
https//doLorg/10.2352/ISSN.2169-2629.2018.26.318
© 2018, Society for Imaging Science and Technology

Can Trichromacy equal Tetrachromacy?
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Abstract
Although our distant ancestors once had the same visual sen-

sor arrangement as extant birds and reptiles, colour vision in most
mammals is very limited; essentially reduced to a single dimen-
sion of information produced by a pair of colour sensors, each
with a fairly broad spectral response. Humans belong to a small
subset of mammals that have re-developed some of the ability that
was lost by their distant ancestors. They have done this by stretch-
ing the natural variation of the light absorbing pigments in one of
the visual sensors, thereby adapting it toward a third colour sen-
sor. It is generally assumed that due to the differences and limi-
tations of this solution that colour perception in humans isfunda-
mentally different to that of our distant relations; animals which
have been able to continually extend and refine their colour vision
over a period of more than two hundred million years. However,
over that extended period of time the fundamentals of their colour
vision have remained largely unchanged; a system of four visual
sensors, each with a specific colour filter that systematically nar-
rows the spectral response. In this paper we demonstrate that
a three-sensor system with a broad spectral response (similar in
spectral profile to that of the human colour sensors) can in certain
conditions be equivalent to a four-sensor system (broadly simi-
lar to bird and reptile colour sensors). This suggests that human
colour perception (sometimes referred to as a 'trichromatic' sys-
tem) may be broadly equivalent to colour perception found in a
variety of other animals such as birds or reptiles (whose colour
vision is generally referred to as 'tetrachromatic'). The difference
between a sensor system that uses four spectrally narrow colour
sensors arranged into two opponent pairs and a three-sensor sys-
tem is that the former relies on a simple difference measurement
whereas the later requires the use of complex trigonometric func-
tions - which are at least two orders of magnitude greater in com-
putational complexity.

Introduction
The ability to see is so vitally important that it developed in

the earliest of our ancestors [3, 8]. The sensors these distant an-
cestors developed were simple neurons with the ability to be ac-
tivated (or trigger activation) by photon absorption. Once devel-
oped, these sensors have seen little change in hundreds of millions
of years of evolution [2]. The sensors differ primarily in the use
of the material used to absorb photons (the pigment), which deter-
mines the wavelength of light the sensor responds best to [5, 7].
The basis for all colour perception is this spectral difference in
sensor sensitivity. Many animals (such as birds or reptiles) for
whom colour vision is particularly important use a special pur-
pose coloured oil droplet in the outward facing segment of the
sensor neuron to enhance this spectral difference [3]. The colour
of this oil droplet allows the different types of colour sensor to
be readily classified. The visual sensor arrays of natural visual
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systems that use this arrangement of optical filter to narrow the
spectral response commonly use four colour sensors, as shown in
Figure 1.

The nature of the visual sensors responsible for colour vi-
sion is therefore reasonably well understood. How the informa-
tion from these sensors is used to support colour perception is
less well understood. Colour perception has at its core the pro-
cessing of luminance information and this is better understood.
Luminance measurements in the visual systems of natural organ-
isms are never taken in isolation as a measure of a single sensor;
rather, a luminance measure is always the relative difference of
two associated sensors - sensors from whom a difference mea-
sure is taken and which are arranged into opponent pairs. Colour
is derived from the same opponent system; the difference being
that for colour an opponent pair is made up of visual sensors that
are sensitive to light from different regions of the visual spec-
trum. Colour information is, therefore, the measure of spectrally
restricted luminance difference rather than the measure of spatial
luminance difference. Although a luminance model is trivial to
define a general model of colour has been more resistant to anal-
ysis; there is currently no theory of colour that provides a general
framework from which sensor values for colour may be mapped
to perception, even for animals that have relatively simple visual
systems. In fact, it has been suggested for birds that ...

