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Four studies including ten experiments adresses interrelations between some 
major and classical issues in visual perception: 3-D perception, colour constancy, 
colour perception and colour vision deficiencies. The main experimental paradigm to 
investigate the issues is within that of simulated shape from shading. 3-D 
impressions are induced by projecting space-modulated illuminations onto flat 
surfaces (displays), varying the colours and layout of the displays and the colour and 
modulation of the illumination.

Study I includes four experiments investigating three types of space- 
modulated illumination. All experiments confirmed earlier findings that chromatic 
colour and complex display layout with reflectance edges crossed by illumination 
edges enhances shape from shading.

In Study II the impressions of shape from shading and real 3-D objects were 
compared between persons with deutan colour vision deficiencies and normals. As 
predicted, the deutans show fewer and less distinct 3-D impressions in situations 
with their specific "problem colours" red and green. They also show a generally 
lower tendency for 3-D impressions, interpreted as a generally weaker colour 
constancy.

Study III presents the AMBEGUJAS phenomenon; a novel twofold 
ambiguous shape from shading situation, continuously alternating between two 
different 3-D impressions coupled with different colour attributions. One solution is 
of an object with two clear surface colours, the other one of an object with greyish 
(desaturated) colours in coloured illumination which means classical colour 
constancy. The phenomenon illustrates the visual processes of separating reflectance 
and illumination characteristics and may provide a useful experimental setting to 
study colour constancy.

In Study IV the AMBEGUJAS phenomenon is found to be robust as to 
chromaticness and different luminance contrasts for both normals and deutans. 
However, the deutans show slower shifts between percepts and a less pronounced 
desaturation of colour, which indicates a weaker colour constancy.

The studies add evidence to the contribution of colour to 3-D shape 
perception, validated in a novel way by the results on "colour-blinds". The 
AMBEGUJAS phenomenon provides further support that the factors affecting shape 
from shading and the deutans different impressions are to be understood with 
reference to colour constancy. The deutans different impressions compared to 
normals are remarkable per se, but probably with very limited implications to 
everyday life.
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General introduction

The core problem of visual perception is how we can extract a stable, 

sharp, coherent, and colourful 3-D world from the rapidly changing two- 
dimensional mosaic of light intensities projected onto the retina. Through its 

history the study of visual perception has been assigned to some major 

domains (usually given their own chapter in textbooks), each one showing 

numerous empirical studies and analyses. Such general domains are e.g. 
colour perception, 3-D perception, and motion perception. One central theme 

in all these domains is perceptual constancy, like colour constancy, shape 
constancy, and size constancy. A historical review of observations on 

constancies is given by Epstein (1977).

Colour constancy

The phenomenon that the colours of objects are perceived as stable 
despite considerable changes of the illumination is a very old observation. 

Like many central issues of visual perception, this knowledge has existed 
among skilled artists for centuries. Looking through their "painters eye" they 

have analysed the chromatic content of highlights and shadows of a scene to 
attain a more impressive reproduction of it. The colour constancy of the 

objects is re-established by the observer of the painting while at the same time 
experiencing the particular illumination of the depicted scene.

In the scientific context early and striking demonstrations of colour 

constancy were given by Gaspard Monge to the members of the Royal 

Academy of Sciences in Paris 1789 (see Mollon, 1995). Monge very clearly 

pointed out that the perceived colours are not strictly dependent on the 
spectral composition of the reflected light, but rather get their character due to 

other and relative properties of the stimulus.
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As a scientific conception "colour constancy" is very broad and 

establishes the fact that "colours are seen as constant" under various 
conditions of observation. Two classical verbal expressions to specify colour 

constancy is that of "discounting the colour of the illuminant" by Helmholz 

and "phenomenal regression to the real object" by Thouless (1931). The 
restatement "regression towards the real object" was suggested by Woodworth 
& Schlosberg (1955).

Several algorithms have been suggested to describe colour constancy, 
of which the two most wellknown are the Brunswik ratio and the Thouless 

ratio. The ratios express the degree to which the surface reflectances are 
correctly perceived irrespective of illumination (cf. Woodworth & Schlosberg, 

1955, p 436). In psychophysical experiments investigating these ratios a 

general finding is that whatever measure that is chosen, the colour constancy 
is almost never perfect. A thorough historical review and analysis of studies 

on colour constancy is given by Beck (1972).

