7) 

with 
log La~ 

p= . 
log La log Lth 

(3.8) 
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Here, La refers to the Ganzfeld luminance of the actual measurement, the 
constants log Lth and K are listed in the second and fourth column of table 2.1. 
Finally, equivalent luminances of the reference disk on a logarithmic scale, i.e. 
log L::e,-values, are obtained by performing the inverse operation of equation 
(3.2), 

log L;ef = C';.e,f + logLo,ref· (3.9) 





Chapter 4 

Luminance-brightness mapping dominated by 
. 

compression 

Abstract 

Brightness perception is assumed to be the result of compressing lu
minance information. Three compression mechanisms are considered: 
brightness constancy, brightness contrast compression and brightness 
indention. Furthermore, for modelling the luminance-brightness map
ping, a general constraint is applied, viz. invariance for changes in 
viewing distance. A class of models is proposed in which these prop
erties are explicitly represented. They consist of three steps: 1) The 
derivation of a multiple-scale representation from the luminance dis
tribution. 2) The assemblage of the multiple-scale signal into an 
illumination-insensitive version of the luminance distribution. 3) A 
local adjustment to a compressive brightness scale. In order to elu
cidate the behaviour of these models, one representative is converted 
into a specific algorithm. 

4.1 Introduction 

EXISTING models on brightness perception can be roughly divided into 
three categories. The first category of models is developed to describe 

psychophysical data concerning monotonic luminance-brightness relations (e.g. 
Fechner, 1860; Stevens, 1957; Whittle, 1992). A second class deals with the de
scription of brightness illusions, i.e. effects of spatial interaction (e.g. Grossberg 
& Todorovic, 1988; Morrone & Burr, 1988; Blommaert, Schouten & Martens, 
1989; Kingdom & Moulden, 1992). The third group consists of the retinex 
models (Land & McCann, 1971; Horn, 1974; Hurlbert, 1986; Land, 1986). In 
essence the latter category consists of lightness models aiming at deriving re
flective properties of surfaces from the luminance distribution Here we adopt 
a novel approach in which the differences between luminance and brightness 
maps are entirely attributed to the effect of compression mechanisms. 
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The human visual system has the capacity to respond to an enormous 
range of light intensities. Hecht, Shlaer & Pirenne (1942) and also Bouman 
& van der Velden (1947) showed that man can reliably detect a few photons. 
Bartley (1951) reported that the luminance ratio of snow on a mountain-top 
illuminated by the sun on a clear day to the Hecht, Shlaer & Pirenne absolute 
threshold is ten billion to one. It can therefore be safely stated that the human 
visual system is able to handle a luminance range that spans ten decades. On 
the other hand, there is an overwhelming amount of psychophysical evidence 
indicating that the corresponding subjective range, i.e. the brightness range, 
is considerably smaller (e.g. Teghtsoonian, 1971; Barlow & Verrillo, 1976). An 
accurate estimate of the brightness scale is hard to give because psychophysical 
data are indissolubly connected with indirect measurement techniques. 

As a consequence, the visual system must accomplish a substantial com
pression in order to fit the huge range of luminances into the limited brightness 
scale. Compression means that information is eliminated or distorted. This 
implies that the visual system must be focused on relevant information. In 
our view, relevance should be defined with respect to the goal of vision, i.e. 
the derivation of shape and 3-D arrangement of objects from 2-D luminance 
distributions on the retina (Marr, 1982). We assume that this choice is based 
on ecological principles. A trivial example is the use of brightness constancy as 
a major compression mechanism. Indeed, the elimination of average luminance 
level does not affect structural information of the scene, that is the information 
related to objects. Also, robustness for viewing conditions can be regarded as 
such a principle (Blommaert et al., 1989; Blommaert & Martens, 1990). 

In this chapter it is assumed that three separate compression mechanisms 
may be distinguished. Our experimental data, presented in the previous chap
ters, reveal two examples of compression in the luminance-brightness mapping: 
brightness constancy and brightness indention. The third well-known compres
sion mechanism is brightness contrast compression (Swanson, Wilson & Giese, 
1984; Cannon & Fullenkamp, 1991; Peli, Yang, Goldstein & Reeves, 1991). 
This is also expressed by monotonic luminance-brightness functions (Fechner, 
1860; Stevens, 1957). A relevant question is how these forms of compression 
can be made explicit and embodied into a numerical concept. 

4.2 Class of models considered 

To specify the ideas put forward in the foregoing, we adopt a class of models 
consisting of the following stages: 

1. The derivation of a multiple-scale representation from the luminance dis
tribution. The notion of a representation at multiple spatial scales is vi-
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sualized in figure 4.1. Basically a scale signal represents spatial luminance 
variations reduced with respect to some average level, that is a contrast 
measure, at several 'resolution layers' or scales. Therefore, scale signals 
are insensitive to the illumination level and reflect constancy behaviour. 
Moreover, a realistic contrast measure should exhibit saturation, so that 
brightness contrast compression would also be incorporated at this very 
first stage. In order to model explicitly invariance for changes in viewing 
distance, it is convenient to take a self-similar set of scales (Koenderink 
& van Doom, 1982). The current knowledge on early vision does not 
allow the full specification of basis functions (receptive fields) that oc
cupy the scales. Although these models are usually psychophysically ori
ented, receptive fields, defined in physiology (e.g. Kuffi.er, 1953; Rodieck 
& Stone, 1965), are often used as building blocks. In the literature on 
multiple-scale structures one encounters a wide variety of receptive field 
implementations, for instance, Gabor descriptions (Porat & Zeevi, 1988), 
Hermite polynomials (Martens, 1990a; Martens, 1990b), receptive field 
families (Koenderink, 1990; Koenderink & van Doom, 1990), wavelets 
(Mallat, 1989) and '.difference-Qf-Gaussians' (DOG) functions (e.g. Watt, 
1988; Blommaert & Martens, 1990). 

2. An assemblage or synthesis stage integrating the scale signal over the 
scales providing an illumination-insensitive version of the luminance dis
tribution, which is invariant for changes in viewing distance. Further
more, the set of basis functions should be quasi-complete, meaning that, 
for small luminance disturbances ~L(:V) with respect to an average level 
L, the assembled signal converges to !::J.L(i)/L (see Hurlbert, 1986; Blom
maert & Martens, 1990). Apart for the fact that this puts constraints on 
the basis functions and the summation mechanism, it implies in practice 
that the number of scales must be sufficiently large. 

3. A local adjustment to a compressive brightness scale resulting in bright
ness indention. Brightness indention can be described as a deflection of 
the assemblage map leading to a reduced dynamic range of the brightness 
map in which local contrast information is not seriously deteriorated. It 
is striking that such deviations in the brightness domain are not promi
nently present, i.e. not clearly noticeable. As already remarked in chapter 
3, the size of the 'indents' scales with the size of the objects present in 
the scene, i.e. the adjustment to the brightness scale should not violate 
independence of viewing distance. 
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Figure 4.1: Example of a multiple-scale structure. Each layer contains a 
description of the luminance distribution at a certain scale or resolution s. The 
circles schematically indicate the sizes of the receptive fields. 

4.3 A specific algorithm 

In this section we present a member of the class of brightness models outlined 
above. The three stages will be described successively . 

. .f.. 3.1 Representation at multiple scales 

A multiple-scales structure is by now a well-established concept in early vi
sion (e.g. Marr, 1982; Watt, 1988). As shown in figure 4.1, it adds an extra 
dimension, called scale, to the physical input, i.e. the luminance distribution 
(Witkin, 1983; Martens & Majoor, 1989). Multiple-scale representations bear 
some resemblance to the neural architecture of mammalian visual systems; sev
eral units with different receptive field diameters operate at every position in 
the visual field (e.g. Linsenmeier, Frishman, Jakiela & Enroth-Cugell, 1982). 
The embodiment of the multiple spatial scales used in this algorithm is largely 
taken from Blommaert & Martens (1990). 

A set of receptive fields with variable sizes is employed to transform a 
luminance distribution L(i) into a scale signal hA(x, s). The added dimension 
is expressed by the scale parameter s; the vector x denotes position. The 
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scale signal hA(i, s) can be viewed as the result of an interaction between 
antagonistic linear centre and surround mechanisms of the receptive fields: 

( 4.1) 

where Vc(i, s) denotes the response of the linear centre mechanism and V8 (i, s) 
the response of the linear surround mechanism. In particular, these responses 
can be written as convolutions of the luminance distribution L(i) with the 
centre receptive field Rc(i, s) and the surround receptive field Rs(i, s), respec
tively. Thus 

Vc(i, s) = J L(it) Rc(i- it, s) dit, 

V,(i, s) = J L(it) Rs(i- it, s) dit. 

(4.2) 

(4.3) 

Receptive field size is controlled by the scale parameter s. For both the centre 
and the surround receptive fields we choose normalized isotropic Gaussians, 

1 ~T~ 

Rc(i,s) = -
1
-
2
-exp(- x 2x), 

1rn sn s (4.4) 

1 ~T~ 

Rs(i,s) = 1rnf2(J.Ls)n exp(- ~s)2), (4.5) 

with J.L > 1. The integer n equals the dimension of :i. 

The functional fin equation (4.1) is more specifically inserted with 

h ( ~ )- . Vc(i,s)-Vs(i,s) 
A x, s -a V. ( ~ ) . 

c x, s 
(4.6) 

Notice that the reduced receptive field activity {Vc(i, s) - Vs(i, s)}/V.:(i, s) 
is a luminance-independent contrast measure, containing a subtractive and a 
multiplicative component (see Hayhoe, 1990). It is related to the classical DOG 
receptive field profile (e.g. Rodieck & Stone, 1965) and is consistent with the 
gain control as well as the contrast compression of ganglion cells, provided that 
the luminance level sampled by the centre receptive field, i.e. Vc, is not too low 
(Shapley & Enroth-Cugell, 1984). The necessary luminance dependence (see 
chapter 2) is incorporated by means of an additional factor a. Motivated by 
the results of the brightness constancy experiment, we propose the following 
linear function of log Vc: 

a= a[logVc(i,s)] = ,B(logVc(i,s)- o), (4.7) 

with ,Band o constant (see also equation (2.8)). 
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Figure 4.2: Extension of a luminance distribution with an internal reference 
level. The size ofthe visual field is denoted by d 11f. 