... 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. [3]

One of the difficulties in understanding colour vision is that
the primary focus for colour has traditionally been on human
colour perception. An introspective approach to human colour
perception leads to the finding that human colour perception is
organized into four perceptually unique primary colours which
are arranged into two mutually opposing pairs; something which
is consistent with colour as an opponent measure, and which sug-
gests two pairs of colour sensors such as those found in birds or
reptiles. On the other hand, a study of the physiology of colour
vision shows that humans only have three colour sensors. More-
over, when human colour perception is studied systematically by
matching colours with single wavelength monochromatic colours,
the results are inconsistent with opponency (which operates on
the basis of simple subtraction, just as with luminance). Human
colour perception appears to be the product of a ratio of the sum
of the three sensors. Nevertheless, a study of the neural process-
ing of sensor information indicates that colour information is at
some point in the processing pathway put into opponent form [4].
These inconsistencies have not as of yet been reconciled and as
a result there is no generally agreed model of colour vision that
reliably maps sensor values to colour perception.
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Figure 1 - Many birds have four colour sensors, each with an oil
droplet at the tip which acts as a colour filter. Adapted from Gold-
smith [3].
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Figure 2 - CIE 1931 2° colour matching functions.
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The Standard CIE Colour Model

It is known, however, that the standard CIE colour matching
functions do not completely reflect the abilities of the human vi-
sual system. They are a useful approximation to human colour
perception, but with minor well-known deviations from how the
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Figure 3 - CIE 1931 2° chromaticity space. Each point on the graph
shows the xy coordinates for monochromatic light between approxi-
mately 400 and 700 nanometres, which are the wavelengths of light
that the visual sensors of the human visual system are sensitive to.

human visual system is known to perform. One deficiency in-
herent to the standard CIE colour matching functions is that the
relation between wavelength and saturation is irregular, as shown
by Figure 4. Furthermore, the outer boundary of the colour space
itself varies irregularly between being linear and circular; and as
a result, the function that maps a two-dimensional chromaticity
coordinate to its respective dominant wavelength & saturation is
not computable. There is also no computable inverse function to
translate dominant wavelength & saturation back to a chromatic-
ity coordinate. From an information processing point of view this
is highly undesirable. It is possible to approximate these trans-
forms with a look-up table, but this is not a practical solution that
can be implemented for rapid low-level processing. The human
visual system is able to efficiently produce colour perception from
its visual sensors, and it follows from this that the human visual
system must have available to it colour functions (and an associ-
ated chromaticity space) that are computable (provided that per-
ception is fundamentally the product of computation). The colour
functions of the human visual system cannot therefore be the same
as those of the CIE XYZ system, which are not computable. The
featureless irregularity of the CIE chromaticity space also leads to
an inability to associate colour with chromaticity; one may calcu-
late the angle of a chromaticity coordinate but this neither resolves
the wavelength associated with that angle nor does it resolve the
colour of that wavelength (hue). The ability to calculate colour
may be considered fundamental to any visual system.

