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Chapter 3 

Colour 

3.1 A physiological approach to colour vision 

The science of colour vision forms part of the study of physics, physiology, psychology, and 

philosophy [27]. Colour vision is studied with two main aims: to understand how human 

vision works and to enable machines to see in colour. This is important in segmentation and 

recognition of objects such as people in a room. 

In order to understand the criteria that affect the choice of a colour representation in which 

to perform the task of segmentation it is necessary to discuss briefly some physical and phys­

iological aspects of colour vision . This , together with a discussion of various computer vision 

colour spaces available for use later on in the chapter, will motivate the selection of the colour 

space used in this project. 

3.1.1 The trichromatic nature of colour 

Colour is both a psychological and physical experience caused by reflected light from an 

object hitting the retina. The perceived colour of the light is primarily a consequence of its 

wavelength , which if it falls between 400 and 700 nm [61], is within the spectrum of visible 

light, as illustrated in figure 3.l. The retina of the eye has three1 types of colour receptor 

cells, called cones , which each have a typical response curve to a range of light wavelengths, 

each peaking at a different wavelength. 

Thus, each cone is more responsive to either red (long wavelength receptive cone) , green 

(medium wavelength) or blue (short wavelength) light, although the responses of each cone 

1 A fourth receptor, the rod is activated only at low light levels and does not play an important role in 
colour vision [61][27]. 
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CHAPTER 3. COLOUR 

type do overlap to a large degree. The CIE2 has defined peak wavelengths for the three 

primary colours which are shown in table 3.1. 

Because of the existence of these three receptor types, a colour can be described as a three­

component quantity: a triplet in a colour space. This trichromatic theory, was first developed 

by Helmholtz and Young. Also because of this trichromatic nature of colour vision, many 

different spectral distributions can produce the same viewed colour. For instance, the cones 

cannot distinguish between a pure yellow light at a certain wavelength and a mixture of red and 

green lights at different wavelengths. Light colours that have different spectral compositions 

but appear identical are called metamers. Ideally then a colour space would have a unique set 

of three co-ordinates to describe every colour and every possible visible colour would be able 

to be described in this way. 

I Pure Colour I Wavelength I 
Red 700nm 

Green 546nm 
Blue 435.8nm 

Table 3.1: Wavelengths corresponding to primary colours as defined by the crE 

Figure 3.1: The spectrum of visible light [85] 

3.1.2 The opponent colour theory 

The opponent theory of colour vision was first proposed by Ewald Hering in 1878 and was later 

revised by Hurwitz and Jameson [28] as an alternative to the classical trichromatic theory. 

While the trichromatic theory supports the fact that any colour that can be seen is composed 

of the three primaries, red green and blue, there are at least four other aspects of colour vision 

which are not accounted for by this model [22]. 

First the fact that although a colour or mixture of colours can be described as greenish blue 

or reddish yellow there is no such thing as a reddish green, a bluish yellow or a blackish white. 

Second, mixing two complementary colours, for example, red and green, produces a result 

2Commission Internationale de l'Eclairage - International Lighting Commission, based in Vienna. 
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3.1. A PHYSIOLOGICAL APPROACH TO COLOUR VISION 

which is neutral, which suggests that these colours can "cancel out" each other's chromatic­

ity. Third, after-images of a complementary colour are not explained by the trichromatic 

theory, but according to opponent process theory sustained viewing of colour, for example, 

red, fatigues the red process and when a neutral colour is viewed immediately afterward both 

processes should be equally stimulated, but instead a green after-image is seen because of 

the red's previous over-use. Finally, aspects of colour-blindness are explained, because if all 

processes are at their balance point a neural grey is observed. 

The opponent colour model proposes that opponency and trichromacy correspond to different 

levels of neural activity. Instead of merely three primaries, the three primary colours received 

on the cones of the eye are further processed in the lateral geniculate nuclei, which are receptive 

to three opponent colour pairs: black-white, blue-yellow and red-green, as shown in figure 3.2. 