In chapter 2 it was argued that the brightness of a Ganzfeld originates 
from a contrast with an internal reference leveL To incorporate this, the above 
scheme is applied to virtual, geometrically enlarged luminance patterns, as 
illustrated in figure 4.2. Beyond the border of visual field the scene is extended 
with a hypothetical internal reference level, A, for which holds 

(4.8) 

where 'Y is a constant. In the above formula L denotes some average value of 
the luminance distribution within the visual field. For a disk with diameter d 
superimposed on a Ganzfeld, the average luminance L represents a weighted 
mean of the Ganzfeld luminance La and the disk luminance Ld (see also fig
ure 3.10). Since the experiments of chapter 3, where the diameter d was varied 
for such a configuration, do not reveal a conclusive formalism for this weighting, 
we propose the following heuristic averaging process: 

log L = k j. 
1 

log L(i) di with Q = j. 
1 

di. (4.9) 
11 , VlSUa VlSUa 

field field 

4.3.2 Assemblage of scale signals 

The second step transforms the scale signal hA(i, s) into the assemblage map 
A( i) by means of a linear summation over the scales. This assemblage signal 
can be regarded as an intermediate synthesis of the luminance pattern from 
which brightness can be computed. Blommaert & Martens (1990) showed that 
a synthesis which exhibits invariance for viewing distance leads to the following 
integral of hA(i, s) over the scales: 

A(i) = J hA(i,s)d;. (4.10) 
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Moreover, they proved quasi-completeness for this assemblage signal. Within 
the algorithm, the integral must be definite, i.e. a lower bound s_ and an upper 
bound s+ should be set. For the lower bound s_ a value is taken that roughly 
corresponds to the size of the photoreceptors. In order to represent fully the 
contrast between the average luminance L and the internal level A, the upper 
bound s+ should be an order of magnitude larger than the size of the visual 
field (see figure 4.3). If we introduce these limits and perform the substitution 
s = exp u, the simple expression 

{4.11) 

is obtained.1 

In the expressions (4.10) and (4.11) the scale signal at position xis linked 
to a single assemblage value concerning the same position. It is important to 
realize that by means of the scale signal at a certain position x an estimate of 
the entire assemblage signal can also be made. To explain this, consider, for the 
luminance pattern in figure 4.2, the scale signal hA ( x = 0, u) drawn in the upper 
graph of figure 4.3. It is obvious that the peak around u ln(d/2) corresponds 
to the central disk with diameter d, having an incremental contrast with its 
surround. The peak around u = ln(dvt/2) represents the virtual transition of 
the average luminance to the internal reference level at the border of the visual 
field. As shown in the bottom graph of figure 4.3, the estimated assemblage 
signal with respect to position x = 0 is reflected by the quantity 

HA(x=O,u) 1fT+ hA(x=O,u') du', (4.12) 

for u E [u-,u+l· Note that the assemblage value A(x=O) = HA(x=O,u_). 

It will prove to be advantageous to introduce at this point a distinctive no
tation for the extreme values occurring within the visual field of the locally es
timated assemblage signal. The expected minimum and maximum assemblage 
values at position x are denoted by Amin(x) and Amax(x), respectively. For 
the example in figure 4.3, Amin(x=O) equals the shaded area and Amax(x=O) 
the total integral of the displayed scale signal hA(i=O,u). In general, Amin(i) 
and Amaz(i) can be expressed, in terms of the scale signal hA(i,u), as follows: 

( 4.13) 

( 4.14) 

1Formally, hA(:i!,s) = hA(:i!,expu) = h:A(:ii,u). However, for notational convenience the 
* will be omitted. 
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Figure 4.3: Above: The scale signal of the luminance pattern depicted in 
figure 4.2 (Ld = 10.0 cd/m2 , La 1.0 cd/m2 , d = 1.0 deg) at position i = 0 
as a function of u. Standardized parameter values (see section 4.4) were taken, 
the calculation is elucidated in appendix 4.A. Below: Integrated version of the 
scale signal. 

where min.,. [ F( u) ] ( max.,. [ F( u) ] ) means minimize (maximize) F with respect 
to u. Further, u E [u_,u*]; u* is defined as the largest u-value for which the 
effect of the internal reference level is negligible. 

4.3.3 Local adjustment to the brightness scale 

In the third step it is assumed that the assemblage map is transferred to a 
compressive brightness scale (see figure 4.4). It is important to realize that the 
scale of brightness is determined but for a linear transformation. Without loss 
of generality, the brightness scale is taken to be two-sided and the most sensitive 
part of the scale is fixed at the value B = 0, implying that negative computed 
brightness values are allowed. The exact form of this compression remains as 
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assemblage assemblage 

Figure 4.4: Transference to the brightness scale, two examples. On the left: 
Adjacent assemblage values are optimally displayed on the brightness scale 
when the corresponding brightness values are situated around the most sensitive 
part of the scale. On the right: The assemblage map is projected without 
adjustment onto the brightness scale. 

yet unspecified and is therefore not explicitly taken into consideration. 

Consider a number of neighbouring assemblage values. It is obvious that 
this local assemblage information is optimally displayed on the brightness scale 
if the considered samples are projected around B = 0. This can be accom
plished by shifting the samples in such a way that some representative value 
of the ensemble is transformed to the most sensitive point on the brightness 
scale. Obvious measures for the representative value are the mean, the median, 
the average of the extreme values, etc. This is visualized in the left-hand plot 
of figure 4.4 for two adjacent assemblage values. By applying the above local 
principle, differential information of the assemblage signal (reflecting local con
trast in the luminance distribution) is displayed optimally on the brightness 
scale. However, if the assemblage map of the entire visual field is transferred in 
this way, spatial brightness variations are introduced that do not correspond to 
changes in the assemblage signal. This is schematically illustrated in figure 4.5. 
The occurrence of spurious spatial brightness variations can be circumvented 
by using a global projection without adjustment to transfer the assemblage sig
nal to the brightness scale (see right-hand plot of figure 4.4). Now, of course, 
local assemblage differences are not displayed optimally. 

Here, we propose a compromising local adjustment to the brightness scale, 
derived from the multiple-scale representation, that can be described as "op
timal display of contrast information with a minimum of introduced spa
tial brightness variations." Invariance for viewing distance is explicitly built 
in. A convenient way to constitute compromises is by employing standard 
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Figure 4.5: Assemblage and brightness profiles. When both assemblage differ
ences AA1 and AA2 are displayed optimally on the brightness scale, uniform 
parts of the assemblage signal are distorted in the brightness domain. 

regularization2 theory, i.e. the concept of minimizing a quadratic cost func
tion consisting of 'penalty' terms reflecting the underlying, often conflicting, 
requirements {for applications in vision see Poggio, Torre & Koch, 1985; Rub
ner & Schulten, 1989; Kawato, Inui, Hongo & Hayakawa, 1991). Specifically, 
the imposed requirements and associated terms are: 

1. No spurious contrasts may be introduced in the brightness domain. Intro
duce a scale signal hn(i, a) that can be considered as a perturbed copy 
of hA(i,a). Now, the above demand can be formalized as: For every 
position ithe difference between the scale signals hA(x,a) and hn(X',a), 
that is 

( 4.15) 

must be minimal. The scale signal hA(i,a) builds the assemblage value 
A(i) according to equation (4.11). Similarly, within this concept the 
scale signal hB(i,a) is thought to construct the brightness value B(i). 

2 In physics regula,rization is often referred to as a variational principle. Most of the basic 
la.ws ha.ve a compact formulation in terms of va.ria.tional principles tha.t require minimization 
of a suitable functional, such as the energy or the Lagrangian. 
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2. Contrast information has to be displayed optimally on the brightness 
scale. In other words, as explained in the foregoing, for every position 
x some representative brightness must correspond to the most sensiti~e 
point on the scale, in this case B = 0. We adopt for the representa
tive value the average of the locally expected minimum and maximum 
brightness values in the visual field, denoted by Bmt.n(fi) and Bma.:~:(fi). 
Therefore, the 'penalty' term becomes 

( 4.16) 

In analogy with equations (4.13) and (4.14), Bmt.n(fi) and Bm.a.z(fi) are 
based on the scale signal hB(fi,a). 

Likewise, we arrive at the cost function 

(4.17) 

where A is a so-called regularization parameter which determines the relative 
emphasis on the requirements. Invariance for viewing distance is achieved by 
introducing a local error e( fi) that is independent of a, namely: 

c-(fi) = hB(fi,a) hA(fi,a), (4.18) 

and by using the following scale-independent estimates for iJ m. in ( fi) and 
B m.a.z ( fi ) : 

Bm.in(fi) = Amin(fi) + c-(fi)(a+ a_), 

Bma.z(fi) = Ama.z(fi) + e(fi)(a+- a_). 

(4.19) 

(4.20) 

Amin(fi) and Amaz(x) refer to the expected assemblage extrema in the visual 
field derived from the scale signal hA(fi, a) according to the equations ( 4.13) 
and (4.14). With the substitution of (4.18), (4.19) and (4.20) in (4.17) the cost 
function becomes 

(4.21) 

Minimizing this expression, i.e. differentiating with respect to e(fi) and equat
ing the result to zero, yields 

( 4.22) 
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Now, for every A-value the scale signal ha(i,u) can be made explicit so that 
the brightness B(i) can be written as: 

B(i) = 1~+ ha(i,u) du = A(i) + 1~+ e:(i) du 

= A(x) _ ~. Amin(i) + Amaa:(i) 
1+).' 2 ' 

( 4.23) 

with A1 = A(u+- u_). 

As expressed by equation ( 4.23), the brightness map is obtained by sub
tracting a position-dependent correction term from the assemblage map in such 
a way that invariance for viewing distance is maintained. In othe~; words, the 
above scheme generates a brightness map that is a distorted version of the as
semblage map. In principle therefore, it has the capacity to model the bright
ness indention phenomenon. In order to investigate this we concentrate on 
the behaviour of the locally expected extrema Amon(x) and Amaz(x). Some 
explicit examples will be presented in the next section. 

4.4 Model predictions 

To demonstrate the behaviour of the model in an accessible war, first 1-D 
calculations with step-like stimuli are presented. These calculations are rela
tively simple because analytical expressions for the convolution op~rations are 
available. Simulations relating to the experiments of the two previous chapters 
were also carried out. To generate brightness patterns of the test stimuli, a 2-D 
computer implementation of the algorithm, described in full detail in the next 
chapter, was used. Since for the reference stimulus, consisting of concentric 
disks on a vast dark surround, only central brightness values are of interest, 
the procedure outlined in appendix 4.A was followed. 

