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Abstract

Although the ancestors of mammals had the same visual sensor arrangement as the ancestors of birds, colour vision in
most mammals is very limited. Humans belong to a small subset of mammals that have re-developed some of the colour
ability lost by their immediate ancestors. They have done this by diverging one of the two colour sensors available to
mammals into a third semi-independent colour sensor. The most common sensor arrangement for animals with complex
visual systems is, however, four colour sensors. Animals such as birds not only have four fully independent colour sensors
but each sensor has a coloured oil droplet that acts to spectrally restrict the light that falls onto the sensor. Because of
this difference in the sensor arrangement, it has been suggested that it is difficult (or “impossible”) for us to know the
perception of colour in animals such as birds. We propose a general colour model that aims to unify our understanding
of colour vision in a wide variety of organisms, thereby allowing us to have some insight into how animals such as birds

perceive colour.
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1. Introduction

An organism’s ability to gather information about its
environment by measuring the temporal flux of electro-
magnetic radiation is so vitally important that it devel-
oped in the earliest of our ancestors (see |Goldsmith| (2006])
and [Vorobyev] (2006)). The sensors these early organisms
developed were simple neurons with the ability to be ac-
tivated by photon absorption. Once developed, these sen-
sors have seen little change in hundreds of millions of years
of evolution (see|Goldsmith & Butler| (2005])). The sensors
differ primarily in the use of the material used to absorb
photons (the pigment), which determines the wavelength
the sensor responds best to. Absorption is a probabilis-
tic process, and therefore the pigment determines how
probable it is that a photon of a specific wavelength is
absorbed, and hence counted (Lennie| (2000); [Solomon &
Lennie| (2007))). Most pigments used by these sensors ab-
sorb photons over a broad spectral range, with the proba-
bility of absorption being naturally distributed. The pri-
mary function of these sensors is therefore to measure how
bright (or luminant) a given stimuli is at any point in
time. The visual systems of many simpler organisms use
sensor arrays that rely only on this type of luminance in-
formation. Sensor density is typically an important factor
in the overall design of such sensor arrays. Most natural
organism that rely on a visual system to navigate their
environment maintain a dedicated two dimensional sensor
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space onto which the photons of stimuli are projected. As
the dimensions of this space are commonly very limited,
the visual acuity of an organism depends on the number
of sensors that may be set into this space. The number
of sensors that have a presence on this space must there-
fore be maximized, but without significant loss in sensitiv-
ity (determined by the amount of photosensitive material
used). An optimal solution to these essentially conflicting
requirements is a shape that is long and thin and as a re-
sult sensor neurons of this type are commonly referred to
as rods.

For organisms with more complex visual systems, sen-
sor neurons dedicated to measuring luminance continue to
find specialized application for conditions of extremely low
luminance. However, for common diurnal levels of lumi-
nance many animals have developed a more advanced sen-
sor. The photon absorption structure of these neurons has
a triangular shape and as a result these sensor neurons are
commonly referred to as cones. The principal feature of
these neurons is that the spectral region to which they are
sensitive is restricted. This spectral restriction varies, and
is determined primarily by the pigment used and by any
material covering the respective sensor, causing it to be
partially obscured. Many organisms use a special purpose
coloured oil droplet in the outward facing segment of the
sensor neuron itself, which selectively absorbs photons of
undesired wavelengths thereby preventing these photons
them from reaching the actual sensor mechanism. As a
result these sensors come in a number of varieties. The
sensor arrays of natural visual systems that use this more
advanced mechanism commonly consist of four different
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types of such sensors, each responding most strongly to
photons of different wavelengths. For this reason, these
sensors are associated with the perception of colour and
are often referred to as colour semsors. Aside from this
spectral restriction, cones do nothing more than provide a
measure of photons absorbed and therefore may be seen as
a variation on the basic design of luminance sensor neurons
(for brief review see |Goldsmith| (2006).