These second stages of colour vision processing are stimulated or inhibited by inputs from 

the cones. For instance, the blue-yellow system is stimulated by input from blue cones and 

inhibited by input from red and green. If the stimulation is greater than inhibition we see 

blue, otherwise we see yellow. 

Black-White 

Achromatic 
System 

Red-Green Yellow-B'ue 

Chromatic 
System 

Figure 3.2: The recombination of primary stimuli into opponent colour pairs [22] 

3.1.3 Factors affecting colour perception 

Perceived colour can be qualitatively described by humans in terms of a hue, saturation and 

lightness components [22]. Hue is the nature of the colour itself: more accurately the dominant 

wavelength of a spectral power distribution [60], whether red, green or blue, or a mixture of 

two of these. The lightness/brightness perception is the quantity of light which seems to be 

coming from the colour, to which the human visual response is approximately logarithmic. 

Saturation/chroma is the purity of a colour or the amount of white it appears to have in it. 

The more the light distribution is concentrated at one wavelength, the more saturated the 

colour. 

Both chromatic (hue and saturation) and achromatic (lightness) contrasts make objects visu-

21 
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CHAPTER 3. COLOUR 

ally separable from their backgrounds. The achromatic system has far better visual sharpness, 

as spatially people respond more accurately to lightness changes than to colour differences. 

The higher the brightness contrast the better the spatial resolution, and for fine detail to be 

resolved a high brightness contrast is essential as a colour contrast is often not sufficient [22]. 

People also respond more sensitively to temporal brightness change than to colour change, as 

is evidenced in the human sensitivity to flicker on a television screen or computer monitor. 

There are, however, many factors apart from dominant wavelength which affect the perceived 

hue of a colour. Hue discrimination for humans becomes worse as colours become less saturated 

and less bright. Surface colour appearance is also affected by background colour (simultaneous 

colour contrast), chromatic adaptation (temporal colour contrast), colour constancy (global 

variations within an image), and size apart from brightness and saturation. 

To humans, objects retain their apparent colour when viewed in a different light. Since the 

light reaching the retina is a product of the object's surface reflectance properties and the 

illumination of the scene, this suggests that the visual system is somehow able to compensate 

for these lighting changes. The colour of an object appears to rely more on its inherent 

surface reflectance properties than the light under which it is viewed. This is wavelength 

selective adaptation and is the same as what happens when we walk from bright sunlight into 

a dark house. On film, however, these changes are very evident. This creates the problem of 

computing colour constancy when processing images, which is something that humans appear 

to do automatically. Constancy is a problem which affects the scene viewed on a global scale, 

whereas contrast is a local phenomenon: the colour of an object might appear to change when 

the background colour changes. When the illumination of a region changes, however, the light 

that it reflects changes in the same way as the light that its surrounds reflect [27]. 

Colour cannot be the only cue used by the human visual system to segment objects of interest 

from background regions. Evidence suggests that colour, intensity, change and motion all 

contribute somehow to the human visual system's ability to separate foreground objects from 

their backgrounds. 

3.2 Colour space considerations 

3.2.1 Colour models 

Colour models are ways of representing colour. There are four primary categories: physiolog­

ically inspired, colourimetric, opponent and psychological models [43]. 

22 
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3.2. COLOUR SPACE CONSIDERATIONS 

Physiological 

These are based on the Young-Helmholtz theory of colour vision. They use three primaries 

(thus taking into account the existence of three types of cone in the human retina), for example, 

the RGB model used in computer graphics. 

Opponent 

Opponent models are based on Hering's theory using opponent colour pairs. There can be 

considered four perceptual primary colours, which do not appear to be made up of any other 

colours; these are red, green, blue and yellow [22] which are also the opponent colour pairs. 

