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Does colour constancy exist?

David H. Foster
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For a stable visual world, the colours of objects should
appear the same under different lights. This property of
colour constancy has been assumed to be fundamental
to vision, and many experimental attempts have been
made to quantify it. | contend here, however, that the
usual methods of measurement are either too coarse or
concentrate not on colour constancy itself, but on
other, complementary aspects of scene perception.
Whether colour constancy exists other than in nominal
terms remains unclear.

If we look at a patch of green grass under a blue sky and
then later at sunset, the colour of the grass seems
unchanged. But the reflected light reaching the eye has
a very different spectrum in the two situations: in the first
more blue and the second more red. Colour constancy
refers to the constant appearance of object or surface
colour despite changes in the colour of the illumination,
and (in modern usage) scene composition and configur-
ation [1]. Colour constancy is assumed to be fundamental
to colour vision, allowing functions ranging from the
primitive foraging for ripe fruit in a tree canopy, to the
modern use of textiles, cosmetics, and packaging. In
theory, it is necessary for producing a stable visual
world. And yet, introspection aside, how do we know
that colour constancy really exists?

Persuasive demonstrations of effects related to colour
constancy by Gaspard Monge [2] in the 18th century, and
later by Edwin Land [3] in the mid-20th century, have
since given way to progressively more sophisticated
experiments aimed at quantitatively determining the
degree to which colour constancy holds, in both the
adapted and unadapted eye. Nevertheless, I shall argue
here that what most of these experiments have measured
is not strictly colour constancy — that is, the constant
appearance of surface colour — but other aspects of our
scene-perception, such as the relationship between surface
colours, or illumination colour. Some of these aspects have
been quantified precisely, but they leave open the question
of whether colour constancy itself exists, other than in
nominal terms.

What follows is a summary of the evidence for colour
constancy gathered to date. First, I give a brief explanation
of what is needed for colour constancy to be achieved.
Then, I describe the three main methods of testing it and
identify their intrinsic limitations. Although these limi-
tations are also relevant to testing colour constancy under
changes in scene composition and configuration, for
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simplicity the emphasis is on the effects of illuminant
changes. Finally, I suggest some possible ways forward.

What does colour constancy need?

The perceived colour of a surface depends on its spectral-
reflectance properties — the proportion of incident light
reflected at each wavelength of the spectrum — mediated
by the long-, medium-, and short-wavelength-sensitive
cone receptors of the eye (see Box 1 and [4]). But, if a
surface is uniform and presented in isolation in a dark
field, it is impossible to tell whether its perceived colour is
due to its own reflecting properties or to the spectrum of
the illuminating light: a red paper in white light can look
the same as a white paper in red light.

In general, the challenge for the visual system is to
estimate or eliminate the effect of the illuminant [5], so
that surface reflectance can be deduced and, therefore, its
true colour perceived. When several different surfaces are
present, the task becomes more feasible. For example, in
Land’s Retinex colour-constancy schemes [6,7], receptor
responses to light from an individual surface were thought
to be normalized by certain combinations of responses to
light from other surfaces, so as to reduce the influence of
the illuminant. However, the visual system need not
implement these particular calculations (e.g. [8]), and in
fact many other constancy algorithms have since been
proposed [1]. Even so, extracting information about sur-
face reflectance remains a necessary condition for colour
constancy. Without this information, colour constancy
loses much of its rationale as a manifestation of a stable
visual world.

To determine the extent to which colour constancy
holds, therefore, perceived surface colour needs to be
measured by methods sufficiently sensitive to changes in
surface reflectance, as opposed to other scene properties. If
reflectance can be significantly altered without affecting
the measurement, then the measurement is only partial
and does not properly limit colour constancy.

Colour naming

The most direct approach to measuring perceived surface
colour tests whether colour names are used appropriately
[9—-11]. Although the vocabulary is normally restricted to
certain basic colour terms or categories, the principle is
general. For example, subjects given a free choice of names
might label a surface with a strong light blue colour under
one illuminant as ‘copen blue’. The degree to which colour
constancy holds can then be determined by measuring how
accurately they use the label ‘copen blue’ for the same
surface under a different illuminant.
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Box 1. Limitations of human colour perception

The eye’'s ability to extract information about spectral distributions of
light is fundamentally constrained by the three classes of cone
receptors (Fig. I). In general, a spectrum needs an infinite number of
values to specify its energy at each wavelength, but, when sampled
by the cones, this information is reduced to just three values, a triplet
specifying excitations in each of the three classes. Consequently,
there are theoretically an infinite number of spectra that the visual
system confuses (the phenomenon of ‘metamerism’). Because a
spectrum cannot be recovered uniquely from a triplet of numbers, or
some recoded version of this, ideal colour constancy in the sense of
extracting a surface spectral reflectance is physically impossible.