In this section we adopt a heuristic approach. We are not aiming for optimal 
parameter values. Our intention is to illustrate the properties of the current 
algorithm for a reasonable parameter setting. unless explicitly stated, the 
following conventions were made for the calculations. 

1. Ratio of surround and centre receptive field size: p. 2.0. 

2. Constants in luminance dependence function (4.7): f3 = 0.1, {j = -5.0 
(for the order of magnitude see table 2.1, observer FB)3 ' 4 • 

3The slope a, referring to the luminance dependence function of the (quasi-static) test 
stimuli, which is comparable to f3 in equation ( 4. 7), is only known with respect to the weight 
O.rej of the reference stimulus. Here, are! is set to 1.0 so that {3 corresponds to the first 
column. 

4 The offset 6 corresponds to the second column. 
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3. Ratio of the internal reference level and the geometrically averaged lu
minance: 'Y = 0.1 (for the order of magnitude see table 2.1, observer 
FB)5 • 

4. Size of the visual field: dvf = 180 deg. 

5. Integration limits: a_ = 0.0 ln arcmin, a* = 7.0 ln arcmin, a+ = 15.0 
ln arcmin.6 The a 0 -value corresponds to a receptive field size s0 of 1.0 
a rem in. As illustrated in figure 4.3, for technical reasons a* < ln( dvf /2) < 
a+. However, if the imaginary contrast with the internal reference level is 
represented by a Dirac function Aa·o(a-ln{dvi/2}) in such hA-a graphs 
(with Aa equal to the shaded area), a* and a+ can be set at arbitrarily 
close values corresponding to the actual size of the visual field. 

6. Regularization parameter: >.' = 2.0. 

4.4.1 Results of 1-D computations 

First, the influence of the regularization parameter >.' is illustrated. In the 
lower part of figure 4.6 three brightness profiles B( x) are plotted for different 
>.'-values. The luminance profile, the input of the calculations, consisted of 
two bars with opposite contrast polarity on a Ganzfeld. Intermediate results, 
i.e. the assemblage signal A(x) and the locally expected extrema Amin(x) and 
Ama:c(x), are depicted in the upper part of figure 4.6. 

Note that the signals Amin ( x) as well as Ama:c ( x) level off towards the 
assemblage value of the homogeneous surround. Thismeans that, the pregnancy 
of a bar gradually fades from the local multiple-scale representation as the 
distance to that bar increases. Moreover, in accordance with the experimental 
results of chapter 3, the computed brightness profiles exhibit the asymmetrical 
indention effect. The brightness around the bright bar is significantly reduced. 
This is the direct consequence of the fact that the signal Am in ( x), caused by the 
dark bar, follows the assemblage signal more closely than the signal Ama:c(x), 
caused by the bright bar.7 Furthermore, in addition to the fact that brightness 

5 For the test stimuli used, the geometrically averaged luminance approximates the 
Ganzfeld luminance La. Therefore, a Ca-value of 1.0, defined as log(La/A) and listed 
in the third column, is equivalent to 'Y = 0.1. 

6 The u-values relate to the natural logarithm of the scale parameter s, which is expressed 
in minutes of arc (arcmin). 

7 Consider a bar with luminance Ld on a Ganzfeld with luminance La. If the distance to 
the bar is sufficiently large, either the difference Amin- A (in the case of a dark bar) or the 
difference Ama:c -A (in the case of a bright bar) is proportional to the luminance difference 
IlL = Ld - La. Hence, the displayed behaviour can be expected for bright and dark bars 
with equal, but opposite amplitudes on a logarithmic luminance scale. 
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Figure 4.6: Demonstration of the asymmetrical indention effect in computed 
1-D brightness profiles. The corresponding luminance profile consisted of two 
30 arcmin bars on a Ganzfeld. The Ganzfeld luminance was set at 1.0 cdfm2 • 

For the left and right bar, luminance values half a log-unit below and above 
the Ganzfeld level were taken. Above: Some intermediate results of the com
putation: A(x), Amin(x) and Amaz(x). Below: Brightness profiles for different 
)..'-values. 

values are lowered as the regularization parameter )..' increases, the indention 
effect is strengthened. 

Next, we look at contrast and luminance dependence. Brightness values of 
the bar, Bd, were computed for luminance profiles similar to the one pictured 
in figure 4.2. The computational results are plotted in figure 4.7 versus the 
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Figure 4.7: Computed bar brightness values as a function of its contrast for 
different Ganzfeld luminances. The luminance profile used consisted of a 30 
arcmin bar with luminance Ld on a Ganzfeld with luminance LG. Both cen
tral and average brightness values of the bar are plotted. The behaviour of 
an illumination-independent model implementation is reflected by the dotted 
curve. 

luminance ratio log(Ld/ LG), where Ld refers to the bar luminance and LG to 
the Ganzfeld luminance. Calculations were performed for three LG levels, 0.01 
cd/m2 , 1.0 cd/m2 and 100 cd/m2 , indicated in the graph by squares, circles 
and triangles, respectively. Dashed curves denote central brightness values of 
the bar; average brightness values of the bar are indicated by solid curves. For 
comparison purposes calculations concerning the centre of the bar were also 
carried out for a state in which the luminance-dependent weight of the scale 
signal is replaced by a constant a = 0.5. These results are indicated by the 
dotted curve. 

The computed brightness Bd of the bar increases monotonically with the 
luminance ratio Ld/ LG. Over a substantial range Bd varies almost linearly with 
the contrast measure log( Ld/ LG), pointing to a Fechnerian type of luminance
brightness relation. Only for extreme negative contrast values Bd is reduced 
noticeably at an accelerating rate. 8 Furthermore, the central and averaged 

8 A saturating effect for large negative contrasts can be achieved by introducing, within 
the scheme that regulates the assemblage-brightness transformation, a specific compressive 
metric of the brightness scale. 
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brightness values of the bar diverge more and more as log( Ld/ Lo) decreases. 
These results are closely bound up with the characteristics of the scale signal 
hA giveJI by equation (4.6). As far as the luminance dependence is concerned, 
the trends correspond to the results of the psychophysical measurements pre
sented in chapter 2, namely: 1) Increasing the Ganzfeld luminance magnifies 
brightness differences. 2) The brightness of the Ganzfeld (log( Ld/ Lo) = 0) 
gradually increases with its luminance Lo. If the luminance dependence is re
moved from the scale signal, central brightness values of the bar collapse onto 
the dotted curve. 

Finally, the influence of viewing distance, or size, is evaluated. Again, 
the luminance profile of figure 4.2 was used. Brightness values at the cen
tre of the bar (solid curves) as well as brightness values outside the bar at a 
distance ~d from the centre of the bar (dashed curves) were calculated as a 
function of the bar width d for a 2.5-decade range. Results are displayed in fig
ure 4.8. For all calculations, the Ganzfeld luminance Lo was 1.0 cdjm2 • Three 
contrast settings were employed, viz. log( Ld/ Lo) = -0.5, log( Ld/ Lo) = 0.5 

-1.5 -1 -0.5 0 0.5 1 

log d (log deg) 

Figure 4.8: Effects of size variation. Brightness values at the centre of the bar 
(solid curves) and brightness values at a distance ~d from the centre of the bar 
(dashed curves) of the luminance profile shown in figure 4.2 are plotted versus 
log d. Three contrast settings were used: log(La/ Lo) = -0.5, log( La/ Lo) = 
0.5 and log( La/ Lo) = 1.0, marked by downwards pointing triangles, circles and 
upwards pointing triangles, respectively. The Ganzfeld brightness is denoted 
by the dotted line. 
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and log(La/LG) = 1.0, marked by downwards pointing triangles, circles and 
upwards pointing triangles, respectively. Furthermore, the computed central 
brightness value of a pure Ganzfeld is indicated by the dotted line. 

The calculations reveal that the model displays robustness for size vari
ations over a 2-decade range. The brightness of both the bar and its direct 
surround are nearly independent of stimulus size from 0.1 deg up to about 10 
deg. Deviations below 0.1 deg are caused by the resolution of the smallest re
ceptive fields. Small-scale effects such as the spatial Broca-Sulzer enhancement 
(e.g. Hanes, 1951; du Buf, 1987) are not present. For large d-values a minor 
influence of the integration limits u* and u + is visible. Additionally, figure 4.8 
once more demonstrates that the brightness indention effect is asymmetric; 
as regards the dotted line referring to the Ganzfeld brightness, compare the 
dashed curve marked by downwards pointing triangles and the one marked 
by circles. It is also clear from this graph that the amplitude of the 'indent' 
increases with contrast. 

4.4.2 Simulation of the experiments concerned with brightness 
constancy and luminance range expansion 

In line with the procedure applied in the experiments presented in chapters 
2 and 3, computed brightness values at the centre of the reference stimulus 
were equated to computed brightness values at certain positions of the test 
stimuli. The outcomes of the matchings are expressed in log Lrervalues, i.e. in 
luminance values of the adjustable reference disk. For the calculations the 9.0 
deg background field of the reference stimulus was fixed at a luminance level 
of 3.0 cdjm2 , the resulting dark environment at 0.03 cdjm2 • 

First, the brightness constancy experiment described in section 2.5 was 
simulated. The spatial configuration of the test stimuli, some experimental 
results copied from figure 2.6, and the results of the calculations are shown in 
figure 4.9. Pattern P1 is denoted by triangles, pattern P2 by circles and pattern 
P3 by squares. Open symbols refer to the test disks. Filled symbols are for 
the Ganzfeld. Connected symbols refer to one single luminance distribution; a 
dashed line is used for pattern P1 , a solid line for pattern P2 and a dotted line 
for pattern Pa. 

