CHAPTER 13
Finding the maximum number of colours
Introductory
Estimates have been given as to the number of different colours that can be
made from mixtures of the paints available to artists. The smallest of these suggests hundreds of thousands. At first sight such enormous numbers might seem to be
daunting. However, there is no need to worry. It turns out that the huge extent of colour space that they imply is quite easy to navigate, both in principle and in practice.
Just noticeable differences
Having described the conceptual colour circle (Figure 4 in Chapter 12), the
next step is to put it to use with a view to exploring absolutely any corner of colour
space that you want to. As so often, we need to start with basics.
When students are asked what happens if red and green are mixed, they usually answer “grey” or “brown”. Both are good answers, but there are many others
just as good. This would have become apparent if someone had answered, “It
depends on the proportion of each component”. To explain why, let us suppose
that a tiny amount of green is added to a large amount of red. If it is tiny enough, it
may not even be possible to detect whether the mixture is different from the colour
with which it has been mixed. However, there will always be an amount of green
that will make a mixture that is just noticeably different from the parent red. This
tiniest of visible colour differences, wherever they are situated in colour space,
have great importance in colour mixing theory, both for artists and for scientists.
Scientists make much use of the acronym JND (just noticeable difference), which
is the universally accepted unit of measurement that they adopt when engaged in
studies of the sensitivity of the eyes. For example, they were the unit used in the
study that produced the estimate that we can discriminate between seven million
different colours.
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Figure 1 : A row of nine reds progressing by JND steps in the direction of green
By definition, any colour that is a JND from another will still look very
nearly identical to it, as does the second red from the left in Figure 1. Add a little
more green to this and a third red can be made such that it is only a JND from
it. Notice as well as being almost identical to its predecessor, it is not so very
different from the first red. Continuing in the same spirit, adding a tiny bit more
green to each newly created red will create a sequence of JNDs similar to the
one in Figure 1. Notice that even the ninth in the row is still a fairly pure looking
red. Extrapolating from this, it is clear that there must be quite a large number of
colour steps between the tube red and neutral grey. Estimates suggest that there
may be thirty or so. From the diagram we can see that at least the first nine will
look like pure or fairly pure reds.
Figure 2 illustrates a row of mixtures between two colours, one from the
blue segment of the six segment of the colour circle with one from the yellow
segment. Each is a JND from its neighbour. Even though each only takes a very
small portion of the circumference of the colour circle, they can be considered as
a segments of it. Adopting the same idea and using only mixtures between colours that are adjacent on the colour circle, we can continue all around its circumference in JND steps. Obviously, by the time this process has taken us all around
it, the result will be a large number of colours.
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Figure 2 : A row of greens from the green part of a six segment colour-circle

Figure 3 : The same row with added intermediaries.
The question is, “How many?” As mentioned earlier, the Munsell book of
colour has seventy-two pages and this represents a colour-circle with seventytwo segments. If the question is asked whether it could have contained more
colours without them blending into one another and becoming a continuum, the
answer is, “Yes”. However, it is far from easy to establish exactly how more many
divisions could be made.
The greens in Figure 2 are based on the colours in the relevant part of the
Munsell colour-circle. Each of them is only slightly different from its neighbours.
Figure 3 shows exactly the same region of greens, but this time an intermediate
colour has been inserted between each pair of neighbours (made by mixing the
two of them). The result is that the separate segments now blend into one another.
From this demonstration, it may be presumed that the number of possible segments in the entire colour-circle must be less than one hundred and forty-four
(double the Munsell number). For arguments sake let us suppose it to be 100. If
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we multiply this with the 60 or so colours that can be mixed across the colour
circle, we find we have 6000 colours available to use. If we add to these the dimension black to white, which has been estimated to comprise some 100 JNDs,
we arrive at a notional grand total of 600,000. Even if we reduced our estimate
of the dimensions of the colour globe to Munsell’s 72 around the circumference
X 50 across X 75 from bottom to top,the result would still be 270,000.
Making lots of greens

Figure 4 : Photograph of the canopy of a tree
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Having discovered the principle of how to make a very large number of
colours, we are ready to make use of it.
Earlier the three reasons were given which, between them, explain the unimaginably large numbers of colours implied by the claim that no two colours in
nature are the same.
•

The very large number of natural pigments.

•

The virtually infinite variability of light falling on the surfaces that contain them.

•

Differences in viewing distances and angles.