(1)
x y

x= X+y+Z ' y= X+y+Z

When human subjects are presented with monochromatic
stimuli (light consisting of just a single wavelength) and asked
to match the colour, the functions that relate the monochromatic
wavelength to the primaries used to produce the colour indicate
that human colour vision is inherently 'trichromatic'; that is, hu-
man colour vision can be described (more or less accurately) by
three colour matching functions. These functions, when put into
standard form, can quite readily be seen as sensor functions. Fig-
ure 2 shows the XYZ colour matching functions standardized by
the CIE in 1931. A ratio of the sum of the colour matching func-
tions (shown by the equations below, labelled as Equation 1) al-
lows the functions to be plotted in two dimensions - which are
generally referred to as chromaticity coordinates. When the chro-
maticity coordinates for all the monochromatic wavelengths the
sensors are receptive to are plotted (as shown in Figure 3) they
endeavour to enclose a region of two-dimensional space that may
be seen as either somewhat circular or somewhat triangular. This
'chromaticity' diagram, or colour space is a very useful way to
represent colour information. When all wavelengths within the
range of the colour matching functions are equal in amplitude the
colour coordinate will be (V3,V3), which is the centre of the colour
space. Light with all wavelengths at equal energy is perceived as
white light and therefore the centre of the colour space is consid-
ered the white point. The area between the outer boundary of pure
monochromatic colours and the white centre point may be seen as
a mixture of white light and a pure monochromatic light. Any ar-
bitrary colour stimulus, irrespective of the complexity of its spec-
tral power distribution, may be measured by the colour match-
ing functions and the associated chromaticity coordinate will fall
within the colour space, and can thereby be expressed as a mixture
of a pure monochromatic colour (the dominant wavelength) and a
white component (the saturation or white level). A fully saturated
colour is equivalent to a monochromatic colour and a colour that
is completely unsaturated (with a white level at 100%) is equal to
white without any colour component.
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CIE (1931) xy Colour

Figure 5 - Chromaticity space for opponent sensor functions in Fig-
ure 8, showing chromaticity coordinates for pure monochromatic
light on the outer circle and then with white levels at 10%, 20% and
40%.

_Gr •• n515nrn__ t5Onrn
_Ib ••·_ _c _

_ ••••••.•. - ",-'111 ••••• lUl •••---- -- -~-~{'f1-""'n·- -,- ..-~
ilUIII:ld..wJ.~idaM:wt.!:::~..

Dual Opponent Colour using Three Sensors
The key feature of using opponent sensors to measure the

wavelength of monochromatic light is that one sensor of an op-
ponent sensor pair is held constant while the second sensor of the
opponent pair varies linearly by wavelength. This allows wave-
length to be calculated by simple subtraction. When the colour
filter that is responsible for this flat vs. linear spectrally narrowed
response is removed, the sensors will have a much more broad
spectral response and will no longer have an area of flat response
but will instead respond linearly over the entire spectral range.
Using these simple assumptions, it is possible to design a colour
system using just three sensors, using only sensors that are closely
related to the opponent sensors shown in Figure 8. This system
will retain the property of having a chromaticity space capable of
resolving all monochromatic light within the visual range of the
four-sensor system. Figure 6 shows the sensor functions; with
the red (X) and green (Y) sensor functions being sensor functions
with a very broad linear response over most of the visual spectrum
and with the blue (Z) function retaining most of the characteristics
of the original opponent sensor. The red and green sensors have
the interesting property of having an identical response, with one
being simply a spectrally shifted version of the other.

If the chromaticity is calculated by taking the ratio, as with
the CIE XYZ sensor system, this will produce the colour space
shown in Figure 7. The resulting chromaticity space is regular and
defined over the full range of wavelengths, but has a square shape.
It is also fully regular with respect to saturation. Despite the sen-
sor system having only three sensors, the chromaticity space is
inherently tetrachromatic. Opponent coding can be preserved by
simply taking note of the nearest corner of a chromaticity coor-
dinate. A simple trigonometric transform allows the respective
distance to a corner to be translated into the equivalent angle
of the circular opponent colour space. The corners, therefore,

like the CIE chromaticity diagram which has a large 'purple gap'
where monochromatic colours are undefined, the tetrachromatic
chromaticity diagram is defined over the entire visible spectrum
without any gap. It is consistent even directly on the meridional
line where long wavelengths transition to short wavelengths. The
chromaticity diagram is itself also circular, which means wave-
length can be easily calculated from a chromaticity coordinate.
Saturation is fully regular, so colour is simply a function of angle
and distance to the central white point.
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Figure 4 - CIE 1931, 2° chromaticity space with saturation. The
outer boundary consists of the pure monochromatic colours and the
central point is achromatic white. All other colours within the chro-
maticity space are a mixture of a monochromatic colour and white.