Therefore, in the literature, as well as in this article, references to
visual estimates of an illuminant or surface reflectance are usually
taken to mean within the sampling limits of the cones. In this reduced
sense, colour constancy can then be interpreted as the same
reflecting surface producing somewhere in the visual system the
same triplet of numbers, independent of the illuminant.

Nevertheless, the problem of metamerism persists. In practice,
spectra do not vary arbitrarily with wavelength, but they still need
more than three numbers to specify them, so two real reflecting
materials that match under one illuminant need not match under
another (which has troubled dyers and colorists, and clothes
shoppers, for many years). As a result, even this reduced version
of colour constancy cannot be fully realised.
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Fig. I. Sampling spectra. Light from an illuminant with spectrum (a) is
reflected by a surface with spectral reflectance (b) (A = wavelength). The
reflected light with new spectrum (c) is absorbed by the eye’s cone receptors
with spectral sensitivities (d). From this activity in the cones, the visual sys-
tem has to estimate the surface reflectance (b). Note the change in spectral
shape from (b) to (c).

Unfortunately, even when the illuminant is constant,
subjects are likely to use the same name for other shades of
strong light blue. The basic limitation of the method is that
there are many more distinguishable surface colours —
perhaps more than two million [12] — than subjects can
normally name accurately or consistently [9]. As a
measure, it is insufficiently sensitive to differences in
surface reflectance, although it has been used to investi-
gate subjects having inherited or acquired defects of vision
affecting their colour-discrimination ability [13—15].

It is possible to increase the precision of colour naming
by adding ratings [16] (‘How good an example of this
particular colour is that stimulus?’), but this modified task
is more demanding and complications arise in analysing
the resulting data (J.M. Speigle, PhD thesis, University of
California Santa Barbara, 1997). A similar problem occurs
with scaling methods applied to judgments of hue,
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Fig. 1. Matching coloured patterns under different lights. The patterns on the left
and right consist of the same Munsell papers illuminated by blue sky and the set-
ting sun, respectively [49]. The subject’s task is to adjust the colour of the central
patch of the right-hand pattern so that it appears to be cut from the same paper as
the central patch of the left-hand pattern: (a) and (b) are successful and unsuccess-
ful surface-colour matches, respectively. (Note, it is unlikely that either will look
like a match to the reader because they are not seen in the experimental conditions
of controlled illumination.)

saturation, brightness and whiteness under illuminant
changes (J.M. Speigle, op. cit.).

By contrast, the second and third experimental
approaches, described and analysed in the following
sections, are capable of delivering the required precision,
or close to it, without modification. These are the methods
that have most often been used to determine the degree to
which colour constancy holds.

Matching surfaces
The second main approach to measuring perceived surface
colour tests how well subjects can make matches between
coloured surfaces under different lights (‘asymmetric
colour matching’) [17-20]. The scenes usually comprise
multiple, uniformly reflecting surfaces (as in Fig. 1), which
are presented simultaneously, side by side, or sequentially.
Subjects are asked to adjust ‘red’, ‘green’ and ‘blue’ controls
(or their equivalent) to make the colour of a particular
surface (e.g. the centre surface) in one scene under one
light the same as the colour of a particular surface, usually
in a similar scene, under another light, as if it were
‘cut from the same piece of paper’ [17]. Instructions of
this kind can be important, as subjects might
concentrate on the colour of the light — hue, saturation,
brightness — rather than on the colour of the surface
[10,17,18,21-23]. To make this distinction clearer, look
at a surface half in shadow: the shadowed region has
the same surface colour as the unshadowed region but
it simultaneously appears less bright and generally
more blue [22].

In making surface-colour matches, subjects may be
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encouraged to make comparisons with other surfaces in
the scene that by chance have similar colours [17,22,23].
For example, in the left-hand pattern of Fig. la, they
might compare the centre patch with the second patch
along from the top-left corner and then do the same in the
right-hand pattern of Fig. la. But other matching
strategies may be used, and matching itself can also be
replaced by a more natural, forced-choice procedure [24].
Levels of matching performance with computer-simulated
scenes can reach 79—-87% of the ideal value corresponding
to perfect colour constancy [20,23].

Asymmetric colour matching is often treated as
measuring colour constancy, but what it really measures
is something weaker. What this might be is explained next.

Relative versus absolute judgments

The problem with colour matching is that it can guarantee
only the equivalence of two stimuli, not their identical
colour perceptions. This is because to make a surface-
colour match, subjects need merely to judge how the colour
of one surface relates to the colour of one or more other
surfaces or, indeed, to the scene as a whole, first under one
illuminant and then under another, or under changes in
composition or configuration of the scene.