To appreciate the extent of this variety, it is only necessary to look at the canopy
of a nearby tree, such as the one illustrated in the photograph in Figure 4.1 A cursory examination reveals many different shades of green. A simple trick that can
help us to become aware of the full richness of the situation is to make a search
for two identical colours. Because, as Cézanne and physicists have assured us,
there actually are no repetitions, we will have to live with the fact that the more
seriously this task is taken, the less likely it is to succeed.
One implication is clear: People wanting to paint the range of greens that is
comparable to the range found in nature will need to mix very large numbers of
different colours. How should they set about this seemingly daunting prospect?
Can it be made easy? There are two closely linked and reassuring answers to
these questions, the first a theoretical and the second a practical one.
How many colours?
The theoretical approach involves a “numbers game” that concerns just
noticeably different mixtures between neighbouring parent colours. Any pair of
colours will do, for example we could focus on mixtures between yellow and
blue. Our first question is how many of these would we call green? The answer
depends on the maximum number of segments in the colour-circle. Above, the
vague estimate of between 72 and 144 was given. For the purposes of the numbers game2 we are about to play, we need to be more precise, even if the number
we choose is only roughly correct. I have chosen 120 purely because it allows
a convenient division of the colour-circle into the six main divisions of the six
segment colour circle, such that each contains twenty sub divisions. Calculated
in this admittedly somewhat artificial way, the two parent-colours (the blue and
1
2

A print of a photograph is no substitute for a real tree, since the colours are considerably degraded.
The fact that all numbers used are approximations, in no way lessens the force of the conclusions.
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the yellow) will be able to produce twenty greens. However, if these twenty are
matched against the greens in the canopy of the tree, it will be apparent that some
of them are will be perceived as too blue and some, as too yellow. Only a small
sub-set will come anywhere near the actual tree colour. For the numbers game, I
suggest “five”. We can call these “ball-park colours”, because they are the only
ones that we have mixed that are anywhere near the greens we are seeking to find.
Since, as just explained, two parent colours situated on the periphery of the
colour circle cannot create more than these five, it is clear that we need a way of
colour-mixing that uses more than two parent colours.

Figure 6: Making five ranks of greens
Figure 6 provides an approach to a solution that builds on the lessons coming from Figure 1. It shows what happens if a very small quantity of complementary or near-complementary colour is added to each of the five ball-park colours
(just enough to produce JNDs between the original ball-park colours and the
newly mixed colours). A third row of five colours can then be produced with each
of the colours just one JND from the five colours in the second row. The process
of adding rows that are only just noticeably different from their predecessors can
continue until the greens in the band are distinctly different from the ones on the
first row. Because they have been made by adding the pigment colour that we
have chosen as the complementary, they will be marginally greyer or browner in
appearance.
144

Chapter 13 - Finding the Maximum Number of Colours
For my numbers game, I suggest that this visible greying might be reached
by the sixth step analogous to the sixth colour in the row of reds illustrated in Figure 1. In other words, there will be five bands of greens before significant desaturation will occur. If so, we now have now have twenty (4 X 5) new, pure looking
greens to add to the original five colours. Simple arithmetic shows that this will
make a total of twenty-five approximately fully saturated colours.

Figure 7 : The colour-circle as a slice of a three dimensional colour-space
Figure 7 (the same as Figure 1, in Chapter 11) can help to explain how the
size of the ball-park can be increased considerably further. By reminding us that
the colour-circle is actually part of a “colour-sphere”3 representing a third colour-dimension (black to white), it suggests a strategy for finding additional justnoticeably-different, pure looking colours. This is to add white to produce just
noticeably different lighter colours and black to produce just noticeably different
darker ones. Accordingly, suppose now that each and every one of the twenty
five greens in the five ranks just posited were to be taken both up three levels and
down three levels. The result would be a three-dimensional ballpark containing
one hundred and fifty colours (6 X 5 X 5), all within a very close range not only
of each another but also of the five original ball-park colours. This part of colour
space can be called a “ball-park solid”.
3
Its actual shape, as defined by the sensitivity profile of the eye, is not spherical. For this
reason Munsell calls it a “colour solid” . However, for the purpose of acting as a conceptual tool a
sphere has the advantage that it is easier to think about.
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With this conclusion, the numbers game is now complete. Even though the
numbers are all approximations, it has indicated that anyone who wants to represent the range of greens to be found in the canopy of the tree outside the studio
window, will need to find a way of exploring this ball-park-solid of greens. A
similar situation obtains with respect to the representation of other ranges of colours. Thus, a painting of a field of red poppies require entry into a ball-park-solid
of reds, while one of a nude model is likely to require the exploration of a number
of ball-park solids of flesh colours, etc.
USING THE CONCEPTUAL COLOUR-CIRCLE: PRACTICE
At this juncture, someone might raise the objection that, although the ideas
being presented may work in theory, the prospect of putting them into practice
remains daunting. Surely, everything is becoming far too complicated? Luckily, appearances are deceptive for, as so often is the case, complexity conceals simplicity.