Dual Opponent Colour
While perceptual colour matching in humans shows that hu-

man colour vision relies on three sensors it is difficult (if not "im-
possible") to replicate this kind of perceptual study in animals that
have four colour sensors, such as birds or reptiles. A recent study
on zebra finches (a common type of songbird) that has four visual
sensors (similar to that shown by Figure 1) has shown some evi-
dence for categorical perception in birds but this was only shown
for yellow-orange to red colours and is insufficient for estimat-
ing the colour space [1]. On the other hand, it is straight forward
to design a colour space that relies on four sensors. Studies of
human colour vision using monochromatic light indicate that the
function of low-level (retinal) processing of visual information is
largely to code chromaticity. This requires a sensor space that al-
lows chromaticity coordinates to be translated to dominant wave-
length and saturation. This is difficult to do with the standard CIE
colour matching functions because the colour space is irregular,
particularly with respect to saturation. On the other hand, a sen-
sor colour space using four sensors equidistantly placed on the
visual spectrum each with a narrowed spectral response is fully
regular, both in respect of monochromatic stimuli and with re-
spect to saturation. Figure 8 shows the sensor functions and Fig-
ure 5 shows that the colour space is regular and that it is regular
with respect to saturation. The sensors are arranged into opponent
pairs: Y-B and R-G. Monochromatic stimuli can be coded directly
by opponent pair subtraction. If wavelength is coded relative to
each sensor this has the side effect of inherently preserving the
'primary colour' of a monochromatic stimulus. The chromatic-
ity space is regular through the entire sensor range and as a result
the chromaticity space is circular. The chromaticity space is also
entirely regular with respect to any level of white. The function
to translate from chromaticity coordinate is simply a change from
cartesian coordinates to polar coordinates.

A perceptual system that codes colour using a sensor design
shown by Figure 8 may be referred to as tetrachromatic. It not
only employs four sensors but codes colour in terms of four pri-
maries; with all colours coded either as a primary or in transition
between two adjacent primaries. A notable feature of this design
is that it treats the visible spectrum as circular, which is reflected
by a lack of a gap in the chromaticity diagram (Figure 5). Un-
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We have demonstrated that it is possible to emulate four
sensor opponent chromaticity with just three sensors. These are
artificial visual sensor systems specifically designed to resolve
monochromatic light rather than to model how colour information
is processed by natural visual systems. Nevertheless, the underly-

Discussion

tribution of light reflected by a variety of flowering plants com-
monly found in a natural environment. Flowers are most com-
monly white or yellow, but variation is quite common and this is
mostly between red and yellow. Figure 9 shows the spectral power
distribution of variations of the colour yellow produced by a vari-
ety of sunflowers (genus Helianthus). Figure 10 shows the spec-
tral power distribution of variations of the colour red produced
by Pelargonium. Figure 11 shows the spectral power distribution
of a variety of colours produced by the commonly cultivated rose
(genus Rosa).

It may be observed that a rose or pelargonium flower reflects
wavelengths of the visible spectrum precisely equally to produce
the colour white. This will produce null chroma values for the
CIE XYZ functions, the dual opponent functions and the square
colour functions. The red of a rose or pelargonium flower on the
other hand is at the extreme upper end of the visible spectrum
and although the light reflected is not of a single wavelength, it
will appear to be monochromatic to all three sensor functions due
to most of the light reflected being out of the sensor range. The
yellow of the sunflower, however, is not monochromatic, instead
reflecting light very broadly; all the light from green region of the
spectrum to the red region is reflected. It may be observed from
the yellow sunflower and the yellow rose that light in the blue
region of the spectrum is absorbed with considerable precision
and that the light that is reflected is reflected with equal precision
to white light. For the opponent sensors this means that blue will
have a zero value because there is no light within its spectral range
to activate the sensor, yellow will have a maximum value because
nothing will be subtracted from its opponent pair, and the green
and red pair will subtract to zero because they will be equally
activated. For the dual opponent system, therefore, the yellow
produced by a sunflower is equivalent to a monochromatic yellow.