Psychological 

Psychologically inspired models are based on the appearance of colour to observers, derived 

either impressionistically (Munsell [51] and Ostwald [54]) or experimentally (HSV - a system 

composed of hue, saturation and value components). Munsell and Ostwald are comparative 

references for artists. The Munsell system is still used industrially. Both are based on subtrac­

tive colour so are not generally used in computer vision, which is additive. Both use cylindrical 

co-ordinates with hue, saturation and brightness components. 

Colourimetric 

These models are based on measurement of spectral reflectance, for instance the CIE chro­

maticity diagram which is shown in figure 3.3. Light of any spectral composition can be 

exactly matched using wavelengths of just three primaries. 

3.2.2 The CIE chromaticity diagram and the XYZ colour space 

According to the trichromatic theory, light of any wavelength can be matched by an additive 

mixture of three primaries. Thus, any colour can be specified by the relative amounts of the 

three primaries needed to create that colour. The CIE has defined colour matching functions 

for the three primaries red, green and blue, with respect to a standard observer. These colour 

matching functions are transforms of the spectral sensitivity functions of the human cones, 

determined experimentally [12]. 

As can be seen from the CIE's spectral response curves for the cones responsive to red, green 

and blue, shown in figure 3.4, the entire spectrum of visible colour cannot be represented by 

23 
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y 

x 

Figure 3.3: CIE chromaticity diagram 

positive RGB values. Some colours require a negative red stimulus. The CIE addressed this 

problem by linearly transforming the RGB primary stimuli to create a colour space in an XYZ 

co-ordinate system, such that every visible colour can be represented as a triplet of positive 

co-ordinates in the space. The primaries thus obtained are called virtual primaries [12]. The 

tristimulus values XYZ, which are the amounts of the virtual primaries which combined will 

reproduce a colour spectral distribution, can be calculated given a colour spectral composition, 

the standard observer colour matching functions in figure 3.5 and a set of three primaries which 

can be seen in figure 3.4. 

The design of the XYZ system is also such that all luminance information is contained in the 

Y channel. The CIE's XYZ tristimulus response curves are shown in figure 3.5. From the 

XYZ co-ordinates the chromaticity co-ordinates are calculated, by normalising to disregard 

intensity as in equations 3.1 and 3.2. 

x 
x = -=-::--=-=--= 

X+y+Z 
(3.1) 

y 
(3.2) y= X+y+Z 

z can be obtained using 1 - x - y. 

The CIE chromaticity diagram in figure 3.3 represents every colour as a point within a bound-
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3.3. EXPERIMENTAL COMPARISON OF SOME COLOUR SPACES 

normalised rg space, h-s space taking only the hue and saturation components of HSV, a*b* -

the chromaticity components of L*a*b, and the Cb and Cr components of the YCbCr colour 

space. 

The colour spaces chosen are examples of differing colour models: RGB, the conventional 

computer graphics space; HSV, a perceptual and non-uniform colour space; YCbCr, belonging 

to the YUV family of colour spaces for television and L*a*b*, designed by the CIE to be 

perceptually uniform. 

3.3.1 Colour space conversions 

The conversions from RGB to the colour spaces used in the experiment are given below [60]. 

Normalised rg space 

HSV space 

YCbCr space 

H= 

R 
r=----

R+G+B 

G 
g= R+G+B 

max(R,G,B)-min(R,G,B) 
2 (B-R) 
+ max(R,G,Bl-min(R,G,Bl 

4 (R-G) 
+ max(R,G,B)-min(R,G,B) 

if max(R, G, B) = R 

if max(R, G, B) = G 

if max(R, G, B) = B 

s = max(R, G, B) - min(R, G, B) 
max(R, G, B) 

v = max(R, G, B) 

[

16] [65.481 
128 + -37.797 

128 112 

128.553 

-74.203 

-93.986 

24.966] [R/255] 
112 * G/255 

-18.214 B /255 

29 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

(3.14) 
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CHAPTER 3. COLOUR 

L*a*b* space 

The conversion from RGB to XYZ tristimulus values has already been described in equation 