Figure 8 : Mixing between only two complementaries
In principle, the numbers game shows how to produce approximately one
hundred and fifty greens using only one parent green (whether it be a mixture of the
two adjacent primaries or a green tube colour). Let me explain how. Figure 8 shows
an arrow linking two hypothetical complementary colours: In this case a green and
a red. According to the argument above, if we limit ourselves to mixtures between
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these two parent-colours alone, it will only be possible to produce approximately
five pure-looking greens: Beyond that, they will become progressively desaturated.
Clearly, we need more parent-colours. As, the rules which we impose on ourselves
for the numbers game allow the use of one yellow and one blue from which we can
mix five ballpark greens. Accordingly, in line with our self imposed restrictions,
we realise that our only recourse is to use more than one colour on the other side of
the colour-circle. Thus, even if there were such a thing as an exact complementary,
it would be only one amongst the actual number of colours that we will require.
There will be no alternative to making use of the neighbouring, near-complementary colours (described in Figure 9 by the acronym ‘NC’). Furthermore, it is worth
reiterating that, as there are absolutely no true complementaries amongst pigment
colours, it is absurd to worry about finding any such thing.

Figure 9 : Mixing with complementaries and near-complementaries
Figure 9 indicates some of the areas of colour-space which must be explored
if the one hundred and fifty greens are to be found. They are indicated by the
cluster of small diagonal arrows. No particular colour names are used since the
diagram will work for any colour in relations to the colours in the other half of
the colour circle. The diagram also illustrates the points made above, namely that
to mix the colours indicated by the cluster of arrows at the top left, other colours from the opposite side of the colour-circle will be needed. In addition to our
choice of a complementary red,4 near-complementary oranges and violets will be
4

Since no actual complementary exists, reds can all be described as “near complementaries”.
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required. In terms of the diagram this means that, in addition to colours from the C
segment, colours from the two NC segments must be used.
Figure 10 makes the same point as Figure 9, but this time specific colours are
indicated. It illustrates a range of colours in the other half of the colour circle that
would be useful for exploring a ballpark of bright greens. Notice that, as well as
the relatively fully saturated oranges, reds and violets on the periphery of the colour circle, there are a number of less fully saturated colours (ochres and browns).

Figure 10 - Colours that can be used for making large numbers of greens
We are now ready to use Figure 10 to explain the logic that underpins the
use of near-complementary colour:
1. Since orange is a mixture of red and yellow, this can be expressed as:
•

Green + orange (red + yellow).

The red part of the equation will pull the green in the direction of the centre of the colour-circle and the yellow part upwards, around its circumference, in the direction of yellow. The result will be a tug in two different
directions at the same time (towards the centre and around the circumference). The outcome will be a compromise between the two, as indicated
by the upward facing red diagonal arrow, which can be taken as representing a row of colours going in just the sort of direction we want to explore.
2. Since violet is a mixture of red and blue, this can be expressed as:
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•

Green + violet (red + blue)

As before, the red part of the equation will pull the green in the direction
of the centre of the colour-circle and the blue part downwards, around its
circumference, in the direction, of blue. The result will be a tug in two
different directions at the same time (towards the centre and around the
circumference) and the outcome will be a compromise between the two,
indicated by the downward facing red diagonal, which, again, represents
a row of colours going in just the sort of direction we want to explore.
The precise nature of the colours produced in this way will, of course, depend on
the particular parent-colours used.
Notice that, in the hypothetical example illustrated, only a single green pigment colour has been used. All the other green pigment colours available can also
be used, including mixtures of any yellow and any blue. In short absolutely any
green can be nuanced with the help of any near-complementary reds, oranges
and violets and each and every one of them will increase the number of different
directions through colour space that can be explored. Indeed, since the one hundred and fifty greens proposed above started with one particular green and since
the same calculation could have been made starting with any other tube green or
any mixture of any tube yellow and any tube blue or, it is evident that, in theory,
it would be possible to mix a number of greens far in excess of the quantity of
visibly different greens in the tree canopy.
Implications
All the arguments supporting the numbers game approach to the exploration of colour-space just proposed are based on well established facts. Thus, with
the exception of the particular numbers chosen, which are approximations used
for convenience, it is unlikely that any serious student of colour-theory would
challenge what is written. Certainly, the main point that the sole way of exploring the limits of colour-space must involve the use of mixtures, containing complementaries and near-complementaries is rock solid. This being the case, it is
something of a mystery that, in all my years of teaching, I cannot remember ever
having come across a student who seemed to be aware of this fundamental principal. How can this be? Surely, there must be some explanation?
After much reflection, a fanciful possibility occurred to me. Though, it started as what I thought of as being a not too serious flight of the imagination, it was
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to suggest a wonderfully fruitful thought-experiment. Whether or not this has any
historical authenticity, it provides a framework for introducing the simple but
powerful and, above all, practical ideas which follow in the next chapter.
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