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ABSTRACT 

Many coordinate systems exist for processing digital color images. The goal of 

this work was to investigate how the choice of color coordinate system affects the 

image processing results. Specific issues addressed include (1) quantization error 

in coordinate transformations, (2) efficient techniques for luminance processing, (3) 

color space gamut, and (4) color edge detection. The effect of the color coordinate 

system in each of these areas is explored. Efficient algorithms are presented, along 

with experimental results using standard color images. 
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Chapter 1 

INTRODUCTION 

Many color coordinate systems exist for color image processing. The goal of 

this work was to investigate how the choice of color coordinate system affects the 

image processing results. Several related issues are addressed: (1) quantization error 

in coordinate transformations, (2) efficient techniques for luminance processing, (3) 

color space gamut, and (4) color edge detection. The effect of the color coordinate 

system in each of these areas is explored. Efficient algorithms are presented, along 

with experimental results using standard color images. 

In the past, a variety of color coordinate transformations have been used for 

applications in color image processing. Some systems (HSI, LHS) attempt to model 

the human visual system's perceptual response to luminance, hue, and saturation. 

Other systems have the advantage of efficient computation (HSV, HSL) or efficient 

signal transmission (YIQ). Some are linear; some are nonlinear transformations. 

The choice of color system often depends on the application and can have a signif

icant impact on the results. 

In many applications, only the luminance component needs to be processed, 

leaving the color unaltered. The typical approach is as follows: (1) convert from 
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RGB to YIQ, (2) quantize the luminance, Y, to 8 bits, (3) apply monochrome image 

processing to the Y component, and (4) inverse transform back to RGB. However, 

the quantization error in Y is affected by the image processing algorithm and then 

propagates to the processed RGB image. A theoretical and experimental analysis 

of this phenomenon is presented. In addition, an improved technique is presented 

for reducing the quantization error propagation. 

In applications where only the luminance component needs to be processed, a 

common approach is as follows: (1) perform a coordinate transformation, (2) process 

the luminance, and (3) perform an inverse coordinate transformation. However, the 

coordinate transformation usually involves the computation of both luminance and 

chrominance information. But the chrominance is often not modified; it is only used 

for computing the inverse transformation. In this work, eflBicient techniques have 

been developed for bypassing much of this unnecessary computation. The effects of 

these efficient techniques on other systems are discussed. As a related project, an 

efficient technique is presented for performing saturation enhancement. 

The gamut, or extent, of the color space is often important. For example, 

processed YIQ or LHS values might inverse transform to RGB values that are out 

of bounds. This can be corrected in a couple of ways. A discussion of this problem 

is given, along with new techniques for preserving luminance when the processed 

RGB values are out of bounds. 

Edge detection for color images is an example of an image processing task that 

can be implemented in many different coordinate systems. The performance in 

various color spaces is discussed. Comparative experimental results are presented. 
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The goal of this work was to investigate the effects of the coordinate system 

on the image processing results. Several aspects of this issue have been addressed. 

New techniques are presented for several specific applications. Experimental results 

demonstrate the performance using real images. 
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Chapter 2 

COLOR COORDINATE SYSTEMS 

2.1 Background 

For computer applications, color is usually described in terms of the red-green-

blue, or RGB, color system. Color images originating from film are represented in 

RGB format when produced by digital scanners having red, green, and blue filters. 

The tri-stimulus theory of color is based on the hypothesis that there are three kinds 

of cones in the retina of the eye, each with peak sensitivities to light of either red, 

green, or blue hue. Most colors can be described as a mixture of these tri-stimulus 

colors with different weights. This is how the red, green, and blue phosphor dots 

on a color CRT are used to display arbitrary colors. 

However, the RGB color system does not model well the human perception of 

color. Applying image processing techniques in the RGB system will often produce 

color distortion and artifacts. Therefore, a color coordinate system based on the hu

man perception of color may be beneficial. Much research has been done to develop 

theories, standards of color, and measurement techniques, but there is not any one 

color coordinate system which corresponds to human perception that is universally 

accepted. In fact, there are many color coordinate systems that are presently being 
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used for color image processing for different applications. They include LHS, HSI, 

YIQ, CIELAB and CIELUV. Several of these involve three dimensions which are 

hue, saturation, and brightness. Brightness refers to the perceived luminance. Hue 

represents the "redness", "greenness" and "blueness". Therefore, the hue depends 

on the relative mixture of red, green, and blue in the color. If the amounts of 

red, green, and blue are the same, then the hue is gray. (For monochromatic light 

sources, differences in hue are manifested by differences in wavelength.) Saturation 

is the purity of the color. The lower the value of the saturation, the closer the 

color is to gray. If more white light is added to the color, then the saturation will 

decrease. 

The HSI and LHS systems are each represented as a three-dimensional cj'lin-

drical coordinate system where the vertical axis represents the brightness and the 

horizontal plane represents the hue and saturation. The radial distance of a color 

vector from the vertical axis represents the saturation, and the angle of the vector 

in the horizontal plane represents the hue. 

2.2 LHS Space 

Fig. 2.1 shows the physical arrangement of the LHS system [23]. The luminance 

is represented by the vertical axis. Chromatic perceptions are represented by the 

direction and distance from the vertical axis. Points of constant luminance, L, are 

given by a horizontal plane intersecting the vertical axis at L. Within the plane of 

constant luminance, the perceptions of constant saturation are represented by points 

on concentric circles. The radii of the circles are proportional to the saturation, 

S. The larger the radius, the higher the saturation. The perceptions of hue are 
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Luminance 

Hue Saturation 

Figure 2.1: LHS space 

represented by the angle around the vertical axis, arranged in natural order from 

red to yellow, green, blue, purple, and back to red. 