For colours between yellow and red, the rose (Figure 11)
shows that these colours are achieved by simply shifting the
point between absorption and reflection within this spectral
range. Figure 12 shows the chromaticity coordinates for the
CIE XYZ colour sensors in the ideal case of shifting the absorp-
tion/reflection point from red to yellow and then to blue. It may
be observed that as the point between absorption and reflection
is shifted from red toward yellow that the chromaticity remains
equivalent to monochromatic, and this continues until deep into
the green wavelengths, but that there is a sharp boundary which
when crossed leads to a sudden shift towards white. All colours
above this boundary may be considered equivalent to monochro-
matic. Since flowers primarily produce colours within this range
and as they are a very common source of colour in nature, it fol-
lows that a broad range of colours found in nature are equivalent
to monochromatic colours. Visual sensor systems such as the dual
opponent system and its three-sensor equivalent that are designed
specifically for monochromatic light may therefore be usefully
applied to a wide variety of natural colour stimuli.
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A three-sensor system similar to that of the natural human
sensor system can therefore be demonstrated as being equivalent
to a four-sensor opponent system similar to that found in birds
or reptiles. Moreover, the sensors of the three-sensor system can
be derived from the four-sensor system by a sequence of simple
modifications, the most important of these being the removal of
the spectral filter. The difference between the two sensor systems
is simply computational complexity, with both sensor systems be-
ing able to resolve monochromatic wavelength (and white level)
with equal precision. This additional complexity, however, has an
advantage in that it provides some degree of simplification to the
calculation of white level when stimuli are in non-canonical form.

Natural Colours
The CIE XYZ colour matching functions, the dual oppo-

nent sensor functions shown in Figure 8 and the sensor func-
tions shown in Figure 6 inherently map monochromatic light stim-
uli within the range 'visible' to the sensors to a chromaticity
coordinate. Assuming that all stimuli are maximally saturated
(that is, they are without any degree of white) coding colour is
equal to coding wavelength. Natural stimuli, however, are rarely
monochromatic. Figures 9 to 11 show the spectral power dis-

Figure 7 - The chromaticityspace for the sensor functions shown
in Figure6. The chromaticityspace is 'square' rather than circular.
The translation from 'square' to circular requires the square root
function.

Figure 6 - Three colour matching functions (sensor functions)
whoseassociatedcolour spacehas the propertiesof being complete
(no 'extra-spectral' colours), computableand regular with respect
to saturation.

preserve colour information. The four corners represent the pri-
mary colours and the relative distance between these primaries is
the hue (or dominant wavelength) component of the colour, with
the distance to the centre being the white (or saturation) compo-
nent. The square chromaticity space may therefore be considered
equivalent of the circular opponent chromaticity space.
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Figure 11 - Colours from red to yellow in the rose flower petal
(genusRosa).
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Figure 12 - The chromaticitycoordinateswhen summingfrom red
to yellowfor the CIE XYZ colour matchingfunctions. This is the
idealizedformfor all the possiblenaturalcolours shownby Figures
9 to II.

colour vision, that the two-channel colour architecture continues
to remain active [6]. A single channel of colour information is
insufficient for two dimensions of chromaticity, and therefore it

Figure 10 - Red colours from pelargonium flower petal (genus
Pelargonium).