The nature of the information that visual sensor neu-
rons provide is therefore well understood. Luminance
information is well understood, and indeed a luminance
model is trivial to define. However, despite the fact that
colour is known to be derived from simple spectrally re-
stricted luminance measurements, there is no theory of
colour that provides a general framework from which sen-
sor values may be mapped to perception. Even for organ-
isms that have relatively simple visual systems. In fact it
has been suggested that for organisms such as birds,

.. it is difficult — impossible in fact — for humans to

know what their perception of colours is actually
like ... They not only see in the near ultraviolet,
but they also can see colours that we cannot even
envision ... a variety of colours that lie beyond
direct human experience. |Goldsmith| (2006)

We suggest in attempting to resolve this unknown that
the underlying model for colour was set by our distant
common ancestors and has seen little if any change in the
wide variety of organisms that descended from them. The
nature of colour information and how it is processed at
the earliest stages of visual processing we suggest is there-
fore universal (in higher animals such as birds, mammals
and lizards). We propose a general theory of colour infor-
mation (a colour model), which will include the processing
steps by which raw input produced by the sensors is trans-
formed into the information that underlies perception.

2. Colour

Natural visual systems have developed through the
process of evolution, by which complex systems develop
from the simple by small gradual incremental change. To
understand the development of colour in natural visual
systems one must therefore have regard to how visual sys-
tems that use only luminance might develop step by step
into visual systems that supports colour.

Natural visual systems do not simply measure lumi-
nance using a single sensor; sensors are always organized
into pairs [Hurvich & Jameson| (1957). Moreover, a sen-
sor pair with identical luminance values (produced by an
equi-luminous stimuli) does not send any information to
the visual system. Information is sent only if there is a lu-
minance difference (a contrast) between neighbouring sen-
sors, and it is this difference information that is used for
higher level visual processing. Abstractly, the fundamental
unit of the visual sensor array is therefore a sensor pair that

produces a difference measurement (an opponent measure-
ment). Sensors arranged in this way may be referred to as
opponent pairs. The measurement that an opponent pair
produces is in effect a relative measure of luminance rather
than an absolute measurement that a single sensor would
provide.

Visual sensor systems may be seen as systems that pro-
duce a simple photon count. Photons are only absorbed
in discrete units (quanta), and therefore counting photons
is inherently a positive integer function. By contrast, a
difference measurement derived from two or more sepa-
rate photon counts is a signed integer value. Preserving
the sign of these contrast values is important for any vi-
sual system (for a review see [Bangert| (2008])). Most neu-
rons communicate only by producing discrete unary events
known as action potentials. Action potential event counts
are inherently positive integers and therefore negative val-
ues cannot be coded directly. For neural systems that code
information so that the sign is preserved when it is sent
from one area of information processing to another the
mechanism that facilitates this transfer may be referred to
as an information channel (Conway| (2009)).

Once an organism (the class or species) has developed
a luminance based visual system where the relative lumi-
nance measurements produced by opponent pairs are sent
for visual processing via opponent channels and the or-
ganism has come to rely upon this system to navigate its
environment it may find that it is often very beneficial to
be able to discriminate between stimuli by a difference in
wavelength (that is, individuals of the given class that have
the ability are at a competitive advantage over those that
do not). A food source may for example reflect only short
wavelengths, but be equiluminous to its surroundings. An
organism that is able to discriminate short wavelengths
would have a significant advantage over rivals lacking this
ability (see |[Conway| (2009)). Much as the earliest lumi-
nance sensor arrays would have been little more than ‘bug
detectors’, it is likely that early wavelength discrimination
was of a fixed function that assisted with perceptual segre-
gation (Mollon| (1989)). Such a visual system would detect
colour only if there was a difference between a dedicated
colour sensor and the luminance sensor. Perceptually, such
a visual system might be seen to present a visual represen-
tation to the organism akin to a child’s colouring book —
in luminance contrast outline only, but with elements con-
sidered important being coloured in. As it would operate
with a single colour only, such a visual system could be
called unichromatic.