Colour constancy in shape from shading

A series of studies by the present authors have addressed factors that 
influence 3-D perception within the paradigm of shape from shading (cf. 
Bergström, Gustafsson, & Putaansuu, 1984; Gustafsson, & Bergström, 

1987). By projecting space-modulated illuminations onto flat surfaces 
(displays) very compelling impressions of 3-D shapes were frequently 

induced. When the display is perceived as a 3-D shape the actual cast 
shadows of the modulated illumination are seen as attached shadows on this 
shape. A gradual modulation of the illumination (e.g. a sine-wave type) give 
more compelling shape percepts than a square-wave illumination. With a 

square-wave modulated illumination a 3-D pleated object is the predominant 
impression within a range of luminance contrasts between the light and dark 
phases of the illumination of about 0.15 to 0.55, with an optimum at about
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0.3 to 0.4. (Gustafsson & Bergström, 1987). At lower contrasts the display is 

still seen as flat. At higher contrasts the impression of a coherent 3-D shape 
deteriorates and the display it is seen as scissioned into different layers 

separated in depth. The examination of a series of different displays revealed 

two important factors that enhances the impressions of 3-D shapes: One is 

that chromatic colour in the display or a colour added to the illumination give 

more 3-D impressions compared to achromatic displays. Display structure by 
reflectance differences (a ”Mondrian” layout) also facilitates 3-D impressions. 
This effect is optimal when the illumination edges cross several reflectance 
edges within the display (Gustafsson, Bergström, & Jakobsson, 1987). A 

number of vivid illustrations of shape from shading percepts are shown by 

Ramachandran (1988).
All the experiments were planned and the results analysed according to 

a model for the perception of illumination, reflectance (colour), and 3-D 

layout presented by Bergström (1977, 1994). The model is inspired by 
Johansson’s vector analytical model for the perception of motion (1950, 1964, 

1970, 1976), and proposes that the reflected light from a scene is analysed as 

to a common component corresponding to the illumination, and specific 

components corresponding to reflectances and 3-D layout. The model states 

the perceived source of illumination as a third point of reference besides the 
eye and the object. A ”minimum principle” concerning the number of light 

sources is assumed as a built-in rule of the visual system. The analytical 
components of the model are thus the same as those of colour constancy, but 
it also includes and stresses the perceived direction and modulation of the 

illumination and by that the 3-D layout of the scene.
According to this model, seeing the display as a 3-D pleated shape 

means that an illumination component corresponding to this shape is extracted 
from the display. In structured display the common and invariant character of 
this illumination is more easily revealed and enhances the 3-D impression. 
Common chromatic colours in the light and dark phases of the display also
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enhances a coherent shape percept with colour constancy. A detailed account 
of the model is given by Bergström (1977, 1994).

The role of chromatic colours in other aspects of visual perception

In the late eighties Livingstone & Hubei (1987, 1988) presented a 

model and supporting neurophysiological data telling that colour, motion, 

shape and depth attributes of visual stimuli are processed by distinctly 

separate pathways from the retina to the visual areas in the cortex. This was 

in accordance with several earlier studies on motion perception (the first one 

by Ramachandran & Gregory, 1978) showing that the contribution of colour 

differences to apparent motion was impaired at isoluminance. The findings by 
Livinstone & Hubei generated many further studies on what visual 
information that can be mediated by mere hue differences. Several later 
studies on equiluminant colour stimuli confirmed significant but limited 
contributions by the colour channel to other dimensions of visual perception. 

The two colours regularly used in these studies have been red and green, 
which show very similar lightness when highly saturated. A review of studies 

within the paradigm of equiluminant colours is given by Cavanagh (1991).

The role of chromatic colours in shape and depth perception is 
sparsely explored outside the paradigm of equiluminance and the present one 
of shape from shading.1 One study by Troscianko, Montagnon, Le Clerc, 

Malbert, & Chanteau, (1991) showed that an isoluminant gradient in colour 
saturation from red ("near") to grey ("distant") markedly added to the 

perceived depth in simulating slant by a texture gradient. This is in line with 

the common experience of colours as fading and turning bluish at far 

distances in natural scenes.