The conversion from the RGB system to the LHS system can be interpreted 

from a geometric point of view. Fig. 2.2 shows the RGB color cube. The luminance 

of the LHS system is equivalent to the Y component in the NTSC YIQ system, 

given by 

i = 0.299i? + 0.587G + 0.114jB (2.1) 

Therefore, the length of the vector OP in Fig. 2.2 is related to the luminance. The 

triangle with vertices at the maximum values of the R, G, and B axes is called 
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Figure 2.2: RGB color cube 

the Maxwell triangle. The intersection point of the vector OP with the Maxwell 

triangle determines the hue and saturation. Fig. 2.3 shows the relationship between 

the intersection point P' and the hue and saturation. The saturation is defined as 

the ratio of the length CP' to the length CQ. The hue is defined as the angle, 0, 

between the vectors, CP' and CR. 

Strickland et al. [23] derived equations for the hue and saturation by dividing 

the Maxwell plane into three regions and calculating the angle 6 for each region. 

Equations for the hue, and saturation, S are as follows; 

H = 6 -'R COS~̂  I .  ^ == I 
VyeKr - 1/3)' +  { g -  1/3)' + (6-1/3)']/ 

^ 3min(i?, G , B )  
R + G + B 
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G 

B 

Figure 2.3: Maxwell plane 

where r = 

9 = 

h = 

6 = 

N = 

R 
+ G + B 

G 
i? + G + J5 

B 
R - V G ^ B  

0° if 6 = min(r,5,6) 
120° if r = min(r,5r, 6) 
240° if  5 = min(r,5 ,6)  

' 2r — g — b if 6 = min(r, g, b) 
2g — r — b if r = min(r, g, b) 
26-r-5 if 5 = min(r,^,6) 

The inverse transformation from LHS to RGB does not appear to have been pre

viously published. However, it can be derived geometrically in a straightforward 

manner. The detailed derivation is shown in Appendix A. The resulting transfor

mation equations are summarized as follows. Assume R, G, B E [0,/'i']. Then 

L 
R = R •temp 

0.299i2(emp + 0.587G(emp + 0.114B[emp 
(2.2) 
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^ ^'""''0.299i?temp + 0.587Giemp + 0.1145iemp 

^ 0.299Rtemp + 0.587Giemp + O.lUBtemp 

where Rtemp, Gtempi and Btemp are computed as follows. 

If 0 < if < 27r/3, 

Gtemp = — 1--15 

Btemp = 1^(1-5) 

If 27r/3 < jy <47r/3, 

Rtemp = fa--?) 

If 47r/3 < i? < 27r, 

Gtemp = f(l-5) 

«- • H'iW-i" 
2.3 HSI Space 

The HSI system was derived by Ledley et al. [11]. The definition of hue and 

saturation is exactly the same as in the LHS system. However, HSI uses intensity I 
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for brightness instead of the luminance L used in the LHS system. The definitions of 

hue in LHS and HSI are equivalent. The derivation of the transformation equations 

is similar. Ledley rotates the RGB cube until the horizontal plane is parallel to the 

Maxwell triangle and the vertical axis lies on the gray line of the RGB cube. The 

hue angle is then calculated by the angle in the horizontal plane. 

The equations for hue, saturation, and intensity are as follows: 

C O S - I F ^ I E = M ± I S R £ M = ) ,  I I G > B  

- C O S - ' ,  I I G < B  
H = (2.5) 

^ + G + B 

I = {R + G + B)/V3 

Since the hue equation for HSI is simpler than the equation for LHS, we will use 

Eq. 2.5 for implementing the computation of hue. The inverse transformation from 

HSI to RGB is the same as the transformation from LHS to RGB, except that I is 

substituted for L in Eqs. 2.2-2.4. 

2.4 YIQ Space 

In the development of the United States color television system, the N.T.S.C. 

formulated a color coordinate system, YIQ. It is found widespread use in commercial 

color television broadcasting and other applications. YIQ is a recoding of RGB 

for transmission efficiency and for downward compatibility with black and white 

television. The Y value is the same as the Y of CIE's XYZ coordinate system (also 

the same as the L component in the LHS system), a component whose spectral 

energy distribution approximates the luminosity response curve. The I and Q values 
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jointly describe the hue and saturation. Transforming the rectangular coordinate 

system of IQ to a polar coordinate system, the radius corresponds to the saturation 

and the angle corresponds to the hue. 

Moreover, the YIQ system is designed to be more sensitive to changes in lumi

nosity than to changes in hue or saturation, which is similar to the human visual 

system. Therefore, I and Q can be represented by fewer numbers of bits compared 

to Y. I.e,. the bandwidth of I and Q can be limited without noticeable degradation. 

The NTSC encoding of YIQ into a broadcast signal uses this property to maximize 

the amount of information transmitted in the same bandwidth as a monochrome 

signal. 

The RGB to YIQ conversion which performs the mapping is defined as follows; 

Y ' " 0.299 0.587 0.114 ' • R '  
I = 0.596 -0.274 -0.322 G 
Q. 0.211 -0.523 0.312 B 

Hue = tan ^ 

Saturation = yJP 

The hue and saturation here are not defined to be the same as the those in the LHS 

and HSI systems. 

The inverse transformation from YIQ to RGB can be computed by multiplying 

the YIQ values by the inverse of the above matrix: 

R ' • 1.000 0.956 0.621 ' ' y" 

G — 1.000 -0.273 -0.647 I 
B 1.000 -1.104 1.701 . Q .  
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2.5 CIE Uniform Color Spaces 

The CIE (Commission Internationale de I'Eclairage) has recommended two 

uniform color spaces and associated color-difference formulas chosen from among 

several of similar merit to promote uniformity of practice and giving substantially 

better correlation with visual judgments. They are universally known by their 

officially recommended abbreviations, CIELAB and CIELUV. 