The tendencies in the measurements are reproduced by the model predic
tions. All data points of the Ganzfeld are projected onto a single straight line 
with a small positive slope. Brightness differences are gradually magnified with 
the Ganzfeld luminance. However, there are a few conspicuous deviations. The 
algorithm raises the brightness of the vast dark surround of the reference stimu
lus to an unrealistically high value compared to introspective observations. The 
log Lrervalues occurring in the simulation are therefore systematically smaller 
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Figure 4.9: Simulation of the brightness constancy experiment. Cross-sections 
of the test stimuli are sketched at the top (see also figure 2.5). Luminances 
of the various scene elements in the patterns P1 , P2 and P3 _ are plotted along 
the abscissa. The ordinate represents log L,..,rvalues. Pattern P1 is designated 
by triangles, pattern P2 by circles and pattern Pa by squares. Open symbols 
are for the disks, filled symbols for the Ganzfeld. Scene elements of the same 
luminance distribution are connected; a dashed line marks pattern P1 , a solid 
line pattern P2 and a dotted line pattern P3 • The upper graph contains ex
perimental results of observer FB replotted from figure 2.6. The lower graph 
concerns the simulation. 
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Figure 4.10: Simulations of the experiments on luminance range expansion. 
On the left: Experimental and computational results for the CG experiment. 
On the right: Experimental and computational results for the CD experiment. 
Circles are for the test disk. The far surround is marked by a square containing 
an upright cross and the near surround by a square containing a St. Andrew's 
cross. These crosses are absent in the case of a subjectively uniform surround. 
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than the log Lrervalues of the brightness constancy measurements. Note, too, 
that the vertical axis of the graph labelled 'simulation' is stretched. 

Secbndly, the two types of experiments on luminance range expansion are 
considered. To recapitulate: In the '£onstant Ganzfeld' (CG) experiment, the 
luminance of the test disk, La,, was varied while the luminance of the Ganzfeld, 
La, was kept constant; in the 'fonstant gisk' (CD) experiment, La was varied 
while La was kept constant. As far as the simulations are concerned, brightness 
values of the near surround were taken, for d = 0.6 deg, at a distance of 0. 7 
deg from the centre of the disk. The results of the calculations are presented 
together with experimental data of observer FB in figure 4.10. As in figures 3.4 
and 3.5, circles refer to the test disk. The far surround is marked by a square 
containing an upright cross ( + ), the near surround is marked by a square 
containing a St. Andrew's cross ( x ). In the case of a subjectively uniform 
surround these crosses are omitted. 

0 

Clearly, these simulations mimic the effects occurring in the meat'lurements. 
The asymmetrical brightness indention effect is correctly predicted. For the 
CG experiment log Lrervalues of the far surround remain constant, while for 
the CD experiment log Lrervalues of the far surround increase slowly with the 
Ganzfeld luminance La. Some differences are also present. As in the simulated 
brightness constancy experiment, there is not complete quantitative agreement. 
Again, we see that the computed log Lrervalues are lower and occupy a smaller 
range than the experimental ones. Furthermore, the asymmetry between pos
itive and negative contrast values of the test disk is more outstanding in the 
simulations. 

4.5 Discussion 

In this paper it is explicitly assumed that brightness perception is entirely de
termined by the necessary compression of luminance information. A novel class 
of models is proposed, consisting of three stages, in which on the one hand psy
chophysically verified compression phenomena are incorporated, namely bright
ness constancy, brightness contrast compression and brightness indention. On 
the other hand, the luminance-brightness mapping is thought to be constrained 
by ecological principles. Here, in particular, robustness for viewing distance is 
exploited. 

In accordance with many other theoretical descriptions, usually aiming at 
spatial brightness effects, the first two stages basically involve an accumula
tion of contrasts. To mention a few examples: The retinex algorithm (Land 
& McCann, 1971; Land, 1986) stabilizes integrated local contrast information 
obtained from a number of converging paths in the visual field. The more 
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physiologically inspired model of Grossberg & Todorovic {1988) uses a neu
ral network of contrastcsensitive units followed by a so-called filling-in layer. 
Blommaert & Martens (1990) presented an object-oriented brightness model 
in which contrasts, represented within a multiple-scale structure, are summed 
over the scales. Moreover, they showed that a functional approach based on 
invariance for light source properties and viewing conditions leads to a specific 
embodiment of the scales. A Fourier description of the multiple-scale concept 
was employed by Swanson et al. (1984) and Cannon & Fullenkamp (1991). 
Minor differences in performance between these models are caused by specific 
implementation details. The retinex algorithm applies a threshold operation 
in order to include for instance brightness induction. To unify several illusory 
brightness effects the object-oriented brightness model adds scale-dependent 
weights (Blommaert et al., 1989; Schouten, Blommaert & Martens, 1990). The 
luminance dependence of the scale signal, introduced in this chapter, can also 
be regarded as such a 'fine-tuning' alteration. 

It is obvious that brightness contrast compression is directly related to the 
characteristics of the contrast measure considered, in this case the scale signal. 
Furthermore, as already advanced in chapter 2, the very concept of a contrast 
measure is inherent in the brightness constancy phenomenon. In order to build 
in brightness indention, a new, additional process is proposed which can be 
described as a local adjustment to a compressive brightness scale. The conse
quences of a compressive brightness scale are not considered as a central item 
in the above two-stage models. The idea behind this third compression process 
was prompted by the experiments on luminance range expansion presented in 
chapter 3. 

A specific algorithm is presented to illustrate our approach. The interpre
tation of the experiments described in the preceding chapters, all concerning a 
typical Ganzfeld configuration, was used as a guideline for the development of 
the algorithm. Besides the compression mechanisms for which the experiments 
were designed, this also involved a few secondary issues. For instance, bright
ness constancy measurements in Ganzfelder reveal a dependence on the average 
luminance level and point to an added contrast with a so-called internal refer
ence level. Although the algorithm performs well, it should not be considered 
as a definitive result. First of all, temporal aspects should be explored. Fur
thermore, the simulations in subsection 4.4.2 indicate that the concept of the 
internal reference level should at least be modified for a stimulus surrounded 
by a large dark environment. The performance of the algorithm on a number 
of illusory brightness phenomena is investigated in next chapter. 
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Appendix 4.A Central brightness values of concentric 
disk-like stimuli 

With respect to the centre point, 2-D luminance distributions of concentric 
stimuli are circularly symmetric, so that 

(4.24) 

For disk-like configurations they can be written as a sum of Heaviside functions 
D(r- ai) with luminance increments li, 

D(r 
for r:::; ai, 
for r >a,. 

(4.25) 

(4.26) 
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Expressing the convolution integrals ( 4.2) and ( 4.3) in polar coordinates, p = 
y'u~ + u~ and (} = arctan(u2 /ul), yields the following circularly symmetrical 
response: 

f 2
1r r= 

V(r,s)= Jo Jo L(p)R(y'r2 +p2 -2rpcos(,P-O),s)pdpd(}, {4.27) 

where rjJ = arctan(x2 /xt) and 

1 r 2 

R(r,s) = - 2 exp(----z)· 
1rS S 

(4.28) 

The convolution operation is linear. It is therefore sufficient to consider the 
response Vv(r, s) of the Heaviside function D(r- a),9 

121rla 
Vv(r, s) = 

0 0 
R( y'r2 + p2- 2rpcos(,P- 0), s) pdpd(} 

1 r2 la P2 121r 2rp 
= -

2 
exp( - 2 ) exp( - 2 ) { exp(-

2 
cos(,P- 0)) dO} pdp. 

1rS S 0 S 0 S 

(4.29) 

Since 

1

21r 11r 
0 

exp(ycos(,P-O))d0=2 
0 

exp(ycosO)d0=27rl0 (y), (4.30) 

where I 0 (y) denotes the modified Bessel function of order zero (e.g. Abramowitz 
& Stegun, 1965), equation ( 4.29) becomes 

2 r2 la p2 2rp 
Vv(r,s) = ---zexp(----z) exp(-2)Io(-2 )pdp. 

s s 0 s s 
(4.31) 

For r = 0 this integral can be solved analytically, 10 

21a P2 a2 
Vv(O, s) = 2 exp( - 2 ) pdp = 1- exp( - 2 ). 

s 0 s s 
(4.32) 

By means of such responses the scale signal hA(O, s) in the centre of concen
tric disk-like stimuli can be easily constructed by point-wise arithmetic (see 
equation ( 4.6)). The remaining calculus towards the centre brightness B(O), 
expressed by the equations ( 4.11 ), ( 4.13), ( 4.14) and ( 4.23) is performed nu
merically. 

9 Because the Gaussian R( r, s) is normalized, the response on the first term of equation 
(4.25) equals Lo. 

10 Io(O) = 1. 





Chapter 5 

Brightness computation applied to illusions 

Abstract 

The brightness computation proposed in the previous chapter is ap
plied to a set of well-known brightness illusions. For this purpose a 
2-D version of the luminance-brightness algorithm was implemented 
on a computer. It is demonstrated that the model provides a good 
account of a variety of brightness phenomena, such as brightness in
duction, brightness assimilation and Craik-O'Brien-Cornsweet effects. 
Moreover, it is shown that the brightness indention stage of the algo
rithm is crucial for the appearance of these illusory effects. Finally, 
the performance and the limitations of the algorithm are discussed 
with reference to some recent models and explanations of brightness 
illusions. 

5.1 Introduction 

T HE category of phenomena known as brightness illusions can be consid
ered as a useful tool for testing spatial characteristics of brightness models, 

i.e. verifying whether geometrical predictions are isomorphic with impressions 
(Grossberg & Todorovic, 1988; Blommaert, Schouten & Martens, 1989; King
dom & Moulden, 1992). Since brightness illusions in fact demonstrate viola
tions of a monotonic luminance-brightness relationship, they accentuate the 
difference between the luminance distribution and the corresponding bright:
ness representation. In this connection, Gestaltists interpret illusory effects in 
a way which is nicely expressed by the law of Pragnanz: "Structural infor
mation in the outside world is emphasized in perception" (e.g. Koffka, 1935; 
Leeuwenberg, 1982). In the psychophysical literature on the other hand, we 
have not encountered any functional explanation for the occurrence of bright
ness illusions. Often, it is assumed that illusory phenomena just reflect some 
deficiencies of the human visual system. To quote Kingdom & Mould en (1992): 
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"Important clues to the mechanisms of contrast coding come from 
studies of the errors made by the visual system when computing 
the pattern of luminance variation across the image. Particularly 
dramatic instances of such errors are brightness illusions, of which 
Mach bands, the Cornsweet illusion and Simultaneous Contrast are 
perhaps the best known examples." 

