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I  General Comments

It’s often said, ‘Beauty is in the eye of the beholder,’
implying that there is an significant subjective, and
hence non-quantifiable*, aspect to judgements of
beauty. Whatever the case for beauty, it is certainly
true that colour lies in the eye of the beholder: it is
possible to possess eyes that do not support any
perception of colour. It is, however, equally true
that there is no colour without light. Thus, colour
is, in effect, at least a psycho-physical phenomenon
with two components:

1. a physical component, described ultimately by
Maxwell’s equations [1], and

2. a human component, consisting of the
perceptual mechanisms that transform the
physical stimulus into a psychological quality†.

The second and third sections of this paper give a
brief introduction to current knowledge about

these subjects.
The theory of the second and third sections is

sufficient to describe when two colours seen under
exactly the same viewing conditions are perceived
as being identical in colour. They are not sufficient
to describe either

1. the appearance of colours, or
2. when colours match when perceived under

different viewing conditions.
There is not, at present, a satisfactory theory that
explains the copious and contradictory data that has
been obtained over the last century to address these
issues. The fourth section develops a very sketchy
model that you can use when thinking about colour
appearance in computer graphics. It is important
because ‘colour constancy’, the key concept of
colour appearance, provides a practitioner with the
best guidance for knowing when the elaborate
technology available to assure colour matches
should be deployed, and when it is unnecessary.

Geometric arguments

II  Physics of Coloured Light

For most of the history of physical optics there has
been profound disagreement with respect to the
basic nature of light, pitting Newton’s theory that
light is comprised of particles [2], against Young’s
theory that light is comprised of waves in an
unknown medium [3]. In the late nineteenth
century Maxwell’s formulation and solutions of the
electromagnetic wave equations, seemed to resolve
the disagreement in favour of the wave theory [1].
And not long afterwards Einstein showed both that
Maxwell’s equations required a new model of

* The essence of subjectivity is that perceptions of
beauty are non-commensurable: we cannot
make them concrete within a single frame of
reference, and therefore, lack tools that can,even
theoretically, compare them objectively to one
another. Whether the problem is absolute –
commensurability will never occur – or purely
technological – future scientific discoveries will
make mental states commensurable – we leave
to the philosophers of aesthetics, or possibly
aestheticians (smirk).

† ‘Psychological quality’ is at best
psychologically naïve. Fortunately, we are not
philosophers, but scientists, so we can adopt a
naïve realism, which allows us to postulate the
existence of anything we like and give it
properties as we go along.
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elementary kinematics [4], and in a separate piece
of research, that the energy stored in light is
quantized [5]. There is no need to go into the
quantum theory of light. What was known about
light in 1910, which includes the Eikonal
equation [6], the basis of light geometry in
computer graphics, is adequate for computer
graphics as it exists in 2007.

Einstein’s results tell us
1. that the speed of light is, in every reference

frame, the same and so large that it is effectively
infinite for scenes smaller in size than a light
second (roughly 300,000 km), and

2. that light is packaged in discrete quanta,
uniquely identified by either wavenumber, ,
or wavelength, , so that knowing the
interaction properties of light with matter we
must know the entire spectral power
distribution, , and not just the total
amount of energy stored in the light.

It is unavoidable that a precise description of light
with matter contains units. These units are
unimportant when the properties of the scene are
being chosen interactively in order to give the scene
a desired appearance. However, as I have often
mentioned in class, occasionally you are required to
achieve a precisely calibrated result. In that case you
will need calibrated lights and surface properties and
you must maintain calibration throughout your
calculations. In such circumstances you need to
know the calibrated (unitful) form of these
equations.

II.1  Spectral Functions
Einstein’s second result, in addition to lots of work
on the interaction of light with materials, tells us
that the amount of light at each wavelength
determies how light interacts with matter. This is
given by a density, called the spectral density, .
A typical spectral density is shown in Figure 2.
Note that no units are given for the ordinate in this
figure: you will in practice see such figures
expressed in terms of many different units, power
being the most common. For example, in such a
case the spectral power density is explicitly a,
possibly constant, function of time,  , and

the power in the light at time  is

 .