In applications concerned with self-luminous colors, CIELUV has been used 

more often in industry. However, in applications concerned with small color diifer-

ences between object colors, CIELAB has been used more than CIELUV. 

The CIELAB system was derived from the Adams-Nickerson formula, or the 

Adams Chromatic Value formula. The equations include the cube root of the tris-

timulus values X, Y, Z defined by the CIE in 1931. 

For XjXo > 0.008856, YIYQ > 0.008856 and Z/Zo > 0.008856, the CIELAB 

2.5.1 CIELAB Space 

space is defined as follows; 
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where 
" X  '  • 0.607 0.174 0.201 ' •  R  '  
Y  = 0.299 0.587 0.114 G 
Z 0.000 0.066 1.117 B 

XO,  Yq and Zq are the tristimulus values of the reference white and can be computed 

by substituting the maximum values of R, G, and B into Eq. 2.5.1. For the CIELAB 

system, the chroma (saturation) can be defined as 

Ca6 = (a*' + 

The hue can be defined as 

/ia6 ~ tan 

Note that the hue and saturation here are not defined to be the same as those in the 

LHS and HSI systems. The difference A£*(, between two color stimuli is calculated 

as the Euclidean distance between the points representing them in the space: 

AE:, = ((AL*f + (Aa*)2 + 

The inverse transform can be expressed mathematically as follows: 

R '  • 1.910 -0.533 -0.288 " • X " 
G = -0.985 2.000 -0.028 Y 
B 0.058 -0.118 0.896 Z 

where 
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2.5.2 CIELUV Space 

If two colored lights, Ci and C2, are mixed additively to produce a third color, 

C3, and if Ci, C2 and C3 are plotted on a chromaticity diagram, such as the CIE 

1931 Chromaticity Diagram, then C3 should lie on the straight line joining Ci and 

C2 at a position that can be calculated from the relative amounts of Ci and C2 in 

the mixture. However, the CIELAB system does not have this property. Therefore, 

the CIE committee modified a CIE 1964 coordinate system, VV'W*, to derive the 

CIELUV system. 

For Y/Yq > 0.008856, the CIELAB system is defined as follows; 

U 

V 

13(w' — u'q) 

13(u' - Vo) 

where 

U 
X +  15Y + 3Z 

9Y 
V 

X +  15Y +  3Z 
4X0 

Xq + 15Vo 4" 3ZO 
M 

Xq + ISVo + 3ZO 

Saturation can be defined as 

S., = I3((U'-U'OY + (V'-V^YY/' 
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Chroma (saturation) can be defined as 

Hue can be defined as 

huv = tan ^ 

Note that the hue and saturation here are not defined to be the same as those in the 

LHS or HSI systems. The difference between two color stimuli is calculated 

as the Euclidean distance between the points representing them in the space: 

The HSV (Hue/Saturation/Value) system, also known as the hexcone model, 

was proposed in 1978 [5]. It is named the hexcone model because the space of 

HSV system is a hexcone, as shown in Fig. 2.4. The purpose for this system is 

mainly aesthetic, accessing color by family, purity, and intensity. The value, V, is 

the darkness/lightness of a color. The hue and saturation are similar to those used 

in the LHS and HSI systems. Adding black pigment corresponds to decreasing V, 

and adding white pigment corresponds to decreasing S. The defining equations for 

AE:„ = ((AL-)2 + (Au-)2 + (Az;*)^)'^' 

The inverse transformation can be derived as follows: 

2.6 HSV Space 
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Yellow Green 

White Red Cyan 

Blue Magei 

0.0 

Black 

Figure 2.4: HSV space 



the HSV system are 

S = 

H = 

follows: 

max(fi,G,B)—min(fl,G,B) 
max(R,G,B) ' 

0, 
(-B+G);r/3 

MAX(R,G,B)—TMN{R,G,B)'  

(-fl+B)7r/3 
max(H,G,B)—min(H,G,B)' 

(-G+R)7R/3 
inax(H,G,B)—inin(ii,G,B)' 

undefined, 

iax(i?, G, 5) 

if max(J?, G, ^ 0 

if max(i?, G^B) = 0 

if i? = max(i?, G, B) 

if G = max(i?, G, B) 

IF B = max(iE, G, 5) 

if i? = G = 5 

The inverse transformation is as follows: 

.  = (f) 

/  =  H - I  

P  =  V { L - S )  

Q  =  V { L - S F )  

T  =  V { L - S { L - F ) )  

[ R G B ]  =  

'  [ V T P ] ,  

0
 

II 

[9  V p].  f / = 1 

\PV <], IL = 2 

I PQV I  f /  = 3 
p y] ,  f /  = 4 

[V P ?],  II 

[0 0 0], II 0
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2.7 HLS Space 

The HLS system (Hue/Lightness/Saturation) is a modified HSV system. It is 

based on the Ostwald system, used by Tektronix and created around 1930. The 

space of HLS is a double hexcone shape, as shown in Fig. 2.5. It can be thought of 

as a deformation of the HSV hexcone, in which white (V = 1) is "pulled upward" 

to form another hexcone. Therefore, the upper hexcone has 0.5 < L << 1 and the 

lower hexcone has 0 < L < 0.5. The lightness, Z, does not correspond to the same 

luminance quantity used in the LHS system, but is instead normally related to light 

reflection. 