A unichromatic colour sensor may be implemented by
modifying an opponent sensor pair where the spectral sen-
sitivity of one of the luminance sensors is modified. This
may be achieved by changing the composition of the sen-
sor pigment that captures the photons (Solomon & Lennie
(2007))), something which can be the result of a single point
mutation. It may also be achieved by the development of a
spectral filter, which may have its origins in something that
obscures or covers the sensor. A small change therefore has



the potential to modify an existing luminance channel into
a colour channel. Modifying the spectral sensitivity of a
single sensor allows a luminance channel to be modified
from a unit that measures spatial luminance difference to
a unit that measures spectral difference. The possibility of
fundamental change from opponent luminance channel to
opponent colour channel may therefore be seen to have a
potential origin in simple natural variation within a class
of organism; with development then being a function of
the selective pressure of the environment. Once this small
change has been established then further small incremental
modification would be able to extend the very rudimentary
initial colour functionality.

A unichromatic colour system requires only unidi-
rectional (positive) colour information. However, as it
may have developed through modification of a luminance
contrast channel it would inherently be capable of bi-
directionality. An organism that relies on a well-developed
unichromatic visual system might at some point need to
diversify its food sources. It might well have been that
a food source which reflected predominantly short wave-
length light had been becoming increasingly rare while an
alternative food source which reflected predominantly long
wavelength light became increasingly more common. An
organism (as a general class) might switch its colour pig-
ment from short wavelengths to long wavelengths, but such
a solution would make it dependant on one or the other
food sources. It would be evolutionarily advantageous for
the organism to be able to detect both food sources at
the same time. One solution would be to simply re-use
the inherent bi-directionality of the existing colour chan-
nel. Negative values might represent long wavelengths and
positive values could represent short wavelengths. This
solution could be obtained by a modification of the spec-
tral sensitivity of the second sensor of the colour opponent
pair, to move its sensitivity peak in the opposite direction
of its counterpart. With this further small modification,
the colour channel may now be seen as sending fully oppo-
nent colour information to the visual system. If both food
sources were equal in value then this may be presented
perceptually as before, with a single colour. However, it
might well have been that one of the food sources subse-
quently developed a defence against predation, perhaps a
toxin. It would therefore then have become very impor-
tant for the organism to perceptually discriminate between
objects that aside from spectral difference appear identi-
cal: one an essential food source and the other a deadly
poison. This discrimination could have been achieved by
employing two different percepts for the information be-
ing received by the colour opponent channel. Perceptually,
continuing with the child’s colouring book analogy, this
may be seen as giving the visual system a double sided
colouring crayon. Objects may be filled in with one colour
or the other, but not both at the same time. Such a system
could be called dichromatic.

Once an organism has developed dichromacy, it would
have to hand the underlying opponent mechanism required

for colour. An opponent mechanism for colour was ini-
tially proposed on the basis of psychological observations
by Hering and physiological evidence for this in humans
was shown by |Hurvich & Jameson| (1957). Once an organ-
ism has developed the ability to highlight visual stimuli by
the use of one opponent channel, were it to require addi-
tional colour discrimination then it could simply develop
further opponent colour channels by divergence of existing
colour sensor pairs. A system with two sensor pairs and
two opponent channels would be called tetrachromatic and
a system with three sensor pairs would be called hexachro-
matic. It is known that our distant ancestors, the ancestors
of birds (dinosaurs), and indeed the ancestors we have in
common with birds all possessed tetrachromatic visual sys-
tems (see Goldsmith| (2006)) for a general overview). While
some of the animals for whom vision was of lesser impor-
tance have subsequently lost tetrachromacy and in some
cases reverted to dichromacy (Neitz et al.| (1989))), it is im-
portant to note that organisms with the most developed
visual systems such as birds employ two colour channels.
This suggests that the information from a single colour
channel is insufficient in some way to represent the en-
vironment effectively; but that the information from two
opponent channels is sufficient and no further evolutionary
advantage is to be gained by the addition of further colour
channels.