Note that for this definition the unit on the
ordinate is  power per unit of wavelength.
Alternatively, you will sometimes see the spectral
distribution defined in units of photons per unit
wavelength. In such a case the power in the light is

,

where  is the energy of a photon having

wavelength .

It was Newton who noticed the connection
between colour and wavelength*. In a seminal
experiment, illustrated in Figure 1, a beam of
white-appearing sunlight was introduced into a
dark room through a hole in a curtain. When the
beam was passed through a prism it was split into a
rainbow of colours: red, orange, yellow, green, blue,
indigo and violet. (This phenomenon is a result of
dispersion: see §II.2.) Furthermore, when he passed
the coloured spectrum through a second,
oppositely-oriented, prism the colours recombined

ν
λ

Φ λ( )

Φ λ( )

Φ λ t,( )

Figure 1. Newton’s experiment. Light from the
sun enters through a small hole in a curtain on the
left. The first prism splits it into a spectrum; the
second undoes the bending of the first,
reconstituting white light.

* He, of course, did not think of the independent
variable as wavelength, but he got everything
else correct.
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into white. These observations provide the physical
basis for believing that light of different wavelengths
is essential for the sensation of different colours, and
that other colours, such as white, which cannot be
produced by a single wavelength, can be created by
mixing wavelengths together. Thus the physical
basis for colour is the spectral power distribution,
which describes the amount of light at each
wavelength.wavelength .

Notice that we should not to say that the light is
coloured, because it isn’t. The language in the
above paragraph is a colloquial way of saying, for
example, light that appears white to a human
observer.

II.2  Fresnel Reflection
Humans, like all other living beings, sense light
because it contains information about the
environment. It gains this information by
interacting with objects in the environment. The
result of the rich intaraction of light and objects
creates the light field, the distribution of light over
space, direction, polarization and wavelength. The
light field, which was central to the approach to
perception of J. J. Gibson [7], is sampled by the
visual apparatus of sensing systems, which extract
from it relevant information about their
environments.

Interaction between light and an object occurs at

its surface by way of two interconnected
phenomena: reflection and refraction. What
happens is determined mainly by two indices of

refaction: that of the object at its surface, , and
that of the transparent medium that surrounds the

object, . The index of refraction, which is a
function of the dielectric and magnetic
permittivities, is the speed of light in a substance
compared to the speed of light in vaccuum.

Thus the familiar equation
,

which links the speed of light, , to its frequency,

, and wavelength, , can be modified to take into
account the index of refraction by writing

.

Now  is the speed of light in vacuum and  the
index of refraction.

It goes without saying that the solutions to
Maxwell’s equations are different in substances with
different indices of refraction, and that the solutions
much be matched at the boundary where the
substances meet. The consequences of this
requirement are easily seen diagramatically.

Figure 2. A hypothetical spectral power
distribution, the function that describes how much
power
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Figure 3. The geometry of incoming, reflected
and refracted waves at a boundary where the index
of refraction increases.
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Figure 3 shows the interface between two
substances, the upper one having a smaller index of
refraction that the lower. The parallel lines are the
wavefronts; the direction of motion of the wave is
perpendicular to the wavefronts, as shown by the
arrows. Because there are two solutions that match
the boundary conditions, the incoming wave,
which comes from the upper left, separates into two
at the boundary, a reflected wave, going toward the
upper right, and a refracted wave, going toward the
lower right. Figure 4 shows a magnified view of
two wavefronts at the surface to illustrate the
geometry in detail.

The distance between the wavefronts of the
reflected wave, the arrow pointing to the upper
right, must be equal to the distance between the
wavefronts of the incoming wave, the arrow from
the upper left, . Also the distance
along the boundary between the wavefronts must
be equal for incoming and reflected waves,

, in order to match the solutions at the
boundary. Finally the direction of motion is always
perpendicular to the wavefronts. Thus, triangle

 is congruent with triangle , so that the
incoming angle is equal to the outgoing angle for
the direction of tranvel and for the wavefronts, and

regardless of whether it’s measured with respect to
the normal vector or the surface.

For the refracted wave  but

, where  is the index of
refraction in the medium of the incoming wave,

and  is the index of refraction in the outgoing
refracted wave. Thus,

,

which is Snell’s law [8]. The angles in the formula
are between the wavefront and the surface, which
are also the angles between the direction of
propagation and the normal vector.