The equations for the HLS transformation are as follows: 

max(i2,  G, B) + min(i?,  G, B) L = 

S = 

0, if max(/2, G, B) — min(i?, G, B) = 0 

H = 

ma.x(R,G,B)—imn{R,G,B) if 7" <"1/9 
m a x ( « , G , B ) + n u n ( H , G , B ) '  U  i v  ^  I / Z  

ma.x{R,G,B)—miii{R,G,B) T 1 / 1  
2-max(H,G,B)-min(R,G,B)' " ̂  ^ ̂ 1 ̂  

undefined, \(  R = G = B 

(max(R,G,Bf-iSn(il,G,B)) I' if i2 = max(i?, G, B) 

+ max(R,G,B^-iSn(H,G,B)) 3 ' G = max(i2, G, B) 

('^ inax(R,G,B)-^n(R,G,B)) 3 '  B = MAX{R, G, B) 

The inverse transform is as follows; 

J L{L + S),  if L< 1/2 
" ~ \ L + S-LS, if L > 1/2 

^  =  2 L - A  

If 5 = 0, then R ^ G  =  B  =  L .  
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White 

Yellow Green 

Red Cyan 0.5 

Blue Magei 

0.0 

Black 

Figure 2.5: HLS space 



If 0 < i? < 7r/3, then 

R = A, G = ̂  + IA-P)(^~Y B = P 

If tt/S < H <  27r/3, then 

R = 13 +(A- 13 

IF 217 F3 < H < TT, then 

R = P, 

LI TT < H < 47r/3, then 

R = ̂ ,  

If 47r/3 < H <  57r/3, then 

i? = ^ + (a-^) 

\I  B-K JZ < H < 27r, then 

R = P + G = a, B = /? 

i? = ^, G = «, B = p + 

i? = ^, G = ^ + («-/?)|?^^), 5 = a 

= ^ + G = /3, 5 = a 

R = a ,  G = /3, B = ^ + 
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Chapter 3 

EFFECT OF QUANTIZATION ERROR ON 
COLOR IMAGE PROCESSING 

In color image processing, a traditional approach is to apply a coordinate 

transformation to the RGB image to obtain the luminous intensity component. 

Monochrome image processing techniques can then be applied to the luminance, or 

intensity, image. Finally, an inverse coordinate transformation is applied, resulting 

in the processed image. In fact, many applications of color image processing only re

quire modification of the intensity component. For example, filtering, enhancement, 

restoration, and edge detection are often applied only to the intensity component 

of color images. In such cases, the other transformed coordinate components are 

not processed and do not even need to be computed. To reduce memory and disk 

space requirements, the intensity value for each pixel is usually quantized to one 

of 256 discrete levels, which can be represented by an 8-bit binary number. The 

quantized intensities values are then processed to yield modified intensities, which 

are also quantized to 8-bit values. The RGB pixel values of the processed image are 

then computed by inverse coordinate transformation, or an equivalent procedure. 

However, the quantization of the intermediate intensity values can lead to 

distortion in the output RGB values. The magnitude of this distortion is evaluated 
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both analytically and experimentally. First, it is shown theoretically that the worst-

case distortion in the processed RGB image can be quite significant, especially 

when the input pixel intensities are small. Next, experimental results of histogram 

equalization are presented, which demonstrate that improved performance can be 

achieved by increasing the resolution of the histogram. 

3.1 Intensity Image Quantization 

Digital color images are usually acquired in the NTSC RGB (red-green-blue) 

coordinate system. Normally, the RGB values are represented by integers in the 

range, [0,255]. The selection of an appropriate coordinate system to use for pro

cessing color images is often application dependent. A reasonable choice is a three-

dimensional coordinate system based on hue, saturation, and luminous intensity. 

In such a system, the intensity component can be given by the CIE and NTSC 

coordinate [16], 

y = (0.299i? -I- 0.587G -f 0.114B) / 255 (3.1) 

where scaling has been introduced so the resulting Y values lie in the range, [0,1]. 

The coefficients in Eq. 3.1 are related to the relative luminous efficiency of the 

human visual response to red, green, and blue stimuli. 

The computed Y values will have a precision of three decimal places, corre

sponding to the precision of the coefficients in Eq. 3.1. A common implementation 

is to quantize the Y values to obtain a monochrome, 8-bit/pixel image that can be 

more easily processed. Ideally, this quantization should be performed in a manner 
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that ensures a uniform quantization over the 256 quantization levels: 

[256 yj if 1 
if F = 1 

(3.2) 
255 

Here, the encoded intensity value, Yg, will He in the range, [0,255]. (For compu

tational efficiency, the 256 scaling factor in Eq. 3.2 can be incorporated into the 

coefficients in Eq. 3.1.) When decoded, the reconstructed intensity value will be 

the midpoint of the corresponding quantization interval: 

It should be noted that many implementations of color image processing algo

rithms simply use the codewords, Yq, for subsequent calculations, rather than using 

the reconstruction levels, Y, This simplifies the implementation at the expense of 

additional quantization error. In fact, it introduces a bias equal to -0.5/256 into 

the intensity computations. 

3.2 Analysis of Luminance Quantization Error 

In many applications, only the luminance, or intensity, component is processed 

in order to preserve the hue and saturation of the colors in the original image [23]. In 

this case, a simple procedure can be employed in order to omit the hue and satura

tion calculations from the coordinate transformation operations. The intensity can 

be modified from Y to Y', keeping the hue and saturation essentially unchanged, 

using the following simple technique: 

y Ĵ . + 0-5 
256 

(3.3) 

Here, Y will be a number between 0 and 1. 

R'  = Lyi?-t-0.5j 
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a = lyG + 0.5J 

B' = lyB + O.SJ (3.4) 

where R', G', B' (rounded to integers in the range [0,255]) are the image components 

of the processed image. 