3. An Ideal Colour Model

The primary input to any natural visual system is lu-
minance contrast information (areas of luminance differ-
ence, which in terms of the colouring book analogy are
the outlines). The sensor array therefore presents to the
visual system a two dimensional luminance contrast mo-
saic. A simple visual system might have developed colour
initially purely to perceptually label areas of important lu-
minance contrast on an ad-hoc basis in order to make them
distinguishable from areas of unimportant luminance con-
trast. This ad-hoc fixed function, however, is inflexible as
it leaves the early visual system to decide which elements
of the information being received from the sensor array
are important and which are not, leaving the organism
vulnerable when the environment contradicts the implicit
assumptions made by the fixed function of early visual pro-
cessing. The first hurdle faced by a natural visual system
driven by evolutionary pressure to make more general use
of the colour information which it discerns from its sensors
is therefore the development of a more general colour model
into which the simple spectral frequency-differentiated lu-
minance measurements provided by the sensors can be
systematically mapped. As colour does not map directly
from the sensor input, a colour model requires a general
paradigm that establishes the essential nature of the infor-
mation being derived from the sensor measurements.

The spectral power distribution of the light that the
sensor array is exposed to is often complex. However, a



simplification that is inherent to unichromatic and dichro-
matic opponent visual systems (as outlined above) is that
the light to which the sensors are exposed to is either
equi-luminant across the spectral range of the sensors or
it is monochromatic (light of a single wavelength). This
is for two reasons: (1) under opponency, equi-luminance
(or any other spectral distribution which stimulates the
colour sensors to an equal degree) produces no colour
information (and the light may be referred to as achro-
matic); (2) an opponent colour channel will produce the
strongest opponent value when one member of the sen-
sor pair is not stimulated at all and the other is stim-
ulated fully. The strongest colour response is therefore
best achieved by light that is approximately monochro-
matic, with any achromatic element inherently weakening
the colour response. Moreover, light that is dichromatic at
wavelengths that stimulate the opponent sensors equally
will produce no colour information and is therefore equiv-
alent to achromatic light. More generally, as more chro-
matic elements over the visible spectrum are added to the
light the sensor is exposed to the more closely the light will
appear to approximate achromatic light. This is due to the
fact that the information provided by the sensors is inca-
pable supporting true spectral analysis. Such a sensory
arrangement therefore inherently leads to an assumption
that stimuli from which colour information may be ob-
tained must be monochromatic. Monochromatic stimuli
may be represented fully by coding their luminance level
and their wavelength. Therefore, if it can be practicably
assumed that all colour stimuli are monochromatic, then
it is likely that successive iterations of a natural visual sys-
tem that initially rely on simple spectrally restricted lumi-
nance measurements to assist with visual discrimination
but which are driven by evolutionary pressure to extend
this ability to more generally represent stimuli will likely
proceed implicitly on the assumption that monochromatic
wavelength is the information that must be resolved from
the raw luminance difference measurements obtained from
the sensors.

If an opponent sensor pair is arranged on the spectrum
as shown by figure [I] then monochromatic stimuli within
the range of the sensor pair may have their wavelength
determined by simple subtraction of the opponent pair, if
one member of the pair is stimulated fully (to the reference
level). Opponency is defined inherently as subtraction,
and therefore if one of the opponent pairs is stimulated
to the reference level the function of the opponent pair is
equivalent to a relative measurement of wavelength. Wave-
length may be determined as a function of distance from
the reference position, with the sensor stimulated to the
reference level acting as the reference position (of known
wavelength).

4. A Practical Colour System

Natural visual stimuli will only rarely meet the require-
ment of ideal monochromacy (see Wyszecki & Stiles| (1967)
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Figure 1: Spectrally adjacent sensor pair Red (R) and Green (G),
joined at wavelength A (when R = @) with two spectral ranges of ¢
where one sensor exhibits a linear response to wavelength while the
second sensor maintains a reference level. Note that the full range
of the sensors cannot be used for measuring wavelength with one
opponent pair, only that region where one of the two sensors is able
to maintain a reference level.

for an overview of the spectrum of a wide range of natural
visual stimuli). Most stimuli will either fail to stimulate
the reference sensor fully (or stimulate the reference sensor
too much) or the stimuli may be either not fully monochro-
matic or not fully equi-luminant. A visual system that
functions on the basis of the monochromacy assumption
and which uses spectrally restricted opponent sensor pairs
to determine wavelength, would when presented with sub-
optimal sensor values attempt (if possible) to place the
sensor values into the standard reference form, from which
wavelength may be determined.