To see this, consider Fig. la again. Suppose that the
reflectance of the centre paper in the left-hand pattern is
changed by placing a moderate bluish or yellowish filter
over it. Providing the same change is made to the other
papers in the pattern, there should be little effect on the
match represented by the centre patch of the right-hand
pattern, if matches depend only on relational judgments.
Because information about individual surface reflectance
is not needed to succeed at asymmetric colour matching, it
cannot measure colour constancy (in extreme circum-
stances, a perfect surface-colour match can be made in the
complete absence of colour constancy [1]). The same
principle would apply to any relative judgment — we can
decide whether the angle between a pair of lines is the
same as that between another pair, without knowing the
absolute orientation of any individual line.

Arguably, this manipulation of reflectances reveals only
an inherent confounding of illuminant and reflectance
spectra. But the problem is not to do with the stimuli;
rather, it is the task, as can be seen by changing it to a
colour-naming one. Despite a perfect surface-colour match
in Fig. 1a, many subjects would give the centre patches
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Fig. 2. Matching ‘minimalist’ coloured patterns under different lights. The patterns
on the left and right consist of the same Munsell papers illuminated by blue sky
and the setting sun, respectively. The subject’s task is to adjust the colour of the
right-hand patch of the right-hand pattern so that it appears to be cut from the
same paper as the right-hand patch of the left-hand pattern: (a) and (b) are suc-
cessful and unsuccessful surface-colour matches, respectively.
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different surface-colour names. (Note that subjects were
matching the surface colour under different illuminants,
not matching hue, saturation and brightness, so Fig. 1la
will not appear as a perfect match to the reader, who sees
the images on the page under a single illuminant.)
Although colour constancy may not be needed for
successful surface-colour matching, might subjects use it
anyway? If there are enough surfaces in the scene, then, in
theory, the illuminant can be reliably estimated, and
therefore, in turn, can surface reflectance. For example,
the scene could be assumed to be colorimetrically
unbiased, that is, no particular colour predominates (the
‘grey-world’ assumption) [7,25]. The spatial average colour
then coincides with the illuminant colour. With natural
scenes, higher-order statistics could also be exploited [26].
Even so, showing that the illuminant could be esti-
mated is not the same as showing that it is estimated, or,
more importantly, that perceived surface colour is con-
stant. A critical test is whether matching is worse when
the illuminant cannot be reliably estimated. The minim-
alist ‘scenes’ of just two surfaces in Figs. 2a and b provide
little information about the illuminant. Yet surface-colour
matches can certainly be made with such scenes (Fig. 2a),
and they do not seem much worse than with scenes
containing many surfaces [21,22] (as in Fig. 1la, the
illuminants on the left and right are different). In an
operational version of this matching task, described in the
next section, performance was essentially the same [27].

Relational colour constancy

The ability of subjects to make accurate relational
judgments independent of the illuminant, as with these
minimalist scenes, has been attributed to ‘relational colour
constancy’ [28]; that is, the constancy of perceived colour
relations under different illuminants. It was initially
conceived for situations in which scenes differ only in
illuminant, so that one surface could be related to another
— the simplest possible comparison. But it can be extended
to situations in which scene composition and configuration
change by relating one surface to multiple other surfaces
or to some average over the scene as a whole (without
estimating the illuminant, as with colour constancy).

Relational colour constancy can be interpreted opera-
tionally: subjects are simply asked to discriminate between
illuminant and surface-reflectance changes [28,29].
Performance in one such task has been found to be fast,
accurate and effortless, suggesting that some aspects of
surface-colour information are processed in parallel over the
visual field [27].

Relational colour constancy has a plausible physiologi-
cal substrate: the ratios of cone-receptor excitations
generated in response to light reflected from pairs of
surfaces or groups of surfaces. Such ratios, which can also
be calculated across post-receptoral combinations and
spatial averages of cone signals, have the remarkable
property of being almost exactly invariant under changes
in illuminant, both with natural scenes [30] and with
artificial scenes of coloured papers [28], and might explain
performance in several colour-vision tasks [27,31,32],
including asymmetric colour matching [21]. Significantly,
they provide a compelling cue to subjects trying to
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distinguish between illuminant and reflectance changes in
scenes, even when they sometimes correspond to highly
unlikely natural events [33]. Consistent with their
proposed role in relational colour constancy, cone-exci-
tation ratios are not informative about individual surface
reflectances [21].