However, if the intermediate intensity values are quantized before being pro

cessed, then the modified image will differ from the ideal result. For the case where 

intermediate quantization is used, the processed image components are computed 

as follows: 

R'  =  LI^I2  +  0.5J  Ly J 

G' = li^G + 0.5j Ly J 

B'  =  [is + o.sj (3.5) 

However, we will use the more efficient implementation (with a slight increase in the 

quantization error), in which the codewords Yq and Yg, are used for the calculations, 

instead of the reconstruction levels, Y' and Y. The processed image components 

are then computed as follows: 

R' = L&^ + 0.5J 

G'  =  [^(7  +  0.5J  

B'  = [^5 + 0.5j (3.6) 

Here, the quantization error in the intermediate intensity computation propagates 

to the processed components. Define the quantization error in the output values to 
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be 

R'-R'=  + 0.5J - L—R +  0.5J 
In J 

Y' , y 

9 

AG G'-G'=  L^G + 0.5J - Ly G + 0.5J 

AB B' -B'=  L^B + 0.5J - [YB +  0.5J (3.7) 

The output quantization error, AR,  depends on i?, Y, and Y' .  The quantities, 

AG and AB, have similar dependencies. The worst-case output quantization errors 

can be derived by a careful examination of the above equations, with the following 

results: 

min AR is -255, using {R,  G, B,  Y' )  = (3,0,0,0.897 x 254.5/(3 x 255)) 

maxAil is 126, using {R,  G, B,  Y ' )  — (2,1,7,128/256) 

min AG is -255, using (J?, G, B,Y' )  = (1,1,0,0.886 x 254.5/255) 

maxAG is 127, using (i?, G, B,  Y' )  = (2,1,7,255/256) 

minAB is -255, using {R,G,B,Y' )  =  (2,0,3,0.940 x 254.5/(3 x 255)) 

maxAB is 127, using {R,G,  B ,Y' )  =  (0,3,2,128/256) 

That is, we have 

Therefore, small quantization errors in the intermediate intensity computations can 

propagate to yield very large errors in the output pixel values, especially when 

-255 < AR <  126 

-255 < AG < 127 

-255 < AB <  127 (3.8) 
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the original pixel values are very small. Dark regions of an image are particularly 

susceptible to such errors. 

This quantization error can be reduced by increasing the precision of the inter

mediate intensity calculations. Since the coeflBcients in Eq. 3.1 have three decimal 

places of precision, one solution is to quantize the intensity values to 256 000 dis

crete levels, rather than just 256. The intensity computed by Eq. 3.1 can only take 

on 256 000 possible values. Therefore, the quantization error can be essentially 

reduced to zero if 256 000 quantization levels are used. 

3.3 Analysis of Error in Histogram Equalization 

Histogram equalization can be applied to the intensity component of a color 

image in order to enhance the image contrast [10]. Intensity values are transformed 

so that the modified intensities are approximately uniformly distributed over the 

available range. The chrominance, or color, information is usually not modified. 

For the continuous-amplitude case, the histogram equalization transformation 

is given by 

where Y is the input intensity, Y'  is the output intensity, and F{- )  is the cumulative 

distribution function (cdf) of the input intensities. Specifically, 

where /(•) is the probability density function (pdf) of the input intensities. For the 

Y'  =  F{Y)  (3.9) 

(3.10) 
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discrete-amplitude (quantized) case, we have 

n'=L^^^f(n)+o.5j (3.11) 

where M is the number of level, N is the total number of pixels in the image (note 

that H{M) — N), YQ is the quantized input intensity, is the quantized output 

intensity, and H{-) is the discrete cdf of the input intensities. This discrete cdf is 

computed as 

= (312) 
i'=0 

where H{-) is the histogram of the input intensities. 

The relationship between the continuous-amplitude and discrete-amplitude 

cases is given by the following: 

Kn) = 

H(YQ) = N F{Y)DY 

Therefore, the histogram equalization transformation of the quantized intensity 

values can be expressed as 

y; = (M -1) F (3.15) 

As mentioned in the previous section, the intensity image is processed by scaling 

the i?, G, and B values according to Eqs. 3.4 and 3.6. For histogram equalization, 

the scaling factor is given as follows (from Eq. 3.9): 

,(y)=^ = q n  ,3.ie) 
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For the quantized case, the scaling factor becomes 

,(y, = ^ (3.n) 

For the special case where Y = 0 or = 0, define "({Y) = 0 or 7(F) = 0, 

respectively. The effect of the propagating quantization error can be expressed in 

terms of the error in the scaling factor, as follows: 

A7(F) = 7m-7(n 

^  ( M - L ) F F ( N )  F { Y )  
NY, Y 

M - 1 ^ + 1 
F (^) - C-i®' n 

The expected value of this scaling factor error can then be computed as 

E[A^{Y)] = C M{Y)F{Y)DY (3.19) 
JO 

As discussed earlier, the effects of quantization error will be most pronounced in 

dark regions of the original image. Many natural images have intensity histograms 

that are skewed toward the dark side. The distribution of intensities in such images 

can be modeled by an exponential pdf: 

where a determines the darkness of the image. For this model, the cdf of the 

intensities is easily computed: 

N Y )  =  r M  < K  = ' "  (3.21) 
Jo 1 — e " 

Using this model, a closed-form expression can be derived, relating the error in 

the scaling factor to the intensity value of the pixel being processed. Substituting 
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Eq. 3.21 into Eq. 3.18, we obtain 

M — 1 1 — 1 1 — 

Careful examination of this expression reveals insight into the propagation of 

the intensity quantization error in histogram equalization. For the special case 

where F = 0 or F, = 0, we define 7(5^) = 0 and j{Y) = 0, respectively. Therefore, 

A7(y) = 0 when F = 0. Otherwise,  A7(y) will  be large for small  values of Y, 

and will small for large values of y, as shown in Fig. 3.1. In fact, when y = 1, 

A7(y) = 0. Therefore, the most significant error is found in the dark regions 

of the image. In particular, consider pixels with RGB values small enough that 

0 < y < 1/M. resulting in = 0. For such pixels, we will have 7(y) = 0, but 

7(y) ^ 0, meaning that the processed pixel values will be zero for the discrete-

amplitude case and non-zero for the continuous-amplitude case. Therefore, when 

the intensities are quantized to only M discrete levels, the detail in the very dark 

regions will be lost. 