1 As already noted on colour constancy, similar knowledge about 3-D perception is practised by skilled artists 
for centuries. The use of shadows and shadings create illusory depth and shape, and e.g. adding the opponent 
colours of the highlights to the shadows make them look more genuine. Thus, 3-D perception is very much a 
matter of colour constancy.
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Colour vision deficiencies

Cases of deviant colour vision have always been of particular interest 

in the history of colour vision research:

"Colour vision deficiencies are inherently intriguing. Perhaps beyond their 

importance for task performance based on visual discriminations is their 

significance for colour theory. They are, as it were, nature's 'test' cases" 

(Hurvich, 1972, p.582)

The first systematic observations of altered colour vision were made by 

the english chemist John Dalton (1766-1844) who noticed that he obviously 

did not see some colours in the same way as others. In 1794 he presented his 

thesis ”Extraordinary Facts Relating to the Vision of Colours”. The term 

daltonism has sometimes been used for colour vision deficiencies.
Congenital colour vision deficiencies appear in about 8% of 

Caucasian men and about 0.4 % of the women. Difficulties to discriminate 

red hues from green is the main characteristic of almost all cases of colour 

vision deficiencies. In about one person out of 50.000 the perception of blue is 
impaired, or colour vision is completely missing.

The common classification of colour vision deficiencies is in 
accordance with the established three-receptor model of colour vision. This 

model which at first was a brilliant and purely theoretical assumption by 
Young in 1802 was in the sixties almost perfectly confirmed by measurements 
of the light absorption of single cells in the retina (Brown & Wald, 1964; 
McNichol, 1964). The red-green types of colour vision deficiencies are due to 
deviations in the two types of receptors (cones) with maxima of absorption in 
the medium (M) and long-wave (L) parts of the visible spectrum, respectively. 
In the deutan types of deficiencies the M cones are either totally lacking
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(deuteranopes) or have an altered wave-length sensitivity very close to that of 

the L cones (deuteranomalous persons). The protan types of deficiencies lack 
the L cones (protanopes) or have an altered sensitivity of these 

(protanomalous persons). For deuteranopes and protanopes the visible 
spectrum is divided into a blue half and a yellowish half separated by an 
achromatic region. Within this yellowish half no hue differences are seen. The 

same region constitute green, yellow, and red hues for those with normal 

colour vision. The anomalous trichromats (deuteranomalous or 
protanomalous) usually distinguish between colours within the whole 

spectrum, but with considerable difficulties to discriminate red hues from 

green hues. For detailed characteristics on colour vision deficiencies cf. 

Pokomy, Smith, Verriest, & Pinckers, (1979).

This main classification above still holds for general use, though it is 

known that many cases do not neatly fit into these categories, and more 

elaborated classifications have been suggested. One example is Pickford 
(1964) subdividing the two anomalous deficiencies into "extreme", "simple", 
and "deviant" variants. One frontier in colour vision research today actually 

questions the very exclusive validity of the three-receptor model of colour 

vision, and suggest that cases of four types of cones (tetrachromacy) might be 

inherent in the supposedly homogenous category of functionally "normal" 
colour vision. One such case might be the women being "silent carriers" of the 

recessive X-linked genes for the deficiencies from their fathers to their sons 
(Jordan & Mollon, 1993; Mollon, 1995). A thorough review of the prevalence 

and hereditary patterns of the deficiencies is given by Jaeger (1972). In the 

mid-eighties the physiological basis and the molecular genetic determinants 
for colour vision deficiencies were discovered (cf. Nathans, Piantanida, Eddy, 
Shows, &Hogness, 1986; Piantanida, 1988).

The most frequently used and convenient way to detect colour vision 

deficiencies is by pseudo-isochromatic plates, where a pattern of small 
coloured dots of the same hue is to be detected in a surrounding of a large 
number of dots in (normally) contrasting hues. Administered under

6



satisfactory illumination conditions (normal daylight as a rule) these tests give 

fairly good diagnoses of the deficiencies. A more precise discrimination 
between anopic and anomalous vision requires testing by an anomaloscope. 
Then the ratio between monochromatic red and monochromatic green light is 

adjusted to match a monochromatic yellow light. The accepted ratios for 
matches distinctly reveals the type of deficiency. Very instructive illustrations 

of these different matches are shown by Nathans (1989).