This point of view is challenged here. The relative ease with which many 
computational models (e.g. Land & McCann, 1971; Horn, 1974; Hurlbert, 1986; 
Blommaert & Martens, 1990) can reconstruct scenes without these 'errors' sug
gests that the discrepancies between luminance and brightness are meaningful. 
We interpret the phenomena of brightness induction and brightness assimila
tion as a direct consequence of the necessity to compress luminances. Since, 
as mentioned before, compression implies that information is distorted, it is 
plausible that illusory effects may ax:Jse. 

Since we prefer to gain insight we will not attempt to give a detailed ac
count of all illusory phenomena per se, which inevitably leads to a number of ad 
hoc solutions. The main purpose of this chapter is to demonstrate the model's 
potential by using brightness illusions. FUrther, it should be remarked that 
the results of the calculations apply to the luminance patterns described. Be
cause of the non-linear transformation introduced by the photographic process, 
printed images serve only as illustrations. 

5.2 Computer implementation 

For brightness predictions of arbitrary 2-D luminance patterns a computer 
implementation was used. In essence, the computer implementation is a dis
crete version of the continuous formulation of the three-stage brightness algo
rithm described in section 4.3. We therefore first consider the sampling in the 
multiple-scale representation. 

The sampling in the space domain is determined by the physical input of the 
calculations, which were digital images of 512 x 512 pixels. In these images all 
luminance variations were confined to a central part comprising 256 x 256 pixels. 
A constant luminance £ 0 (usually the average of this centre) was assigned 
to the surroundings. The brightness illusion in figure, 5.1, demonstrating the 
brightness induction phenomenon, is an example of such an image. Note that 
the left-hand side of the bar appears brighter than the right-hand side although 
the luminance1 is equal on both sides. This can be verified easily by occluding 
the background gradient with two pieces of paper. Sampling along the scale 

1Strictly speaking, we should say that the reflectance is constant along the bar. However, 
if the illumination is uniform, this also holds for the luminance. 
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Figure 5.1: Demonstration of the brightness induction phenomenon; although 
the central bar is equiluminant, it is brighter at the left-hand side. 

dimension s was performed at exponentially increasing distances. This means 
that the integral (4.11) is converted into a Riemann sum of terms hA(x,y;ui) 
taken at equidistant values on the u-axis (recall that u equals the natural 
logarithm of the scale parameter s ). Specifically, we sampled at Si = 2i-l 

arcmin.2 

Because the displayed luminance variations only occur in a spatially 
bounded area on a homogeneous surround, they can be 'captured' within a lim
ited number of scales. In practice eight scales are sufficient. At this point we in-

troduce some terminology. We calli the scale index and hA(x, y; si) = h~)(x, y) 
with i E {1, 2, ... , 8} the scale signal with index i. The scale signal with index 1, 

h~)(x,y), is called the signal of the finest scale and the scale signal with index 

8, h~)(x, y), the signal of the coarsest scale. In order to construct an indexed 

scale signal h~)(x,y) we must compute the responses of the receptive field cen
tre and surround mechanisms, Vc(x, y; si) and V8 (x, y; si), respectively. This 
was done for scale 1 to scale 8 with a set of binomial filters. A binomial can 
be regarded as a discrete approximation of a Gaussian function (e.g. Martens, 

2 In this concept, the scale parameters should formally be expressed as a number of pixels. 
However, at a reading distance of 70 cm one pixel corresponds to approximately 1 arcmin. 
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1990). Since these binomials have the same properties as Gaussians we de
scribe tricks, which shortened the calculations considerably, with the familiar 
Gaussian function. In the continuous formulation the responses Vc(:z:, y; si) and 

Figure 5.2: See caption on page 93. 
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Figure 5.2: Scale signal of the 'bar' illusion with indices 2, 4 and 6. 

V8 (x, y; si) are computed by convolving the luminance distribution L(x, y) with 
the Gaussian functions Rc(x, y; si) and Rs(x, y; si), respectively. If we set the 
ratio J..L of the surround and centre receptive field size at 2.0, it follows from 
equations ( 4.2) to ( 4.5) that 

(5.1) 

Thus, the response of the surround mechanism of scale i equals the response of 
the centre mechanism of scale i + 1. It should also be noted that the variables 
x and y can be separated, 

1 x 2 + y2 1 x 2 1 y2 

-exp(- ) = -exp(--) · -exp(--). (5.2) 
1rs2 s2 ..jiis s2 fis s2 

Therefore, the 2-D filter operation can be performed by two successive 1-D filter 
operations, one in the x-direction and one in the y-direction. The indexed scale 
signal for i = 2, i = 4 and i = 6 of the illusion in figure 5.1 is shown in figure 
5.2. Edge information is represented in fine scales, i.e. scales with small indices. 
Coarse scales contain only gradual luminance changes. 

Furthermore, for the central part of the image where the luminance varia
tions occur, the integrated scale signal resulting from the contrast between the 
large uniform surround and the internal reference level, expressed by the pa
rameter r in equation ( 4.8), can be considered as a position-independent offset 
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Figure 5.3: See caption on page 95. 
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Figure 5.3: Sampled scale signal at the positions P, Q, Rand S of the 'bar' 
illusion as a function of the scale parameter s. The offset term Ac is denoted 
with a filled square on the right. Samples marked by circles with a horizontal 
line are added to Ac for the determination of Am in. Similarly, summation 
over scale values marked by circles with a vertical line and Ac yields Ama:z:· 
Note that at point P the positive values for s = 8 arcmin (i = 4) and s = 
16 arcmin ( i = 5) correspond to the contrast between the bar and its dark 
neighbouring region. The negative values around scale index i = 7 reflect 
the contrast between the dark part of the gradient and the large homogeneous 
surround. With respect to the centre point Q, the luminance distribution is odd 
symmetrical (see figure 5.6). Hence, centre and surround responses are equal, 
i.e. the scale values are zero for all indices. The scale signal at point R is more 
or less the opposite of the one at point P. The negative values for i = 4 and 
i = 5 represent the contrast between the bar and its bright neighbouring region. 
The positive values around scale index i = 7 point to the contrast between the 
bright part of the gradient and the uniform surround. The bottom graph refers 
to the position S just outside the bar. Here, fine scales are relatively active. 

term Ac (see also figure 4.3) which can be written to a first-order approxima
tion as 

Ac ~ a(Lo) · Aa, (5.3) 

where a(Lo) accords with equation (4.7) given by the linear function a(Lo) = 
f3 (Lo - 8); f3 = 0.1 and 8 = -5.0. Ac represents the central assemblage value 
of a pure Ganzfeld determined by means of the illumination-independent scale 
signal (Vc- V.,)/Vc. The value of Ac was obtained by the procedure outlined 
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Figure 5.4: Assemblage map of the 'bar' illusion. 

Figure 5.5: Brightness map of the 'bar' illusion. 
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Figure 5.6: The luminance profile along the bar is plotted in the upper part. 
Cross-sections along the bar of the assemblage map (left) and the brightness 
map (right) are pictured in the lower part. 

in appendix 4.A and resulted, for a ')'-value of 0.1, in A(; = 1.22. Standardized 
parameter values were taken for {3, 'Y and 8 (see section 4.4). 

The assemblage map A(x, y) is simply calculated by a point-wise summa

tion of the indexed scale signal h ~\ x, y) and the offset term A a, 

8 

A(x,y) = Aa + ln2 L h~>(x,y). (5.4) 
i=l 

We apply the following definitions: 

w(i)(x,y) = (ln2). h~>(x,y) fori= 1,2, ... ,8, (5.5) 

(5.6) 

As in equations ( 4.13) and ( 4.14), the locally expected minimum and maxi
mum assemblage values, Amin(x, y) and Amax(x, y) respectively, can now be 
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formalized as: 

k 

Amin(x,y) = m~n [LW( 9 -j)(x,y)] fork=0,1, ... ,8, (5.7) 
j=O 

k 

A '"' (9-j) Amax(x, y) = mfx [ L_., W (x, y)] for k = 0, 1, ... , 8. (5.8) 
j=O 

This procedure is elucidated in figure 5.3 for four different positions of the 'bar' 
illusion: P, Q, R and S. Finally, the brightness map B ( x, y) is obtained by 
applying the brightness indention mechanism of equation ( 4.23). For regular
ization parameter )..' = 2.0 this results in 

1 A A 

B(x,y) = A(x,y)- 3{Amin(x,y) + Amax(x,y)}. (5.9) 

As an illustration of the computation the assemblage map A(x, y) as well as 
the brightness map B(x, y) of the 'bar' illusion are presented in figures 5.4 and 
5.5. The cross-sections in figure 5.6 clearly show that: 1) The assemblage signal 
and the luminance profile are in topological correspondence. 2) The brightness 
induction effect arises if brightness indention is taken into account. 

5.3 Results of computer simulations 

5. 3.1 Brightness induction 

It is clear from the above that the brightness of a surface is not only a func
tion of its luminance, but also depends on the surrounding luminances. This 
includes for instance brightness induction (a term first used in Briicke, 1865) 
or simultaneous contrast, responsible for the illusory effects demonstrated in 
figure 5.1. Local contrast, that is the relative luminance change between a 
stimulus and its adjacent surround, is thought to be a prominent determinant 
for the inductive strength (e.g. Diamond, 1953; Heinemann, 1955; Horeman, 
1963; Horeman, 1965; Shapley, 1986; Creutzfeldt, Lange-Malecki & Wortmann, 
1987). 

Some illustrative examples of brightness induction are givep below. In 
figure 5.7(a) all disks and the comparison field, this is the redangular field 
in the middle of the upper part of the image, are equiluminant. The disk in 
the upper left part of the image, surrounded by a more luminous field, appears 
darker than the comparison field. Precisely the reverse holds for the upper right 
part of the image. The lower part of this image shows that the same effects can 
be achieved with a linear luminance gradient as background. Another example 
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Figure 5.7: Three examples of brightness induction. It must be stressed that 
in image (a) all disks have an identical luminance. (b) The narrow strip in the 
sinusoid is equiluminant. (c) Luminances inside and outside the annulus are 
equal. 

demonstrating that induction can also introduce gradual brightness changes is 
presented in figure 5.7(b). Here, a narrow equiluminant strip is inserted in a 
sinusoidally modulated background grating. In the strip a periodic brightness 
variation is perceived which is in counter-phase with the background grating 
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Figure 5.9: Left: Luminance and brightness profiles of the image in figure 
5.7(b). The solid line refers to the equiluminant narrow strip, the dashed line 
to the sinusoidally modulated grating. Right: Horizontal cross-section of the 
luminance distribution and the brightness map through the centre of the inside 
field of the image in figure 5. 7 (c). 