In addition, the expected value of the error in the scaling factor can be related 

to the pixel intensity by substituting Eq. 3.22 into Eq. 3.19 to obtain 

£[A7(F)] = / 
Jo  

1 [M - 1 1 - 1 1 - 6"°^' 
Y, Y 1-E-" 

F{Y)DY (3.23) 

3.4 Experimental Results Using Histogram Equalization 

The theoretical analysis indicates that the effects of intensity quantization er

ror can be significant, especially in dark regions of the image. Experiments were 

performed in order to assess the quantization error in histogram equalization of real 
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Figure 3.1; A7(F) vs. V with a = 10,33, and 100 (top curve has A = 100) 
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images. 

Fig. 3.2 shows the histogram of the standard "couple" image. Here, data points 

are only shown for the first 64 gray levels (out of 256) in order to highlight the 

distribution at small intensities. This histogram approximately fits the exponential 

pdf model used in the theoretical analysis. Fig. 3.3 shows the histogram of the 

equalized image using 256 intensity quantization levels. Fig. 3.4 shows the histogram 

of the equalized image using 256 000 intensity quantization levels. Comparing the 

two results, a significant difference is apparent in the dark region. In particular, 

when only 256 bins are used, all pixels with an input intensity less than 1/256 are 

mapped to an output intensity of 0. However, when 256 000 bins are used, these 

dark pixels intensities get mapped to a broad range of values, as seen in Fig. 3.4. 

Consequently, the histogram peak at 0 decreases from about 4000 to about 1400 

when the increased number of quantization levels is used. As a result, the output 

intensities are more uniformly distributed, and the contrast in the dark areas is 

improved. In fact, some of the details in the shadowed regions of the image are 

made visible because of the increased intensity resolution. 

Fig. 3.5 shows the histogram of the standard "baboon" image. Fig. 3.6 shows 

the histogram of the equalized image using 256 intensity quantization levels. Fig. 3.7 

shows the histogram of the equalized image using 256 000 intensity quantization 

levels. 
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Figure 3.2: Histogram of original "couple" image (only 64 of the 256 bins are shown) 
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Figure 3.3: Histogram of equalized "couple" histogram using 256 bins (only 64 of 
the 256 bins are shown) 
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Figure 3.4: Histogram of equalized "couple" histogram using 256 000 bins (only 64 
of the 256 bins are shown) 
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Figure 3.5: Histogram .of original "baboon" image 
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Figure 3.6: Histogram of equalized "baboon" histogram using 256 bins 
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Figure 3.7: Histogram of equalized "baboon" histogram using 256 000 bins 
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3.5 Summary 

In many applications of color image processing, only the luminance, or inten

sity, component is processed. However, if only 256 intensity quantization levels are 

used, then the error in the output intensities can be significant, especially in dark 

regions of the image. This was analyzed theoretically and experimentally for the 

histogram equalization example. For applications where intensity resolution in the 

dark regions is important, the quantization error can be avoided by using 256 000 

quantization levels, at the expense of increased computation. 
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Chapter 4 

EFFICIENT TECHNIQUES FOR 
LUMINANCE AND SATURATION 

PROCESSING 

Often in color image processing, only the luminance is modified, leaving the 

other two components unchanged. Such a procedure only affects the brightness 

of the image, preserving the chrominance, or color, information. Therefore, color 

image processing typically involves the following procedures; 

1. Compute the luminance, hue, and saturation from the RGB values in the 

original image. 

2. Modify the luminance values to achieve some desired result. 

3. Compute the output RGB values from the processed luminance values, to

gether with the original hue and saturation values. 

The whole process is shown in Fig. 4.1. 
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processing 

Figure 4.1: Color image processing requiring coordinate transformations 

4.1 Scaling Technique for LHS Space 

Unfortunately, such processing requires large amounts of memory and com

putation, especially for large images. In this type of color image processing, the 

computation of the hue and saturation values is wasteful since these values are not 

modified in the procedure. An efficient technique that avoids computing the values 

of hue and saturation is proposed, as shown in Fig. 4.2. 

processing 

Figure 4.2; Efficient color image processing without coordinate transformations 

According to the definition of the luminance in Eq. 2.1, it is independent of the 

h u e  a n d  s a t u r a t i o n .  S i n c e  t h e  l u m i n a n c e  i s  r e l a t e d  t o  t h e  l e n g t h  o f  t h e  v e c t o r  o p  

in Fig. 2.1, changing the luminance will change the length of this vector. However, 

this will not change the intersection point of the vector with the Maxwell triangle. 
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Consequently, modifying the luminance will not affect the hue and saturation. A 

straightforward technique can be derived for modifying the luminance that does not 

require the computation of hue and saturation. One can simply scale the vector 

op in RGB space by the ratio of the desired luminance value and the original 

luminance value. The processed RGB values can be easily computed by scaling the 

original RGB values: 

l' 

• r' • ' r ' 
g' = 7 g 

b' b 

This technique is much more efficient and exactly equivalent to the intuitive proce

dure, whereby l is modified to get l\ and then l'hs is inverse transformed to get 

r'g'b'. 

4.2 Shifting Technique for YIQ Space 

In most applications of color image processing, the hue and saturation, which 

are controlled by I and Q, are preserved. Therefore, the typical approach, using the 

YIQ system, is as shown in Fig. 4.1, using YIQ instead of LHS. Since the forward 

and inverse conversions are both linear transformations, an efficient technique of 

shifting without computing the values of I and Q can be derived. 