The known practical implications of colour vision deficiencies almost 

exclusively relates to the discriminating ability per se, with many examples of 

amusing or more or less fatal mistakes. Consequently, this knowledge has 
prohibited persons with colour vision deficiencies from occupying certain 

professions that require faultless colour vision, e.g. engine drivers and aircraft 
pilots. Effects of colour and colour vision on other aspects of vision are still 

very much to be explored.
Comparisons of what different hues look like to different persons is 

ultimately a philosophical question, and the same thing of course goes for 
those with colour vision deficiencies. However, reports from some rare cases 

of persons with dichromatic vision on one eye and normal colour vision on the 
other eye have supported that the short-wave region of the visible spectrum 

looks blue and the medium- and long-wave regions actually look yellowish to 

dichromats (see Hurvich, 1972, for further references).
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The scope of this investigation

The present studies continue our series of earlier studies on shape from 

shading, with the general aim to explore factors affecting colour constancy 

according to Bergstrom's model. In Study I the effects of colour and display 

structure on shape from shading are further examined using three different 

spatial modulations of the illumination. Study II included subjects with colour 

vision deficiencies, both as interesting cases per se and as a possible support 

for the role played by display colour and display structure on shape from 

shading in Study I. Experiment 3 in Study II investigating effects of coloured 

light on the impressions of real 3-D objects is our only exception from the 
common experimental paradigm of shape from shading.

The central issue in Study III is to describe the discovered 
AMBEGUIAS phenomenon2. In Study IV the phenomenon is utilised as a 

developed shape from shading paradigm for comparing the colour constancy 

between deutans and normals. (The stimulus situation for the AMBEGUJAS 

phenomenon is illustrated on the front page of this thesis.)

Subjects

Normals: The aims of all four studies concern characteristics of general 
perceptual mechanisms and the only requirements on the normals 
participating in all studies have been those of normal colour vision and normal 

visual acuity with or without correction.

2The initial discovery of the phenomenon was quite incidental. During numerous pilot observations on 
displays with combinations of surface colours and illumination colours to see whether these could be 
separated or not, we found that it was almost impossible to avoid 3-D impressions of the displays. One such 
stimulus display was observed to provide two different 3-D solutions with markedly different impressions of 
their colours. Thus, instead of being a ”complication", the 3-D impression confirmed that the differently 
perceived colours were related to the perceived illumination.
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Deut ans: The deutan subjects in Studies II and IV were recruited among 

persons responding to advertisements for persons with red-green 
discrimination difficulties. The ones selected for the studies were showing 

typical deutan scores on colour vision tests, which was the case in about half 

the number of volunteers. Two diagnostic tests were used to select the deutans 

participating in Study II, and three tests for those in Study IV. All deutans 
had normal visual acuity without or with glasses.

The initial test was the Ishihara's Test for Colour-Blindness (ed. 

1984) which is a pseudo-isochromatic test mainly designed to detect the red- 
green types of colour vision deficiencies. This test gives a fairly reliable 
discrimination between deutan and protan deficiencies, but does not allow 

distinctions between their subtypes.

The Farnsworth-Munsell 100 Hue Test (1957) was used to collect 
additional colour discrimination data of the deutans selected by the Ishihara's 

Test. The 100-Hue Test reflects the capacity for "step-by-step" colour 
discrimination which is a dimension of colour vision deficiencies different 

from the confusion of very dissimilar colours revealed by the Ishihara's Test. 

Deutan and protan types of colour vision deficiencies show a characteristic bi
polar pattern of discrimination errors centered at certain different locations 

along the spectra.
Testing with the Nagel Anomaloscope was included in Study IV to 

further confirm and specify the deutan deficiencies identified by the two 

earlier tests. It should be noted though, that a close-up analysis according to 

the deutan subtypes is outside the aim of Study IV. The colour deficient 

subjects are unequivocally defined as deutan cases by this test, though.
A review of studies on discrimination variations within each 

diagnostic group in anomaloscope matches is given by Hurvich (1972). Very 
instructive illustrations of these ratios of mixed lights are given by Nathans 
(1989). Detailed notes on all three tests are given by Pokomy et al. (1979).
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Apparatus and stimulus material