The problem of stimuli that are monochromatic but
which fail to stimulate the reference sensor optimally may
be solved by simply normalizing the sensor input by scal-
ing to the reference level. On the other hand, for stimuli
that are not monochromatic simple luminance sensors are
unable determine multiple wavelength components (the in-
formation is not sufficient for a true spectral analysis).
However, if it is assumed that non-monochromatic stimuli
are simply monochromatic stimuli with an equiluminance
component then the equiluminance component (if known)
can simply be subtracted — leaving the monochromatic
component to be scaled to the reference level to deter-
mine wavelength. If luminance is calculated indirectly at
a further stage then any normalization and equiluminance
information must be preserved — and therefore a channel
for both a normalizing component and an equiluminance
component must be allocated.

With equiluminance and normalization, any colour
stimuli (no matter how complex) may be reduced to an
equiluminance component and a monochromatic compo-
nent. The monochromatic element varies by its position
on the spectrum (the wavelength) and its amplitude (its
monoluminance) and the equiluminance varies only by am-
plitude (see figure . As monoluminance and equilumi-
nance are inversely proportional in respect of total lumi-
nance, only the equiluminance information needs to be
kept, once the overall luminance is known.
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Figure 2: Idealized sensor response across the visible spectrum of a dual channel tetrachromatic visual system. The sensors may be labelled
blue (B), green (G), yellow (Y) and red (R). The opponent pairs are R-G and Y-B. To increase the spectral range, circularity is employed.
The active range in this case over which wavelength of monochromatic stimuli may be determined is 430-670nm.

A simplified colour paradigm may not accurately reflect
the underlying physics of the electromagnetic spectrum,
as its function is to provide information that is useful to
an organism only within the environment that provides
the evolutionary impetus. Natural visual stimuli that fall
outside the visual system’s colour paradigm may therefore
resolve to code words of visual stimuli that are consistent
with the paradigm. This many to one mapping of colour
may be referred to as metamerism (see Wyszecki & Stiles|
(1967) and [Hunt| (1995) for an overview of metamerism in
the human visual system).
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Figure 3: A schematic representation of practical opponent colour,
with mono-luminance being the single (monochromatic) wavelength
element which is superimposed upon a base equiluminance element.
The monochromatic wavelength is to be determined and coded,
which once in standard form represents colour. Equi-luminance is
the degree to which a colour is im-pure — mixed with all wavelengths
(which would otherwise be coded as achromatic — white). Over-
all luminance simply expressed is monoluminance + equiluminance.
Luminance may decline at the sensor peripheries due to sensor limi-
tations.

When wavelength is measured as difference from a
known reference position, one sensor is required for the ref-
erence position and a second sensor measures the distance
from the reference. While these values may be scaled,
which preserves the ratio between reference and distance

from reference, they do not differentiate between lumi-
nance and equiluminance. This must therefore be deter-
mined from an independent sensor. An opponent system
that relies on a single opponent pair to measure wave-
length must therefore add a third sensor to be able to
measure equiluminance. In natural visual systems sensors
are always arranged into opponent pairs and therefore the
requirement for a third sensor would lead to the develop-
ment of a second opponent pair. If equiluminance can be
measured not from a dedicated sensor but simply taken as
the lowest sensor value of the four sensors from two oppo-
nent pairs then this would allow both opponent pairs to
be used for determining monochromatic wavelength.

As shown by figure [2] if two opponent sensor pairs are
available, they may be arranged so as to be interleaved on
the spectrum allowing a sensor of one pair to be at the ref-
erence level and a sensor of the second pair to determine
wavelength. This design allows a much greater proportion
of the spectral range to be used to measure wavelength.
This form of opponent design also increases the number of
reference positions — enabling a reference position at the
peak response of each sensor. What is measured is the dis-
tance from one of these known reference positions. When
more than one reference position is used, it is necessary to
code which reference position the difference measurement
is linked to.