' r' ' • 1.000 0.956 0.621 • y' ' 

a = 1.000 -0.273 -0.647 i 

b' 1.000 -1.104 1.701 . Q . 
" 1.000 0.956 0.621 ' '  y + Xy ' - y )  '  

= 1.000 -0.273 -0.647 i 

1.000 -1.104 1.701 J Q 
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LOGO 0.956 0.621 - y  •  '  y ' - y '  

1.000 -0.273 -0.647 i + y ' - y  

1.000 -1.104 1.701 . Q .  y ' - y  

r ' y ' - y '  

g  + y ' - y  

b  y ' - y  

r + { y ' - y )  

G + { ¥ ' - ¥ )  
b  +  { y ' -  y )  

r  +  ( t  

g  +  a  

b  +  a  

(4.2) 

where a  =  y '  —  y .  

4.3 Analysis of the Efficient Techniques 

The efficient scaling and shifting techniques, based on the LHS and YIQ co

ordinate systems, are not the same. Therefore, processing with these techniques 

will lead to different outputs, even though the processed components, L and Y, are 

exactly the same. A theoretical analysis of the effects of the techniques in different 

coordinate systems is presented here. 

4.3.1 Effects of Scaling in YIQ Space 

The effect of the scaling technique, which was derived from the LHS system, 

in the YIQ system is first analyzed. Although scaling of the RGB values preserves 

H and S in the LHS system, scaling will modify I and Q in the YIQ system. Using 

Eq. 2.7, the modified values of I and Q can be found: 

R =  0.5967i2 - O.2747G - O.3227B 
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= (0.596/? - 0.274G - 0.3225)7 

= 7-^ 

Similarly, Q'  = 7Q. I.e., the values of I and Q are both scaled by 7 when the values 

of RGB are scaled by 7. 

If Y is increased after processing, then 7 is greater than one, and hence, both I 

and Q are increased by the same factor. The corresponding hue (the angle in the IQ 

plane) is therefore unchanged. However, the corresponding saturation (the radius 

in the IQ plane) is increased by a ratio of 7. On the other hand, if Y is decreased 

after processing, then the corresponding hue is unchanged and the corresponding 

saturation is decreased by a ratio of 7. It should be emphasized, howevei, that the 

saturation, S, as defined in the LHS system, is preserved by the scaling technique. 

4.3.2 Effects of Shifting in LHS Space 

The effect of the shifting technique, which was derived from the YIQ system, 

in the LHS system is analyzed. Although shifting of the RGB values preserves I 

and Q in the YIQ system, shifting will modify S in the LHS system. The effects of 

shifting the original RGB values on the values of H and S in the LHS system can 

be analyzed by using Eqs. 2.5 and 2.6. 

TT  _  J  COS~^(X)  I {  G  >  B  
I 360<ieg _ coS~^(x) if G < jB 

where 
0 .5[ (R-G) - { - (R-B) ]  

[ (E -  G)2  - { - (R -  B) (G  -  5)]V2  

,  ^  0 .5[ ( (R  +  (7)  -  ((?  +  A) )  +  ( (R  +  G)  -  (B  +  A) ) ]  
[ { {R  +  A) - {G  +  A)Y  +  {{R  +  A)  -  {B  +  CT) ) { {G  +  A)  -  (B  +  A) ) ] ! / ^  
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0 .5[{R-G)  +  {R-B)]  ^  ^  

[ {R-GY +  {R-B){G-B)Y / ^  

Therefore, 

H' = H 

MIN{R A ,  G  +  (T ,B + CR)  
S '  =  1 - 3 -

R +  A- +  G  +  (T +  B  +  A 

^ 1 - ̂R+G+B+3A R is min 
1 - 3fl+G+B+3a if G is min 

- 1 - ̂R+G+B+3A if B is min 

AS  =  S ' -S  

R  +  CR \  „ R 

Similarly, 

= ^ \ if R is min 
V R +  G +  B  +  3aJ \  R + G +  BJ  

3(2i? -G-B)A  
{R+G +  B){R  +  G +  B  +  3A)  

D{2G-R-B)A  
{R  +  G +  B){R+G +  B  +  Z A )  '  G i s m m  

AS  =  —TT if B is min 
(i? + (? + B^I^R  G  B  So") 

Therefore, the hue, H, is not affected by the shifting technique. However, 

the saturation, S, is changed when the luminance is modified by shifting. Since 

{2R — G — B), (2G — R — B) and {2B — G — cr) in the AS equations are all negative, 

AS is negative if A is positive, and vice versa, A is positive when Y' is greater 

than Y. Therefore, the saturation S, as defined in the LHS system, decreases when 

the luminance is increased by shifting the RGB values. Similarly, the saturation S 

increases when the luminance is decreased by shifting. 
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4.3.3 Geometrical Analysis 

Figs. 4.3 and 4.4 clearly show how shifting and scaling of the RGB values affect 

the hue and saturation in the LHS and YIQ coordinate systems, respectively. Note 

that the hue and saturation are defined differently in the two systems. Therefore, 

even though the luminance processing techniques may preserve the saturation ac

cording to one coordinate system, it will not preserve the saturation in the other 

coordinate system. Inherently, scaling and shifting of the RGB values do not affect 

the hue in either LHS or YIQ. When analyzed in LHS space (see Fig. 4.3, the scaling 

technique correctly modifies the luminance, leaving the saturation unaffected. The 

shifting technique also correctly modifies the luminance, but distorts the saturation 

as a side effect. When analyzed in YIQ space (see Fig. 4.4, the shifting technique 

correctly modifies the luminance, leaving the saturation unaffected. The scaling 

technique also correctly modifies the luminance, but distorts the saturation as a 

side effect. 

As illustrated in Fig. 4.3, scaling of the RGB values does not affect the hue and 

saturation, as defined in LHS space. However, shifting of the RGB values increases 

the saturation if the luminance is decreased and decreases the saturation if the 

luminance is increased. As shown in the figure, the shifting technique moves the 

vector only along radial lines of constant hue, so the hue is not affected. 