(Foley & McCourt, 1985; Zaidi, 1989). The image in figure 5.7(c) consists of a 
large uniform field with a bright annulus superimposed. Although there is some 
local brightness lowering visible just outside the ring, the overall impression is 
that the brightness of the inside field is reduced in comparison with the outside 
field. 

The computed brightness map of the image in figure 5.7(a) is plotted to
gether with two relevant cross-sections in figure 5.8. It is evident that the 
described effects are present in this brightness representation. The brightness 
lowering of the upper left and lower right disks is caused by the relatively 
large locally expected maximum assemblage values induced by the more lu
minous background. Likewise, for disks on a less luminous background the 
locally expected minimum assemblage signal introduces incremental brightness 
changes. Moreover, as can be readily ascertained from the displayed profiles in 
figure 5.9, the induction phenomena in the images of figure 5.7(b) and 5.7(c) 
are also correctly predicted. 
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Figure 5.10: Two images demonstrating the phenomenon of brightness as
similation in (a) a relatively simple configuration and (b) a more complex 
Mondrian-like pattern. 

5. 3. 2 Brightness assimilation 

Not only the contrast with adjacent regions but also contrasts of edges that 
are more distant affect the brightness at a certain position in the visual field. 
The phenomenon of brightness assimilation, traditionally defined as an effect 
opposite to induction, whereby objects on a bright (but not necessarily more 
luminous) background appear brighter or on a dark background appear darker 
(e.g. Helson, 1963), can be ascribed to these remote influences. 

The images in figure 5.10, taken from Reid & Shapley (1988), elegantly 
demonstrate the brightness assimilation effect. The image in figure 5.10(a) 
consists of two equiluminant disks with annular surrounds which are embedded 
in a linear luminance gradient. The two annuli also have identicalluminances. 
Since the contrast, i.e. the luminance ratio between the disk and the annulus, 
is the· same on the left-hand side and the right-=-hand side of the image, the 
observed brightness difference between the two disks is due to brightness as-

. similation. Note that the observed brightness difference between the two annuli 
is caused by brightness induction. In the more complex image in figure 5.10(b) 
similar effects are present. Here, the disk and the annular surround are replaced 
by a similar squared configuration, while a Mondrian-like pattern constitutes 
the background. It should be stressed that, although the two central squares 
on the left and the right at half the image height have equal luminances, the 
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Figure 5.11: Above: Luminance, assemblage and brightness profiles of the 
image in figure 5.10(a). Below: 2-D brightness prediction of the Mondrian 
pattern shown in figure 5.10(b ). 
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right-hand square is slightly darker. 

For both images the three-stage algorithm correctly predicts the difference 
I 

in brightness between the two inner regions. Furthermore, it should be re-
marked that the assimilation phenomenon is not present in the assemblage 
maps. This is clearly illustrated by the profiles in figure 5.11. Again, the lo
cally expected minimum and maximum assemblage signals, generated by the 
background and capable of 'bridging' small surrounding regions, ate crucial for 
the occurrence of the illusory effects. 

5.3.3 Craik-O'Brien-Cornsweet effects 

It is well known that the addition of a cusped contour, i.e. an edge consisting 
of a combination of both a sharp and a gradual change in lumina~ce, can alter 
the brightness of the two regions which it separates (e.g. O'Brien;/ 1958; Craik, 
1966; Cornsweet, 1970). According to Ratliff (1972) such edges were inten
tionally used in oriental painting and pottery during the Sung dynasty around 
A.D. 1000. The main experimental findings and some theoretical. implications 
concerning the influence of border effects on brightness are reviewed in re
cent papers by Todorovic (1987), Kingdom & Moulden (1988), and Moulden 
& Kingdom ( 1990). 

An example of the border effects mentioned is the Craik-O'Bri~n-Cornsweet 
illusion. The two opposite polarities are presented in figure 5.12. The typical 
impression is that in case of the left-hand Craik-O'Brien-Cornsweet illusion 
the disk is brighter than its surround. For the image in figure 5.1,2(b) it is the 
other way around. Despite this, the two regions in both cases have an identical 
luminance, except in a narrow annular band around the contoJ r. However, 
the cross-sections in figure 5.13 reveal that the computed brightness map is a 
faithful copy of the luminance distribution. In other words, the implemented 
luminance-brightness algorithm predicts no Craik-O'Brien-Cornsweet effect. 

As pointed out by Schiffman & Crovitz (1972) and Todorovic (1987), the 
Craik-O'Brien-Cornsweet effect cannot be explained in a straightforward way 
by the class of brightness models consisting of so-called contrast determina
tions (differentiation process) followed by a summation (integration process). 
A solution appears to be to interpose a thresho1ding stage between the two 
operations. The idea is that only the relatively large derivatives of abrupt lu
minance changes 'survive' the threshold operation, whereas the derivatives of 
shallow luminance gradients are reduced to zero. In this way, thb thresholded 
derivative of a cusped luminance profile becomes more similar to the derivative 
of a step function in luminance. Hence, the integration stage restores a step-like 
profile, and thus generates the Craik-O'Brien-Cornsweet effect. It is not trivial 
how a threshold must be incorporated in the 2-D multiple-scale representation. 
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Figure 5.12: Two polarities of the Craik-O'Brien-Cornsweet illusion. 
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Figure 5.13: Left: Luminance and predicted brightness profiles of the Craik
O'Brien-Cornsweet illusion in figure 5.12(a). Right: Luminance and predicted 
brightness profiles of the Craik-O'Brien-Cornsweet illusion in figure 5.12(b ). 

In any case the parallel computation presented have to be converted into a 
hierarchical one; course scales should be derived from fine scales. Some results 
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Figure 5.14: (a) A demonstration of Mach bands. (b) The Chevreul illusion. 

of simplified 1-D computations concerning the above are presented in appendix 
5.A (see figure 5.18). 

5.3.4 Mach bands and the Chevreul illusion 

Consider the pattern pictured in figure 5.14(a), of which the luminance is con
stant in the vertical direction and varies trapezoidally in the horiizontal direc
tion. The brightness impression diverges strikingly from the luminance distri
bution. Where a plateau meets the ramp vivid stripes appear, a bright one on 
the high-luminous side of the ramp and a dark one on the low-luminous side. 
These stripes are called Mach bands, after Ernst Mach who first reported them 
(Mach, 1865). For an English translation of Mach's paper, see Ratliff (1965). 
Many properties of Mach bands, such as width, position and brightness, have 
been measured psychophysically. The results are summarized by Fiorentini 
(1972). It is noteworthy that Mach bands can easily be observed in everyday 
life, as they occur at blurred shadow edges often_ caused by spatially extended 
light sources such as the sun. 

Figure 5.14(b) shows a staircase in luminance, sometimes referred to as 
the Chevreul illusion. While every vertical band in this pattern is physically 
homogeneous, there is a clearly non-uniform appearance. The left-hand side of 
each strip is slightly brighter than the right-hand side. The Chevreul illusion, 
usually associated with the Mach band phenomenon, can also be· considered as 
a form of brightness induction. 
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Figure 5.15: Luminance, assemblage and brightness profiles of the images in 
figure 5.14. The dotted and dashed curves in the middle-left graph denote the 
Amax ( x) and Amin ( x) signal, respectively. 

The computed brightness profile in the lower left-hand panel of figure 5.15 
does not exhibit a conspicuous local minimum and maximum at the 'foot' 
(position P) and the 'knee' (position R) of the ramp, respectively. Hence, our 
model cannot offer a satisfactory explanation for Mach bands. The reason for 
this is that the locally expected minimum assemblage signal Amin ( x) coincides, 
upwards from P along the lower part of the ramp, with the assemblage signal 
A(x) itself. To the right of the centre Q, Amin(x) is equal to the offset term Aa. 
Similarly, the locally expected maximum assemblage signal Amax ( x) closely 
follows A( x) downwards from R along the upper part of the ramp, beyond 
which it also equals the constant Aa. In order to generate, within our scheme, 
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a dark Mach band around position P, it is necessary that the gradual decrease 
of Amaz ( x) displayed in the right part of the middle-left graph also takes place 
at the ramp and penetrates beyond the 'foot'. For a bright Mach band it is 
just the reverse: A gradual increase of Amin ( x) should penetrate beyond the 
'knee'. 

For over a century Mach bands have been attributed to lateral inhibitory 
interactions. Several models (reviewed by Ratliff, 1965), essentially containing 
a differentiation operation, have been developed to describe these interactions. 
All these models account for the fact that bands are seen on the classical 
pattern, a ramp flanked by two plateaux. However, they also predict more 
vivid bands on steeper . ramps- and the strongest bands on a step, where none 
are visible (Ratliff, 1984). Recently, Ross, Morrone & Burr (1989) offered an 
alternative approach. They showed explicitly that the local energy model, a 
multiple-scale structure representing squared responses of both odd and even 
symmetrical filters (Morrone & Burr, 1988), predicts the perceived magnitude 
of Mach bands under the conditions in which they occur. 

The Chevreul illusion is effectively predicted. Besides, it is demonstrated 
in the middle-right panel of figure 5.15 that the slight sawtooth-like appearance 
is absent in the assemblage signal, indicating that the illusion is caused by the 
brightness indention stage of the algorithm. 

5. 3. 5 The H ering grid and the Ehrenstein illusion 

Only two luminance levels are present in the Hering grid, a regular pattern of 
low-luminous squares placed on a high-luminous background. Dim dark spots 
are observed at the intersections of the high-luminous strips. Psychophysical 
data related to the occurrence of this effect are given by Spillmann & Levine 
(1971). It may also be noted from figure 5.16(a) that the spots appear not to be 
stationary. Apparently, the phenomenon depends on eye movements, fixation 
position and fixation duration. 

The Ehrensteinillusion, illustrated in figure 5.16(b), also consists of just 
two luminances. The area between the proximal end-points of each set of 
eight black radial lines is slightly brighter than the surround (Spillmann, Fuld 
& Neumeyer, 1984). An illusory border contour connecting these end-points 
provides this region of brightness enhancement with a clear disk-like shape. 
Ehrenstein (1941) himself attributed this phenomenon to eye movements. How
ever, the experiments of Spillmann, Fuld & Gerrits (1976) showed that the 
illusion persists when the effects of eye movements are eliminated. 