To allow the distance from the reference position to
be determined, any equiluminance (the minimum value)
must first be subtracted from the sensor values. Then
these values must be normalized to the value closest to
the reference level (the maximum value). This amounts to
a degree of pre-processing that must be carried out on the
raw sensor values before the wavelength of the monochro-
matic component can be determined. A system that uses
two opponent channels and an element of pre-processing
to place the visual information into a standard form that
allows determination of wavelength may be referred to as
dual channel reference opponency.



5. Coding Dual Channel Opponency

Under the opponent colour model wavelength measure-
ment is not absolute but always in relation to a known
reference position. For the opponent system shown by fig-
ure |2} once the opponent values are put into the standard
form, wavelength may be determined by simple subtrac-
tion of the opponent values. This will produce two values,
one being the reference and the second indicating the dis-
tance from the reference. If the reference position is known
then wavelength may be determined by distance from the
reference. Dual channel opponency has four reference po-
sitions, each with a dual transition space. When the mea-
sured distance from a reference position is precisely null
this position may be referred to as a primary position. A
dual channel opponent system would have four primaries.
The information that must be coded is the active primary
and the distance from that primary. This may be coded
directly as two opponent values, with one opponent value
held at a constant (indicating which primary is active)
and the second being the measured distance from the ac-
tive primary. The opponent coding is given by equation
(lower case indicates sensor values after pre-processing):

A=<r—g,y—b> (1)

If natural visual systems were to use dual channel oppo-
nency with colour coded as suggested and if this opponent
code were to be preserved throughout the system (that is,
it is used as a ‘native’ code) then it would be predicted
that the opponent positions would be reflected directly in
colour perception. If the reference positions are preserved
throughout and are reflected in perception then they may
be referred to as the perceptual primaries. A dual channel
reference opponent system would code for four primary
colours, with all other pure perceptual colours being the
product of the transition between adjacent primaries. It
would be predicted that transition colours would be per-
ceived as a mizture of the primaries and as an extension of
this, that transition colours could be reproduced by stimuli
consisting a miz of monochromatic light at the primaries.
Reference opponency would predict that only adjacent pri-
maries could be mixed to produce colour stimuli; a mix of
non-adjacent primaries would be lost to opponency (leav-
ing only luminance).

6. The Problem of Yellow

Natural visual stimuli are rarely monochromatic (see
figure . Many displays of colour as found in the natu-
ral environment are inconsistent with the hypothesis that
colour is monochromatic. Specifically, organisms that pur-
posefully display colour do so in a way that is inconsistent
with the monochromatic hypothesis. Yellow is a display
colour commonly found in organisms such as plants which
use colour to advertise for a specific service (such as a flow-
ering plant advertising a reward of nectar for the service of

pollen delivery). This is directed at organisms which have
visual systems able to discriminate colour and and which
have the ability to deliver the service. A natural yellow is
commonly produced by absorbing the short (blue) wave-
lengths and reflecting a very broad area of the spectrum
from green to red (approximately 530nm-700nm). For a
dual channel reference opponent system, a pure natural
yellow would therefore have no equiluminance component
(as b = 0), leaving all the remaining sensor values (r, y, and
g) at the reference positions. While this contradicts the
assumption of monochromacy (where only one sensor may
be at the reference level); in practice, as opponent pairs
subtract, the r — g opponent pair will subtract to null,
whereas y — b will leave y at the reference level (as b = 0).
This will result in an opponent code of < 0,1 >, which is
pure yellow (indicating a monochromatic wavelength ex-
actly on the yellow primary). Under opponency, a natu-
ral yellow stimuli will therefore be coded identically to a
monochromatic yellow stimuli. The stimuli will, however,
differ significantly in their luminance; a spectrally broad
natural yellow will result in a higher luminance value than
the equivalent monochromatic yellow. This then could ex-
plain why organisms commonly advertise with a natural
yellow rather than a monochromatic yellow.
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Figure 4: Spectral reflectance of flowers produced by a common dec-
orative flowering plant; colours are produced by differing varieties of
the same plant.