The experimental conditions were "low-tech" ones with stimulus 

displays illuminated by ordinary slide projectors with halogen light. The 

projectors contained black-and-white photographic slides or chromatic filters 

to give the various spatially modulated illuminations and colour 

characteristics to be examined. In all stimulus situations the luminance levels 

were well above the threshold for photopic vision. The surfaces of all displays 
were standardised NCS colour samples, except in the experiment on real 3-D 

objects (Experiment 3, Study II) which were painted with a NCS specified 
grey paint. All the surface colour samples used in the studies were NCS 

standard samples specified as to their NCS coordinates (Swedish Standard, 
SS 019102, 1979). One reason for using this rather laborious technique is 

that the stimulus arrangements are actual illuminations cast onto actual 
surfaces, and thus have an actual correspondence to the analytical 

components of colour constancy.

Procedures and reporting techniques

The stimulus arrangements were always viewed in free binocular vision 

at distances of 2.6 to 4.5 m. A restriction of vision was that the stimuli were 

always presented suspended in mid-air in a darkened experimental room. The 

subjects in all experiments except Experiment 3 in Study II were also 

departed by reduction screens from the projectors giving the stimulus 

illuminations.
Frequencies of forced choices between alternative percepts were used to 

compare different displays and to compare deutans to normals in Study II. 
Forced choices were also used to report the shifting percept in the longitudinal 
observations of the AMBEGUJAS phenomenon in Studies III and IV.
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Paired comparisons of simultaneously presented stimuli were used as a 

sensitive technique for studying perceptual differences that do not fall into 

different categories suited for forced choices. A variant of such comparisons 
was used to compare the appearances of the temporally alternating shape 

impressions of the AMBEGUJAS phenomenon in Studies III and IV. 

Percentage estimates of relative or absolute chromaticness were used to 

examine the different colour impressions of the alternating shapes in the 
AMBEGUJAS phenomenon in Studies III and IV. The usefulness and 
reliability of these types of magnitude scaling techniques and their direct 
correspondence to the sensory experience are pointed out by Gordon, 

Abramov, & Chan (1994). This type of estimates has also been used 

throughout the development of the perceptually founded Swedish NCS colour 
system.

Main empirical findings

The main findings of this investigation concern factors influencing 3-D 
impressions of various shape from shading settings. The findings concern 

both the characteristics of shape from shading phenomena to subjects with 

normal colour vision and differences in impressions between subjects with 

deutan colour vision deficiencies and normals.

The main findings on subjects with normal colour vision are numbered
below:

(1) Chromatic colour in the display increases the distinctness of 3-D 
impressions in shape from shading compared to achromatic displays (Study I, 

Experiments 1 and 2).
(2) Display structure by reflectance differences also strenghthens the 
distinctness of 3-D impressions (Study I, Experiments 1,3, and 4; Study III,
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Experiment 1) This contribution is optimal when illumination edges cross 

several reflectance edges (Study I, Experiments 3 and 4).

Findings 1 and 2 mainly replicate and confirm earlier findings on 

display colour and structure.

(3) These effects of colour and structure are shown for three types of space- 
modulated illumination in Study I: a square-wave grating, a gradient of sine- 
wave type, and a combination of those ("O'Brien contour").
(4) The AMBEGUJAS phenomenon presented in Study III is a novel 
empirical finding per se. A physically invariant flat display with two 

differently coloured illuminations on its upper and lower half induces two 

different and continuously alternating shape percepts, with markedly different 

impressions of their chromaticness. One percept (vertically pleated, denoted 

VP) shows clear surface colours, in the other percept (horizontally pleated, 
denoted HP) the colours are desaturated and a coloured illumination is seen. 

The phenomenon is robust as to different display layouts (Experiment 1) and 

colour combinations (Experiment 2) and appears at different levels of 

chromatiness and at different luminance contrasts (Study IV).

(5) The desaturated HP percept tends to have a higher optimal luminance 

contrast for its appearance, compared to earlier examined shape from shading 

impressions (Study IV).