3.3 and the conversion from XYZ to L*a*b* in equations 3.4, 3.5 and 3.6. For ease of reference 

the conversions to L*a*b* are repeated here. 

where 

116( ?:,. ) ~ - 16 if ?:,. > 0.008856 

903.3(?:,.) - 16 if ?:,.::; 0.008856 

X Y 
a* = 500[j(-) - f(-)] 

Xn Yn 

Y Z 
b* = 200[j(-) - f(-)] 

Yn Zn 

t3 if t > 0.008856 

{

I 

f(t) = 7.787 x t + 1\66 if t::; 0.008856 

3.3.2 Skin colour detection experiment 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

The object of the experiment was to detect skin colour in the set of test images, given an 

example data set under different colour space transformations, and to determine which colour 

space produced the best5 segmentation. The example or training set of skin coloured pixels 

were taken from nine different images, taken under varying lighting conditions (assuming 

roughly daylight conditions) and incorporating different individual skin colours. These ,vere 

transformed into the four two-dimensional colour spaces. The two test images, which are 

shown in figure 3.6 are also taken under unknown lighting conditions and contain people with 

different skin colours. The transformation to L*a*b* was done assuming a reference daylight 

(a) Test image 1 (b) Test image 2 

Figure 3.6: Test images for skin colour detection 

S"Best" means lowest false skin detection rate AND skin omission error as determined from a hand-segmented 
version of the same image. 
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3.3 . EXPERIMENTAL COMPARISON OF SOME COLOUR SPACES 

white point as it was considered unfair to take advantage of the inherent normalisation factor 

built into this transformation. However, using the white point of a reference image for the 

L*a*b* transformation would be expected to increase the accuracy of the segmentation . 

In order to classify the skin coloured regions in the test images the Mahalanobis distance6 of 

every pixel in the colour-transformed test images from the example pixel set is taken . The 

Mahalanobis distance from the test set x to an example set J-l is given by equation 3.19: 

(3.19) 

The resulting image is then thresholded to produce a segmentation of the skin-coloured regions. 

The pixels with the smallest Mahalanobis distance from the training set are the ones which 

can be most confidently classified as skin colour. Therefore it is easy to see that as the 

threshold placed upon this distance from the training set is increased, more pixels will be 

classified as skin, until the point where an unacceptably large number of pixels which are 

not skin will mistakenly be classified as such. The optimum segmentation is then produced 

by the threshold value which classifies the most skin-coloured pixels correctly as skin (fewest 

false negative classifications) and the fewest non-skin pixels as skin (fewest false positive 

classifications). The choice of threshold is a crucial factor influencing the segmentation, but 

there exists a threshold for the distance measure in each colour space which yields an optimum 

segmentation, minimising both the false positives and the false negatives. To find this optimum 

the Mahalanobis distances in each colour space are thresholded at increasing values and the 

segmentation at every threshold is evaluated. 

A hand-segmented image is used to evaluate the quality of the segmentation at each threshold. 

Four error metrics extracted from the comparison with the hand-segmented image are plotted 

in figures 3.7 and 3.8. The non-skin pixels error is the proportion of non-skin pixels mistakenly 

classified as skin, the skin error is the proportion of skin-coloured pixels which are misclassified, 

the percentage correct is the proportion of pixels in the entire image which have been correctly 

classified, and the percentage of skin correct is the proportion of skin-coloured pixels which 

have been correctly classified. 

3.3.3 Segmentation results 

As can be seen from the error plots in figures 3.7 and 3.8, at a low threshold the number 

of misclassified skin pixels is high, and this number falls as the threshold increases. The 

misclassified non-skin pixels , however, increase as the threshold increases. It can be seen that 

there is some point at which these two lines intersect and at which both misclassifications are at 

a minimum. This also corresponds roughly with the peak in the plot of the overall correctly 

6The Mahalanobis distance measure is discussed in chapter 8. 
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