ing principles of these sensor systems are directly related to what
is known about the sensor systems of natural visual systems. The
four-sensor dual opponent system preserves the colour (that is,
the relation to the nearest primary sensor) when coding spectral
difference information in a way that is comparable to the primary
colours of human perception. The four sensors of the opponent
system also have the property of being equidistantly distributed
on the visual spectrum and being spectrally restricted, which is
similar to the spectral response of the visual sensors found in
many species of birds and reptiles. The mammalian visual system
is known to have been derived from a common distant ancestor
that had similar colour vision to that of birds and reptiles, and in-
deed it has been shown that although mammalian colour vision
is almost universally dichromatic with only a single channel for
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may be assumed that colour information in dichromats is simply
a degraded form oftetrachromacy. The addition of a third sensor,
however, makes two-dimensional colour vision possible without
having a full complement of two pairs of opponent sensors. This
can be achieved by the using ratios of the three colour sensors,
something which is very sensitive to variation and requires a pre-
cise response in the sensor functions. If the sensor functions are
subject to natural variation then calibration would become an im-
portant factor.

With a four-sensor opponent system colour is essentially de-
termined by the sensors themselves. A three-sensor system with
the ability to calibrate its colour response has in effect virtualized
the colour response that in simpler more direct visual systems is
a product of the underlying hardware. The natural extension of
a colour system that is able to calibrate dynamically is a colour
system that is able to calibrate its primaries according to the per-
ceptual conditions of the visual environment. Colour constancy
would therefore not only be a function of the spectral composi-
tion of the light source (that is of a reference white) but also of an
estimate of the primaries inherent to the specific visual environ-
ment.

A regular chromaticity space as shown in Figure 7 requires
the sensor functions to be precisely equal to that shown in Figure
6. Even small differences can severely distort the colour space.
If this solution is the only possible three-sensor solution to chro-
maticity that is regular both with respect to wavelength and with
respect to white level, then a similarity to what is known about
the sensors functions of the human visual system is significant.
The response functions of the human visual sensors are known
from the study of pigment absorption on the one hand or from a
perceptual response to monochromatic light on the other. These
are approximations which lack the mathematical precision with
which the visual sensors may operate when in their natural envi-
ronment. If it is assumed that the underlying mechanism of colour
vision is to discern the wavelength of monochromatic light, then
the evolutionary path from a four-sensor dual opponent system
may be clearly demonstrated. If a sensor system such as the one
shown in Figure 8 is degraded into a two-sensor single opponent
system that has lost the ability to spectrally filter light and this
system has to develop step-by-step into a two-channel opponent
colour system with a regular chromaticity space then the three-
sensor system shown in Figure 6 would be a solution to this prob-
lem. Such a solution would be suitable for an organism which has
insufficient time to fully re-develop tetrachromacy with its sophis-
ticated colour filters, but which had a sufficiently flexible visual
information processing architecture that allows simple opponent
subtraction to be re-purposed for the calculation of sensor sum
ratios.

Conclusion
We have demonstrated that a visual sensor system that uses

ratios of three sensors can be equivalent to a four-sensor system
that uses opponency. Both the dual opponent sensor system and
the three-sensor system used to demonstrate equivalency are ar-
tificial systems rather than precise models of natural visual sys-
tems. They are designed specifically to code the wavelength of
monochromatic light rather than coding human colour perception,
and they are fully regular through the range of wavelengths visible

26th Color and Imaging Conference Final Program and Proceedings

to their sensors. They are also fully regular for arbitrary mixtures
of white light and monochromatic light, assuming the white light
is equal-energy throughout the visual spectrum. Some of these
sensor systems can also be usefully applied to a broad class of
natural colours, specifically to the colour of flowers which range
between yellow and red. Many flowers produce very saturated
colours, and the underlying reason for this is that they are able to
shift the point between reflection and absorption while at the same
time being able to precisely absorb light and precisely reflecting
light in those respective regions of the visible spectrum. When
light is reflected precisely equally over a broad region of the spec-
trum, this is equivalent to the reflected light being monochromatic
for an opponent system. It is possible, therefore, that a sensor sys-
tem designed for monochromatic light could (possibly with a few
tweaks) be applied more generally to the colours of the natural
world. If it is possible to code the colours of nature as if they
were monochromatic then this would suggest a basic template for
how natural visual systems inherently code colour.
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