The main differences found between deutan and normal subjects are:

(6) In Study II the deutans show a generally lower frequency of shape from 

shading impressions (Experiment 1). They also show more differentiated 

impressions of distinctness of shape from shading between different displays 
(Experiment 2) as well as more differentiated distinctness impressions of the 
shapes of real 3-D objects presented in differently coloured illuminations 
(Experiment 3). Two characteristics/components constituting these differences 
were indicated:

12



a) The deutans get less distinct and - compared to normals - fewer 3-D 

impressions on conditions where the colour and structure are constituted by 
red and green hues. This obviously corresponds to those colours being the 
deutans' specific "problem colours", and this finding is in accordance with and 

validates findings 1 and 2 on normals (Study II, Experiments 1, 2, and 3).
b) In parallel to finding 6(a) the deutans also show a lower tendency for 

seeing shape from shading regardless of the colour characteristics of the 

display (Study II, Experiment 1).

(7) When observing the AMBEGUJAS phenomenon, the deutans show no 

difference in tendency for 3-D percepts, but clearly longer intervals between 

percept shifts. When judging the saturation of the surface colours of the two 
shape percepts, the yellowish colour of the upper half of the display shows a 

less marked desaturation in the HP percept for the deutans compared to the 

normals (Study IV).

Discussion

The ”direct" character of the phenomena and "3-D over 2-D"

The aim of the studies is on basic perceptual mechanisms. In our 

analyses of the phenomena we rely theoretically on Gibson and his ecological 
optics (1966, 1979) and on the Gestalt tradition. There is a special connection 
to Johanssons’ organizing principles in motion perception (1950, 1964, 1970, 

1976). Since the mechanisms are studied under deliberately illusory and 

unstable stimulus arrangements, the "top-down" effects of intentional viewing 
and problem solving are of course to some degree always present. The 

categories of forced choices in Experiment 1 in Study II are abstracted as the 
main and relevant repertoire of impressions, based on several earlier studies 

where the percepts initially were spontaneously discovered. And of course, 
instructing that "these are the impressions we are interested in right now" does
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not prescribe that you should see more of this than that!" Accordingly, a 

basic aim of the initial exploration of the novel AMBEGUJAS phenomenon in 

Study III was to keep it at a very basic descriptive level. Instead of suggesting 

percepts we have reasons to suspect that the data on the desaturation of the 
HP percept in Study IV reflects a considerable degree of caution to report the 

very fluctuating and somewhat "weird" impressions. Some subjects seemed 

soon to realise the physically stable conditions, while several others 

afterwards asked "what did you do to the colours?"

An observation throughout the series of experiments is the strong 

tendency for 3-D and colour constancy solutions of our stimulus displays, and 

that the 3-D information from illumination and shading overrules 

contradictory geometric information about the flatness of the displays. 
Furthermore, this is despite the fact that the subjects often were well aware of 
the actual flatness of the displays. This is in line with recent findings by e.g. 
Sun & Perona (1995) that 3-D information from shaded 2-D geometric 

patterns is processed faster, and in a parallel and preattentive way, compared 

to unshaded patterns. The dominance for 3-D impressions is also observed in 
motion perception (cf. Johansson, 1964). This seems to be an inherent first

hand approach of the visual system to any scene, which is most reasonable. 
We live and have evolved in a 3-D world. The abstraction of an illumination 

due to a minimum number of light sources is probably a key in this act.

The nature of the AMBEGUJAS phenomenon?

The AMBEGUJAS phenomenon seems to incorporate or at least 
remind of numerous perceptual phenomena and mechanisms, some of them 
classical demonstrations: On the Gestalt tradition the bistability reminds of 
the familiar ambiguous figures like the Necker cube and the Schröder 
staircase (Woodworth & Schlosberg, 1955, p. 410). Particularly noteworthy 
are the early observations by Edgar Rubin [1915, in Kennedy (1974)] of the
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more compact appearance of a colour when seen as figure compared to when 

seen as ground. Rubin also noted that subjects are more likely to attribute 
colour to the figure rather than to the ground, which is in accordance with the 

temporal predominance and higher judged authenticity of the colourful VP 

percept. The appearance of the warm illumination seen in the HP percept has 
a separate, almost substantial and spatial appearance that reminds of Katz' 