The perceived relations between the colours of surfaces
should not be confused with what are sometimes techni-
cally called ‘related colours’, exemplified by brown and
grey, which require other colours for their perception (in
isolation, brown becomes orange and grey becomes white).
As already emphasized, judging the relationship between
the colours of surfaces is not the same as judging surface
colours themselves, whether they are ‘related colours’ or
not. For example, in both the left- and right-hand patterns
of Fig. 1a, it is possible to decide that the centre patch
appears lighter and more yellow than the patch to its
immediate left, even though that latter patch appears dark
blue in the left-hand pattern and brown in the right-hand
pattern. This is then an illustration of relational colour
constancy in the absence of colour constancy. The converse
should be impossible.

Judging white

The third main approach to measuring perceived surface
colour tests how well subjects can adjust the colour of a
surface within a scene so that it appears white (‘achro-
matic adjustment’) [34—37]. Although sometimes pre-
sented as measuring colour constancy, this method in
fact provides data only on the appearance of neutral
(i.e. greyscale) surfaces: indirect arguments can be made
about its implications for asymmetric colour matching, but
they require significant additional assumptions [38].
Insofar as subjects regard the method as adjusting surface
colour, it effectively records their estimate of illuminant
colour at that point in the scene (Figs. 3a and b). The
chromatic context of the surface might bias this estimate,
but it is still correlated with the colour of the illuminant.
The extent of this bias can be exploited as a quantitative
probe of the effects of scene structure [34,37]. If subjects
compare the surface with an imaginary standard, then the
task is similar to asymmetric colour matching, but is less
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Fig. 3. Adjusting to white under different lights. The patterns on the left and right
consist of different Munsell papers illuminated by blue sky and the setting sun,
respectively. The subject’s task is to adjust the colour of the central patch of each
pattern so that it appears white: (a) and (b) are both successful adjustments to the
colour of the illuminant; that is, they record the subject’s estimate of illuminant
colour at that point in the scene.
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precise [16]. Levels of performance can reach 83% of the
ideal unbiased value with nearly natural scenes [37].

By design, achromatic adjustment provides no direct
data on the appearance of individual coloured surfaces in
the scene, for it is generally possible to alter the reflectance
of a particular surface and keep the achromatic setting
constant by adjusting the reflectances of other surfaces.
Again, because individual surface reflectance is not needed
to succeed at achromatic adjustment, it also cannot
measure colour constancy. It can, however, be used to
make inferences about the appearance of neutral surfaces
themselves, as can other adjustments, for example, of a
particular yellow that is ‘neither reddish nor greenish’
[39], or a red (‘neither yellowish nor bluish’), and so on [40].
But, apart from white, the task is limited to the four
unique hues (red, green, blue and yellow).

Crucially, judgments of illuminant colour can depend on
many sources of information [41]. Assumptions about a
grey world and other, higher-order, statistical properties of
scenes [26] have already been mentioned. Another
common assumption is that the surface with the highest
luminance is white [6]. When pitted against each other,
information about a spatial average seems to take priority
over that from the highest-luminance region [42], even
though the grey-world assumption can prove misleading
[43]. Other cues such as mutual illumination [44] and
specularities [45] can also be used to infer the illuminant.
This complex combination of cues suggests that there is
probably no single physiological mechanism underlying
illuminant estimation.

Multiple kinds of surface-colour information

These second and third experimental approaches -
asymmetric colour matching and achromatic adjustment
— are evidently intrinsically limited. They each give partial
but complementary descriptions: neither alone adequately
determines perceived surface colour.

These limitations could, however, be a simple conse-
quence of the fact that colour constancy is not a unitary
phenomenon [46,47]. On the one hand, perceived colour
relations provide precise information about the simi-
larities and differences between surfaces, while indicating
little about the illuminant [48]. On the other hand,
inferences about the illuminant allow a more complete
perceptual representation, but one that might not be very
accurate or essential to every task. To take an earlier
example, judging the degree of ripeness of fruit in a tree
canopy need not require the extraction of information
about its surface reflectance, merely a comparison of its
perceived colour in relation to that of other fruit or the
surrounding foliage. In other circumstances, a coarse
categorization that the fruit is red might suffice.

Conclusion

So, does colour constancy exist? Progress has been made in
quantifying the extent to which it might hold, but current
measurement methods remain incomplete, and their
limitations need to be made more explicit. The most direct
method, colour naming, might be improved by training
subjects to use a larger vocabulary, but, without additional
scales or ratings, it is unlikely to achieve the precision of
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matching procedures. Individually, the other two main
methods, of asymmetric colour matching and achromatic
adjustment, are not sufficiently specific to detecting
changes in surface reflectance, but they might be when
taken together. Is there a way, therefore, to combine them
naturally into a single measure? This represents an
interesting problem — although the illuminant can only
be estimated reliably in scenes with many surfaces, it is
not clear that surface-colour perception is different in
scenes with just a few surfaces. Until that problem is
resolved or other specific measurement methods are
devised, then whether colour constancy exists, other
than in nominal terms, will remain unproven.
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