Amplitudes. The incoming wave splits into two
parts, the reflected part and the refracted part. How
much of the intensity of the incoming wave goes
into each part? Electromagnetic theory, at a level
beyond the scope of these notes [9], provides the
answer for dielectric media, which depends on the
polarization of the light. For most computer
graphics applications you can assume that the light
is equally polarized in both directions: Appendix A
gives a schematic calculation of this quantity.

An interesting phenomenon that arises in the
calculation of amplitudes is total internal reflection,
a range of angles for which all light is reflected.
Total internal reflection occurs only at surfaces
where the incoming light is in a medium of higher
refractive index. When total internal reflection
occurs, as in optical fibres, light can travel a long
distance without leaving the object. This
phenomenon has been the subject of recent interest
in computer graphics [10].

Dispersion. Most substances have indices of
refraction that vary with the wavelength of light.
Such materials disperse different wavelengths in
space, so the phenomenon is called dispersion. It is
considered beneficial in a prism, the purpose of
which is to separate wavelengths*. Nowadays, when
controlled dispersion is required in an optical

Figure 4.
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* Newton’s experiment, described in §II.1, is an
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system, to spread the light captured by a
spectrradiometer across an array of light-sensitive
diodes for example, diffraction gratings are usually
the dispersive element of choice.

In lens systems it is considered bad because it
causes different wavelengths to focus at different
distances from the lens, and is called chronatic
aberration. The multi-element design of high
quality lenses is used, among other purposes, to
limit chromatic aberration.

The optical system of the human eye, the cornea
and lens*. Vision scientists have suggested that
perception of chromatic aberration in retinal images
may be one mechanism used to infer depth [11].

Rainbows. Rainbows are one of the most striking
examples of phenomena based on dispersion.

Electrically Conducting Objects.

Surface Texture.

II.3 Spectral Transmission and Reflection
With the exception of electrically conducting
surfaces the reflected component in Fresnel
reflection is not coloured by its interaction with the
surface, exiting the surface with its spectral power
distribution diminished achromatically by its
interaction with the surface. Yet, in common
speech, ‘spectral reflection’ is said to be the cause of
surface colour. The reason is that

Optical Density.

Pigments.

Kubelka-Munk Colour Mixing.

Directionality.

III  Perception of Coloured Light

III.1  Perception of Coloured Light

III.2  Displaying Colour

III.3  Opponent Colours

IV  Colour Appearance

IV.1  Influence of a Surround

IV.2  Colour Constancy

IV.3  Contrast and Edges
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9. E.g., Cheston

10. Total internal reflection
11. Chromatic aberration for depth

Appendix A Polarization in Fresnel
Reflection

The division of incoming intensity between
refracted and reflected waves depends on
polarization. For polarization parallel to the surface
the reflected intensity is

of in the incoming intensity, and for polarization
perpendicular to the surface the reflected intensity
is

* Most of the focussing done by the optics of the
human eye occurs at the curved air/cornea
boundary.
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of the incoming intensity [1], where  is
determined by Snell’s law §II.2. Most applications
in computer graphics ignore polarization, so it is
best to use the average of these functions

to divide up the incoming light intensity. (The
intensity of the refracted light is the difference
between the intensity of the incoming light and the
intensity of the reflected light.)

To calculate  define , and

. Then

,

which reduces to

.

From Snell’s law

.

The denominator of this expression,

,

turns out to be interesting and important.
If , light is passing from a higher refractive

index to a lower one, then there is a critical angle,
,

at which the denominator of vanishes. When this
happens the reflected light becomes equal to the
incoming light: no light passes through the surface.
For angles greater than the critical angle,  is
imaginary and no light passes through the surface.
Thus there is a range of glancing angles for which
light is confined within a higher refractive index
object. This condition is called total internal
reflection.

For polarization parallel to the surface the
numerator of  is

.

Thus,  vanishes when , which occurs at

the angle of incidence given by

.

This is called Brewster’s angle, where all reflected
light is polarized perpendicular to the surface.

A.1  References
1. Wikipedia, Fresnel Reflection
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