(1911) notations on perceived illumination. Mach's folded card demonstration 

- seen either as a shadow or as a reflectance difference - is another related 

classical demonstration, though restricted to achromatic colour and requiring 

a change from binocular to monocular viewing for seeing the reflectance 

difference (Ratliff, 1965). Such shifts between perceived illumination edges 

and reflectance edges are adopted as a specific experimental paradigm for 

extensive studies on lightness constancy and lightness contrast by Gilchrist 
(1988) and colleges (Gilchrist, Delman, & Jacobsen, 1983). The different 

colour impression between the VP and the HP shape illustrates the 
independency of perceived colour as to the actual spectral distribution of the 

light. This reminds of Land's impressive demonstrations of a complex 

Mondrian display showing colour constancy regardless of the spectral 

composition of its reflected light (Land & McCann, 1971).

In Study III several proposed explanations to visual phenomena of 
colour appearances are discussed and excluded as possible explanations of the 
AMBEGUJAS phenomenon, coming to the final conclusion that it is a 
particularly clear example of shifts between colour constancy and non

constancy.
In terms of Bergstrom's vector analysis model, the VP percept shows a 

common illumination component of a white horizontal illumination and the 

specific components (reflectance and shape) of two chromatic suface colours 

on the VP shape. In the HP percept the two chromatic colours are attributed 
to the illumination component (illumination colour and coloured shadow) and 
the achromatic surfaces and the HP shape are the specific components. When 
the display is seen as flat, all the specific components are reflectances. The
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minimum principle of the number of perceived illuminants is maintained in all 

reported percepts.

The deutans shape impressions

There are differences in 3-D impressions shown between the deutans 

and the normals in all four experiments where the two groups were compared. 
Some of the differences were predicted, while others were definitely 

unexpected.
The deutans' specific difficulty to discriminate between red and green 

hues explains the lower tendency for shape impressions shown on the three 
isoluminant red-green displays as due to a decreased contribution of display 

structure (Study II, Experiments 1 and 2). Their lower distinctness on the 

green conditions in Experiment 3 in Study II can also be understood with 

reference to their sensorial capacities.
The generally lower frequency of shape impressions in Experiment 1 in 

Study II can not be explained at the same specific level of colour 

discrimination. Since it concerns perceived shape from shading at large, it is 

interpreted as a tendency to weaker colour constancy. The deutans do not 

extract the same information from the displays and perform the analysis of 

reflectance and illumination components corresponding to a perceived shape 
as easily as the normals do. At a higher level of perceptual processes a colour 
vision deficiency seems to bring about a generally different or less confident 

separation of illumination and surface properties.
The deutans' slower tempo of percept shifts in the AMBEGUJAS 

phenomenon (Study IV) was not expected and is e.g. contrary to the fact that 
colour deficient persons often are claimed to show a higher "fatiguability" 
when exposed to chromatic stimuli (cf. Hurvich, 1972, for a review). This 
observation also makes a general explanation to the phenomenon as due to 
colour adaptation even less probable (see the discussion in Study III). The
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generally lower frequency of 3-D impressions on the 2.5 s exposures of the 

displays in Experiment 1 in Study II seems not to be related to the slower 

tempo in percept shifts shown in Study IV. Whatever causes the slower shifts 

between percepts, it does not seem to correspond to other proportions of 

percepts. Neither does it seem reasonable that the deutans should not have 

time enough to see 3-D percepts in Study II.
Including the reports of a less distinct desaturation of one of the surface 

colours in the HP percept, it thus seems quite confident to state that there is a 

difference in degree of colour constancy between deutans and normals. (It 

should be pointed out that it is the colour that turns to illumination colour in 

the HP percept that is less desaturated for the deutans.)
The heterogeneity of the deutan groups actually support the observed 

differences between the groups in Study II (Experiments 1 and 2). Truly 
isoluminant red-green displays would require individual luminance matching 

for the deutans. The approximate matching relied only on minimised 
reflectance differences as to the specifications of available NCS colour 

samples and pilot observations by one deuteranomalous subject. Thus, the 

red-green displays sometimes may bring visible lightness contrasts and 

structure information to the deutans. Deuteranomalous persons also have a 
considerable ability to discriminate between red and green and on broad-band 
reflecting stimuli (surface colours) their discrimination often approaches that 
of normals (Sällström, 1978). Thus, the differences for the red-green displays, 