Both above mentioned phenomena do not arise in the brightness predic
tions. As far as the Hering grid is concerned, this is no surprise since temporal 
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Figure 5.16: (a) The Hering grid. (b) The Ehrenstein illusion. 

aspects are not taken into account in the current theoretical framework. 

5.3.6 White's effect 

109 

White (1979) discovered a particular spatial luminance arrangement that pro
duces an unexpected brightness effect. The background of this illusion is a 
square-wave grating. Blocks with an intermediate luminance replace segments 
of the white bars of the grating on the left-hand side and segments of the black 
bars of the grating on the right-hand side. Inspection of the image in figure 
5.17 shows that the blocks on the left-hand side are darker than those on the 
right, although their luminance is equal. It is interesting to note that this ef
fect opposes brightness induction. Consider the blocks on the left, for instance. 
Since they are bordered more by black than by white, it might be expected on 
simultaneous contrast grounds that they would appear brighter than those on 
the right; the opposite of what is observed. In contrast with this remarkable 
phenomenon our algorithm generates an 'ordinary' induction effect (see lower 
graph of figure 5.17). 

The favourite explanation of White's effect points to a mechanism which in
volves orientation selectivity (e.g. McCourt, 1982; Moulden & Kingdom, 1989). 
It is argued that inductive effects in the blocks are determined mainly by the 
border contacts with coaxial bars, that is the bars upon which the blocks 
lie, and not by border contacts with flanking bars. However, du Buf (1992) 
provided clear demonstrations which rule out this account. Besides, Spehar, 
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Figure 5.17: Above: White's effect. Below: Horizontal cross-s~ction of the 
luminance distribution and the computed brightness map. For clarity the equi
luminant blocks are denoted by thick solid lines. 

Gilchrist & Arend (1992) showed that stereo depth manipulations with the pat
tern displayed in the upper part of figure 5.17 can even switch White's effect to 
brightness induction. To sum up, the cause of White's effect is, up to now, not 
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really understood. Implications for brightness models are therefore unknown. 

5.4 Conclusions 

The computed brightness patterns shown in this chapter demonstrate the reach 
of the brightness algorithm presented in chapter 4. So far, the algorithm is able 
to describe and unify several aspects of brightness perception, such as bright
ness induction, brightness assimilation and Craik-O'Brien-Cornsweet effects. 
Moreover, it is shown that the important phenomena of brightness induction 
and brightness assimilation are consequences of a specific compression mecha
nism called brightness indention. The model is not intended as a final result, 
but should be looked upon as a preliminary exercise to investigate and under
stand brightness perception in view of compression mechanisms. Therefore, 
it can be expected that there are brightness effects which are not predicted 
well. These comprise Mach bands, the Hering grid phenomenon, brightness 
enhancements related to illusory border contours, and White's effect. Future 
developments, e.g. the use of a more sophisticated multiple-scale representa
tion or another type of scale adjustment, will decide whether our compression 
approach can also explain the latter illusions. 
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Appendix 5.A Effects of a threshold on Craik-O'Brien
Cornsweet profiles 

It is not evident how to incorporate a threshold into the parallel multiple-scale 
computation outlined in section 5.2. A slightly different, 1-D approach, put 
forward by Schiffman & Crovitz (1972) and also used in the retinex algorithm 
(Land & McCann, 1971), is therefore adopted. First, the contrast extraction 
stage, resulting in the signal F( x ), is defined as the convolution of the luminance 
profile L( x) with the Laplacian of a Gaussian, 

(5.10) 

In this formula ® denotes the convolution operation. The Gaussian function 
G(x; s0 ) is given by equation ( 4.4). Next, thresholding (see Wilson, 1980) yields 
the signal 

F'(x) = { '!9{{1 + (F(x)jt9)3 }! 1) for F(x) 2: 0, 
t9({(F(x)jt9)3 -1}t + 1) for F(x) < 0, 

(5.11) 

where t9 is the threshold parameter. Finally, the integration stage, which in
volves the inverse operation of equation {5.10), generates the model prediction.3 

Some illustrative results for a 1-D version of the Craik-O'Brien-Cornsweet 
illusion are shown in figure 5.18. The value of So was taken small in comparison 
with the width of the Craik-O'Brien-Cornsweet edge. Subsequently, '!9-values 

. corresponding to 0.01 %, 0.03% and 1.0% of the maximum of H( x) were applied. 
Note that the addition of a tiny threshold has a tremendous effect on the Craik
O'Brien-Cornsweet profile and predicts the illusion correctly. 

3 Differentiation and integration operations, here described in the spatial domain, are 
actually carried out in the Fourier domain. 
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Figure 5.18: Effect of a threshold on Craik-O'Brien-Cornsweet profiles ( cour
tesy of Frans J.J. Blommaert). 





Chapter 6 

Concluding remarks 

T HROUGHOUT this thesis brightness is conceived of as a meaningful 
compression of luminance information. More specifically, the luminance

brightness mapping of the human visual system is characterized in terms of 
three different compression mechanisms, viz. brightness constancy, brightness 
contrast compression and brightness indention. In accordance with the classical 
studies of for instance Jameson & Hurvich (1961) and Bartleson & Breneman 
(1967), the experimental results of chapter 2 reveal a clear tendency towards 
brightness constancy. However, the results also display small but systematic 
effects of the average luminance level. Brightness contrast compression is a 
well-known effect (e.g. Swanson, Wilson & Giese, 1984; Peli, Yang, Goldstein 
& Reeves, 1991). It explains for instance the classical monotonic and com
pressive luminance-brightness relation (Fechner, 1860; Stevens, 1957). The 
psychophysical data presented in chapter 3 point to the novel compression 
mechanism termed brightness indention. For disks on a Ganzfeld, in particu
lar, brightness indention becomes noticeable when the Ganzfeld is less luminous 
than the disk. The indention manifests itself in a brightness lowering of the 
direct surroundings of the disk. 

It appears to be a fruitful approach to tackle the luminance-brightness 
mapping from a point of view that is based on compression. To prove this, 
a class of models consisting of three stages is proposed in which the above 
compression mechanisms are incorporated. The first two stages involve an 
accumulation of contrast information, a common feature of many theoretical 
frameworks aiming at spatial brightness effects (Grossberg & Todorovic, 1988; 
Blommaert & Martens, 1990; Kingdom & Moulden, 1992). The third step 
comprises an additional process which can be described as a local adjustment 
to a compressive brightness scale. A specific example of this class is employed 
to illustrate the model's potential. It is explicitly shown that the model is con
sistent with the psychophysical results presented and can explain a number of 
brightness phenomena such as brightness induction, brightness assimilation and 
Craik-O'Brien-Cornsweet effects. On the other hand, evidence is provided indi
cating that some illusory brightness phenomena are not predicted well. These 
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include Mach bands and White's effect. So far, it is not clear whether these 
illusions could be _predicted by means of this compression approach. Future 
investigations will decide how far the reach of brightness algorithms based on 
compression can be extended. 

Anchorage on the brightness scale is dealt with indirectly. For small disks 
on a Ganzfeld it is shown that the Ganzfeld brightness is not affected by the 
contrast of the superimposed disks. An important and unsolved issue con
cerning the anchorage problem pertains to the determination of anchors for 
arbitrary brightness maps. Another question is: In what respect is the anchor
age problem constrained by coherence demands arising in a dynamical viewing 
situation (see figure 1.2)? Definite research in this direction is desirable. 

It is of some interest to note that for reproducing visual information imag
ing systems are confronted with a fairly similar compression problem. How 
can real-life scenes, spanning an enormous luminance range, be displayed on 
a technically limited output range maintaining good perceptual quality? This 
question itself indicates that, in order to specify such an imaging process, sound 
knowledge of the luminance-brightness mapping is indispensable. Nowadays, 
for photography, printing and television the imaging process is described by a 
so-called -y-curve, a monotonic function linking original scene luminances (rela
tive to 'white') and reproduced luminances (e.g. Hunt, 1988; Roufs & Goossens, 
1988). The restriction to these point-wise transformations has historical as well 
as practical reasons. It originated from photography and the properties of the 
associated chemical processes. However, for modern electronic equipment a 
widening of the scope merits consideration. A substantial quality improvement 
might be achieved by including spatial interactions within the imaging pro
cess. It is a challenge to future research to derive optimal mappings for image 
reproduction, based on the characteristics of the human visual system. 

Finally, with regard to the above, McCann (1988) rightly pointed out that 
an extremely good solution for this compression problem was offered ages before 
it was even explicitly formulated. Many man-made paintings clearly demon
strate that scenes with large luminance ranges can be pictured faithfully within 
the relatively small range (about two decades) spanned by the reflective prop
erties of dye. Good examples can be found on the canvases of the famous 
seventeenth-century Dutch painters. However, craftsmanship has, until now, 
proved impossible to embody directly into a numerical concept. 
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Summary 

A remarkable property of the human visual system is the fact that it man
ages to compress a 10-decade luminance range into an appreciably smaller 

brightness range. This thesis is directed at the understanding of brightness per
ception in relation to the information reduction involved. To make an inven
tory of the compression mechanisms characterizing the luminance-brightness 
mapping, psychophysical measurements were performed. It is considered im
portant to stimulate the whole visual field in a controllable manner. To this 
end, a special-purpose optical apparatus was constructed. 

As far as the psychophysical measurements are concerned, two types of 
luminance variation were employed. In a first experiment a standard bright
ness constancy paradigm was applied, i.e. all scene luminances were varied by 
means of a multiplier. Brightness constancy refers to the ability of man to make 
the brightness impression of a scene insensitive to changes of the illumination 
level and as such it implies a rigorous compression in the luminance-brightness 
mapping. The stimuli used in this experiment consisted of a Ganzfeld, a ho
mogeneous field of view, on which two disks were superimposed. The results 
of these brightness constancy measurements indicate that: 1) Besides a clear 
tendency towards brightness constancy, small but systematic effects of the av
erage luminance level are present. 2) The brightness of the Ganzfeld is hardly 
affected by the presence of the disks. 
The second series of experiments deals with the question of what happens if 
the luminance range is expanded. Unlike in the first experiment, luminance 
ratios within a scene were altered. We used a simple spatial configuration con
sisting of only two luminances: a disk with a variable diameter surrounded 
by a Ganzfeld. The luminance of either the disk or the Ganzfeld was varied, 
while the luminance of the complementary field was kept constant. The results 
reveal a novel compression mechanism which we termed brightness indention. 
The brightness indention effect, which has not previously been reported in the 
literature, as far as we know, emerges if the Ganzfeld is less luminous than the 
disk and leads to a brightness decrease of the direct surroundings of the disk. 
Furthermore, the experimental data show that brightness contrast is slightly 
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dependent on the disk diameter. 