7. Conclusion

The proposed opponent colour model allows the term
colour to be not only defined (see |Fairchild| (2004) for a
review of the difficulties a definition entails) but defined
objectively as part of a formal system of information pro-
cessing. The fundamental element of this definition is that
colour is inherently a measure of monochromatic wave-
length. Colour is the means by which a luminance based
visual system extends itself to represent visual stimuli with
greater fidelity. This requires colour to be backwards com-
patible and coexist with luminance; which leads neces-
sarily to a third item of information that must be mea-
sured and stored — the level of equiluminance in ratio to
monochromatic luminance. This third value may be seen



as the bridge between pure achromatic luminance and pure
monochromatic colour (sometimes referred to as fully sat-
urated colour).

By convention colour is defined in terms of perception.
If the colour model being proposed accurately reflects the
function of natural visual systems then perceptual colour
may be defined simply as the perceptual by-product of an
underlying visual information processing and coding sys-
tem. This system reduces any visual stimuli within the
range of its sensors to the standard three values of lumi-
nance, equiluminance and wavelength. It is proposed that
it is the role of the early visual system to process the input
from the visual sensors; transforming raw sensor input into
a standard form suited for further processing. The infor-
mation may then be transmitted in that form to a variety
of distant higher level visual processing areas. If any fur-
ther processing preserves the underlying information for-
mat then this will ultimately be reflected in perception.

If natural visual systems operate on the basis proposed
then the underlying paradigm that must be assumed is
that visual stimuli are partly pure monochromatic and
partly pure equiluminant. Given this assumption, the dual
channel reference opponent system shows how wavelength
may be effectively calculated without performing a true
analysis of the spectrum; wavelength may be determined
by the use of pairs of modified luminance sensors and the
application of simple arithmetic. Well-formed stimuli (un-
der the proposed paradigm) may be coded without any
loss of information, and all non well-formed stimuli have
well-formed equivalents (metamers).

What is proposed is a theoretical information process-
ing model that shows how colour information may be effec-
tively organized given certain simplifying assumptions. It
will be left to future work to show empirical evidence that
natural visual systems use this underlying colour model,
but it may be noted that the visual sensor arrangement
of birds, reptiles and some arthropods appear very simi-
lar to that predicted by dual channel reference opponency
(see figure [5| in relation to figure |2} in respect of the use
of filters to shape sensor response, see |Cronin & Caldwell
(2002) for a brief review). It may also be noted that the
dual opponent colour model provides a theoretical basis
that allows us to explain why colour perception in hu-
mans is divided into four perceptually unique primaries,
two of which appear to be mutually exclusive. The pri-
maries simply reflect the reference positions used by the
opponent system, where each primary must be identified
by a unique code. Colour therefore is categorized by these
codes which identify the specific wavelength region, and
if the format of this code remains unchanged throughout
then ultimately that format will be reflected in perception.

If natural visual systems do use the underlying colour
model proposed then colour perception becomes not only
something that we can envision but which we can read-
ily predict. We can know what the perception of colours
for animals such as birds is like because we ourselves have
the same underlying system. Indeed, humans form a spe-

cial case of a small class of animals which have 4-sensor
dual opponent channel ancestors which due to their noc-
turnal lifestyle lost the sensors driving one of their oppo-
nent channels. When the descendants of these animals
re-emerged into the diurnal world some of these animals
began the process of re-developing these sensors. This pro-
cess remains in the early stages, with only limited diver-
gence of one of the sensors for the second opponent pair.
We suggest that this explains why some animals (including
humans) have three sensors rather than the four sensors
required by dual opponency. It will be left for further work
to show that a fourth sensor may be effectively emulated
from three physical sensors to drive the second opponent
channel. If the visual system of humans and similar an-
imals perform such emulation then it would be predicted
that this function must be carried out by early visual pro-
cessing. Moreover, it would be predicted that a three sen-
sor solution is an interim solution (an evolutionary crutch
or bridge) until a full complement of colour sensors has
developed.
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Figure 5: Spectral sensitivity of visual sensors found in birds —
four sensors each with narrowed spectral frequency distribution by
coloured oil droplet which acts as spectral filter. The dotted lines
show the distribution prior to filtering. Adapted from |Goldsmith
(2006)).
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