as shown in both Experiments 1 and 2 are neither the outcome of truly 

isoluminant nor truly isochromatic displays, rather just "troublesome" hue 
combinations with low lightness contrasts. Reasonably, truly isoluminant 

displays should accentuate the differences.
Does the deutans shape perception differ from that of normals outside 

the laboratory? The differences between the deutans and the normals are 
revealed in deliberately meagre experimental situations simulating 3-D 
shapes. According to a Gibsonian view, most ecological situations provide a 
great redundancy of visual information. This should enable an equally
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veridical and reliable shape perception to the deutans by using sources of 
3-D information that are less dependent on colour vision. One type of visual 

situations where the different performances shown by the deutans in these 

studies should be considered is in the increasing use of 3-D simulations on 

VDU screens and in virtual reality. These situations intend to integrate a 

sample of sources of visual information to represent a natural scenery, and 

colour combinations and shadings are of course two such sources.
The present studies only attended deutan types of colour vision 

deficiencies, mainly because they are the most frequent cases and thus the 

easiest to recruit. Compared to protan deficiencies, deutans have some basic 
parameters of colour vision more in common with normals, e.g. no general 

shortening of their visible spectra at long wavelengths and a relative luminous 

efficiency maximum at wavelengths close to normal (cf. Pokomy et al., 
1979). This supports that the deutans different results emanate from their hue 

discrimination difficulties per se. Since protans and deutans show many 
similar characteristics and magnitudes of their problems in colour perception, 
there is no obvious a priori reason why similar tendencies for different shape 
perception and colour constancy should not appear for protans too.

The study of very fluctuating and multidimensional impressions like the 

AMBEGUJAS phenomenon and to compare deutans and normals as to these 

impressions actualises major questions on method. Although the phenomenon 

per se seems unquestionable, the choice of measurements and inferential 
statistics is critical when there is interest in possible differences between the 

groups. This makes it difficult to tell how much the present findings can be 

generalised. There are two main strategies to handle these problems in further 
studies: One is to try to arrange experimental situations with clear cut ”all-or- 

nothing” responses, the other one is to apply multidimensional analyses to 
data on multidimensional phenomena.
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Hierarchical versus parallel visual processes?

The findings on what seems to be a lower degree of colour constancy 

for the deutans and the manifold ambiguous perceptual solutions of the 
AMBEGUJAS phenomenon actualise very general issues of how the visual 

processes are related and organised.
Kulikowski (1991) discusses the processing of visual stimuli according 

to the two dominant models of hierarchical and parallel processing, arriving at 
"parallel hierarchies" as the model that comes closest to the truth. He also 
points out that despite the difficulties to present stimuli that does not engage 
several mechanisms, it is possible to analyse and weight components in visual 
processes by psychophysical methods.

Very tentatively, the step from hue-specific impaired colour 
discrimination - by lacking or deviant medium wavelength sensitive cones in 

the retina - to the general mechanism of colour constancy seems hierarchical. 

The alternating percepts of the AMBEGUJAS phenomenon seems more like 

continuous information races between parallel channels with alternating 

winners/solutions (cf. Livingstone & Hubei, 1987, 1988; VanEssen & DeYoe, 

1995). On the other hand, colour constancy here seems to be as much a matter 
of racing too, which suggests "parallel hierachies". Seeing is simple but vision 

is complicated.
The present studies have evoked questions on how to conceive colour 

constancy. The ability to identify the colours of objects under varying 
illumination is an indisputable fact of vision. The classical definitions of 

colour constancy are founded in this meaning of (degree of) veridical 
perception, and are of course most relevant. However, in simulated shape 
from shading, ”colour constancy” can be referred to as a perceptual 
mechanism assumed to be crucial for these impressions. Perceived colour 
constancy and 3-D shape seems to be a preferred solution of the stimulus 
arrangements, and our main interest has been on information components that 
influence this. The two different shape percepts in the AMBEGUJAS
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phenomenon are both solutions with ”constant colours”, though. This requests 
more thought on how to define colour constancy and whether ”subtypes” or a 

hierarchy of colour constancies might be considered.
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