A class of models is proposed based on compression mechanisms in the 
luminance-brightness mapping. Three compression mechanisms are assumed: 
brightness constancy, brightness contrast compression and brightness inden
tion. Furthermore, a general constraint is applied, viz. invariance for changes 
in viewing distance. More specifically, the brightness map is computed from 
the spatial luminance distribution in a 3-stage process. To elucidate the be
havionr of this class a specific algorithm, which can be regarded as a refined 
version of the 2-stage Blommaert & Martens brightness model, is implemented. 
In the first step contrast information is represented at multiple spatial scales. 
Subsequently, an illumination~insensitive copy of the luminance distribution is 
assembled from the multiple-scale signal. The third step, necessary to model 
the brightness indention effect, can be described as a local adjustment to a 
compressive brightness scale. It involves a regularization procedure enforced 
by two conflicting demands: 1) No spurious contrasts may be introduced in 
the brightness domain. 2) Contrast information must be displayed optimally 
on the brightness scale. 
It is explicitly shown that this algorithm reproduces the results of the above 
experiments. The proposed computation is also applied to a set of brightness 
illusions. As demonstrated, many aspects of brightness perception, for instance 
brightness induction, brightness assimilation and Craik-O'Brien-Cornsweet 
phenomena, can be explained by this new model. 



Samenvatting 

H ET menselijk visueel systeem is in staat om een luminantiebereik dat 
zo'n tien decaden omspant te comprimeren tot een beduidend kleiner 

helderheidsbereik. Het doel van dit proefschrift is meer inzicht te verkrijgen 
in helderheidsperceptie in samenhang met de hiermee gepaard gaande reductie 
van informatie. Er zijn psychofysische metingen uitgevoerd om de verschillende 
compressie mechanismen die de luminantie-helderheid afbeelding kenmerken te 
identificeren. Het wordt van belang geacht om het hele visuele veld op een be
heersbare manier te stimuleren. Hiervoor werd een speciale optische opstelling 
gebouwd. 

Met betrekking tot deze psychofysische metingen zijn er twee verschillende 
vormen van luminantievariatie gebruikt. In een eerste experiment werd de 
standaard procedure voor helderheidsconstantheid toegepast, dat wil zeggen 
scene luminanties werden gevarieerd met behulp van een vermenigvuldigings
factor. Helderheidsconstantheid heeft te maken met het vermogen van het 
menselijk visueel systeem om een helderheidsimpressie van een scene te creeren 
die ongevoelig is voor veranderingen van het verlichtingsniveau. Als zodanig im
pliceert helderheidsconstantheid een aanzienlijke compressie in de luminantie
helderheid afbeelding. De stimuli in dit experiment bestonden uit een Ganzfeld, 
dit is een volledig homogeen gezichtsveld, waarop een tweetal schijfjes waren 
gesuperponeerd. De resultaten van deze metingen geven het volgende aan: 1) 
Naast een sterke tendens naar helderheidsconstantheid zijn er kleine maar sys
tematische effecten die afuangen van de gemiddelde luminantie. 2) De helder
heid van het Ganzfeld wordt nauwelijks beinvloed door de aanwezigheid van de 
schijfjes. 
De tweede serie experimenten is opgezet om de vraag te beantwoorden wat 
er gebeurt als het luminantiebereik wordt vergroot. In tegenstelling tot het 
eerste experiment zijn hier luminantieverhoudingen binnen een enkele scene 
veranderd. Er werd een eenvoudige spatiale configuratie genomen die slechts 
uit twee luminanties was opgebouwd: een schijf met een variabele diameter 
omgeven door een Ganzfeld. De luminantie van ofwel de schijf ofwel het 
Ganzfeld werd gevarieerd terwijl de luminantie van het complementaire veld 
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constant gehouden werd. De resultaten tonen een nieuw compressie mecha
nisme da.t door ons helderheidsindeuking wordt genoemd. Dit 'indeuk-effect' 
treedt op wa.nneer de luminantie van het Ganzfeld lager is dan die van de schijf 
en leidt tot een helderheidsafname van de directe omgeving van de schijf. Deze 
helderheidsindeuking is niet eerder in de literatuur vermeld, voor zover ons 
bekend is. Daarnaast laten de experimentele gegevens zien dat helderheidscon
trast in geringe mate afhangt van de diameter van de schijf. 

Een klasse van modellen wordt beschreven die gebaseerd is op compressie 
mechanismen die de luminantie-helderheid afbeelding karakteriseren. We 
veronderstellen dat drie compressie mechanismen een rol spelen: helderheids
constantheid, helderheidscontrast compressie en helderheidsindeuking. Verder 
wordt er een algemene randvoorwaarde opgelegd, namelijk invariantie voor ver
a.nderingen in kijkafstand. De helderheidskaart wordt in drie stappen afgeleid 
uit het spatiale luminantie patroon. De modeleigenschappen van deze klasse 
worden nader toegelicht door een specifiek algoritme te implementeren. Dit 
algoritme kan beschouwd worden als een verfijnde versie van het 2-traps helder
heidsmodel van Blommaert & Martens. In de eerste stap wordt contrast infor
matie gerepresenteerd in een multi-resolutie stelsel. Dit is een stelsel dat uit 
meerdere spatiale schalen is opgebouwd. Vervolgens wordt er met behulp van 
dit 'meerschalen-signaal' een kopie van de luminantie distributie samengesteld 
die ongevoelig is voor het verlichtingsniveau. De derde stap, nodig om helder
heidsindeuking te modelleren, kan omschreven worden als een lokale aanpas
sing aan een verzadigende helderheidsschaal. De implementatie hiervan wordt 
gerealiseerd met een regularisatie procedure afgedwongen door twee strijdige 
eisen: 1) Er mogen geen valse contrasten geintroduceerd worden in het helder
heidsdomein. 2) Contrast informatie dient optimaal weergegeven te worden op 
de helderheidsschaal. 
We laten expliciet zien dat dit algoritme de resultaten van bovengenoemde 
experimenten reproduceert. Het voorgestelde rekenvoorschrift wordt ook 
toegepast op een set van helderheidsillusies. Er wordt duidelijk aangetoond 
dat met dit nieuwe model een groot aantal aspecten van helderheidswaarneming 
verklaard kan worden, bijvoorbeeld helderheidsinductie, helderheidsassimila.tie 
en Craik-O'Brien-Cornsweet effecten. 



Curriculum vitae 

G ERARD Schouten werd geboren op 1 januari 1964 te Nuenen. In 1982 
behaa.lde hij het VWO-diploma, gymnasium /3, aan het Eckartcollege te 

Eindhoven. Hij studeerde Natuurkunde aan de Technische Universiteit Eind
hoven (TUE), afgerond in )Jl88-met een ingenieursdiploma. Zijn stages ver
richtte hij aan de Xi'an Jiaotong Universiteit in China en binnen de vakgroep 
Transportfysica v~ faculteit Natuurkunde aan de TUE. Hij was meerdere 
jaren aktief lid van de studenten-atletiekvereniging A~. Tijdens zijn af
studeren, uitgevoerd op het Instituut voor Perceptie Onderzoek (IPO), kwam 
hij in aanraking met het boeiende vak visueJ~.J;>J~rceptie. Hierna werd hij als 
erkend gewetensbezwaarde gedetacheerdop het IPO. Aansluitend trad hij in 
januari 1990 in dienst van de TUE als assistent-in-opleiding; op het IPO voerde 
hij het onderzoek uit dat in dit proefschrift staat beschreven. Buiten zijn werk
zaamheden als onderzoeker coodineert hij al een aantal jaren het broedvogel
monitoringproject 'Heerendonk' ten behoeve van de Samenwerkende Organi
saties Vogelonderzoek Nederland. Op 5 augustus 1991 werd hij de trotse vader 
van een dochter. Per februari aanstaande is hij werkzaam bij het Visueel Ad
vies Centrum Eindhoven. Daarnaast blijft hij part-time als wetenschappelijk 
onderzoeker verbonden aan het IPO. 

Januari, 1993 



Stellingen 

behorende bij het proefschrift 
Luminance-brightness mapping: the missing decades 

van Gerard Schouten 

l. Onderzoekers die zich bezighouden met helderheids- of kleurconstant
heid hebben de neiging effecten van de lichtbron te onderschatten. 

Dit proefschrift, hoofdstuk 2. 

2. Ecn puntsgewijze luminantie-reproduktie} zoals momenteel bij TV
systemen wordt toegepast, leidt in veel gevallen tot ecn suboptimaal 
resulta.a.t. 

3. Ret gegeven dat contour-informatie expliciet gerepresenteerd wordt 
door het visueel systeem verklaart waarorn rnensen lijntekeningen 
gemakkelijk kunncn interpreteren. 

4. Sportiviteit impliceert een eerlijke strijd met kans op overwinning of 
nederla.ag. De opvatting dat jagen een sporticvc bezigheid zou zijn is 
dan ook onaanvaardbaar. 

5. De advisering van hulpmiddelen aan slechthorendcn staat in heel Ne
derland al jaren op een hoog niveau. De achterstand in deze voor 
slechtzienden kan gekwalificeerd worden als discriminerend en behoort 
op korte termijn weggcwerkt te worden. 

6. De term kleurenblind suggcrccrt ten onrechte dat dichromaten zwart
wit kijkers zijn. Het gebruik van deze term client daarom stelselmatig 
ontmoedigd te worden. 

7. Het komt de juiste determinatie van vogels ten goede als auteurs van 
natuurgidsen niet alleen de verschillcn tussen de soorten beschrijven} 
maar ook aandacht schenken aan de variaties die kunnen optreden 
binnen een soort. 

8. Degene die een fysischc theorie formuleert voor het principe waarop 
schaatsen gebaseerd is} waagt zich op glad ijs. 