As illustrated in Fig. 4.4, scaling of the RGB values decreases the saturation if 

the luminance is decreased and increases the saturation if the luminance is increased. 

As shown in the figure, the scaling technique moves the vector only along radial 

lines of constant hue, so the hue is not affected. However, shifting of the RGB 
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Scaling Shifting 

Figure 4.3: Effects of scaling and shifting in LHS 

Shifting Scaling 

: S' 

Figure 4.4; Effects of scaling and shifting in YIQ 
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values does not affect the hue and saturation, as defined in YIQ. 

The effect of saturation change is more significant when the change in lumi

nance is large. Fig. 4.5 shows how scaling and shifting affect the saturation by 

increasing the luminance by a large amount for a dark pixel. Let OP be the orig-

scaling 

Figure 4.5: Effect of saturation by scaling and shifting when luminance increases 

inal value of a dark pixel. Scaling will increase the length of OP to produce OP' .  

Sh i f t i ng  wi l l  add  a  vec to r  t ha t  i s  pa ra l l e l  t o  t he  g ray  l i ne  t o  OP t o  p roduce  OP" .  

Both OP' and OP" have the same hue, but OP" has a much lower saturation 

because it is much closer to the gray-line. On the other hand, OP' is close to 

the boundary of the RGB cube, which means that the saturation is almost the 

maximum. This explains why scaling causes the processed version of a dark image 

to exhibit very vivid colors (over-saturated), whereas shifting causes the processed 
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image to be very pale in color (under-saturated). 

On the other hand, Fig. 4.6 shows how the two techniques affect the saturation 

when decreasing the luminance of a bright pixel. The effect shown is the opposite 

Figure 4.6: Effect of saturation by scaling and shifting when luminance decreases 

of the result of increasing the luminance of a dark pixel. Here, the result of scaling, 

OP', is closer to the gray line; therefore, the processed image is pale. The result of 

shifting, OP", is closer to the boundary of the RGB cube, leading to a processed 

image that is more saturated in color. 

ahlf^^g 
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4.4 Effects of Scaling and Shifting in CIELAB and 
CIELUV 

Unlike LHS and YIQ, the CIELAB and CIELUV systems do not have effi

cient luminance processing techniques that bypass the coordinate transformations. 

Therefore, the scaling and shifting techniques derived for LHS and YIQ must be 

used for efficient luminance processing. However, using the scaling or shifting tech

niques in the CIELAB or CIELUV systems may introduce other side effects. For 

example, shifting will cause a saturation change in the LHS system, and scaling 

will cause a saturation change in the YIQ system. Therefore, the effects of scaling 

and shifting in the CIELAB and CIELUV systems were analyzed. It was found 

that the effect of scaling and shifting on a' and b* is usually very small. Therefore, 

the procedure shown in Fig. 4.7 performs well when analyzed in the CIELUV and 

CIELAB spaces. 

processing 

FT 

G' 

B-

Figure 4.7: Efficient processing in uniform color spaces 

Table 4.1 shows the changes of a*, 6*, u* and v' when scaling or shifting is 

applied. In the table, 7 = Y'/Y (scaling) and a = Y' — Y (shifting). The table 

shows that using scaling in the CIELAB system will scale the values of a* and b' 

by iy'lYyl^. That means that if the luminance is increased, the corresponding 

saturation in the CIELAB system is increased, and vice versa. But, there is abso-



Table 4.1: Effects of scaling and shifting in CIELAB and CIELUV 

Scaling Shifting 

Aa* — 1) 

AB' 6«(y/3 _ 1) 

AU* 1508(u' - Uq) 13 [U6 - 16] 

13 [ll6 (fj ' 16] "n) 

AV* 1508(o' - V'„) 13 [ll6 (3^)'" - 16] - -:) 

-13[ll6(fc)"'-16](,f:;#^-»;) 
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lutely no hue change in the system. This is similar to the situation in the LHS and 

YIQ systems. There is saturation distortion but no hue distortion if an efficient 

technique derived from another system is used. 

However, there is both hue and saturation distortion when scaling is applied 

in the CIELUV system or shifting is applied in either the CIELAB or CIELUV 

systems. This is because the values of A* and B* or U* and V* are not scaled by 

the same ratio. Therefore, the corresponding hue, which is equal to tan~^(6*/a'*) or 

tan~^(u*/u*) is changed. At the same time, the corresponding saturation is changed 

as the distance of the points {A',B') and [U',V*) from the origin in the horizontal 

plane is changed. However, the amount of change in hue and saturation depends 

on the amount of change in luminance. If the change in luminance is large, then 

the change in saturation will be large. However, the change in hue is usually very 

small and not visible. 

As discussed above, scaling is more suitable than shifting for luminance pro

cessing in the CIELAB and (especially) the CIELUV systems. In CIELUV, scaling 

can be used in Fig. 4.7 without computing the values of U" and V*. However, in 

CIELAB, if scaling is used in Fig. 4.7, then the values of A* and B* are scaled by 

{Y'/YY^^. That means that if the luminance is increased, then the corresponding 

saturation in the CIELAB system is increased, and vice versa. But, there is abso

lutely no hue change in either color system. This is similar to the situation in the 

LHS and YIQ systems. There is saturation distortion but no hue distortion if an 

efficient technique derived from another system is used. 

However, if the shifting technique is analyzed in the CIELAB or CIELUV 

systems, then there is both hue and saturation distortion. This is because the 
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values of A*  and B*  or U* and V*  are not scaled by the same ratio. Therefore, the 

vector in the horizontal polar plane is not shifted in a radial direction. However, 

the change in hue is small. 

4.5 Experimental Results of Scaling and Shifting for His
togram Equalization 

The scaling and shifting techniques can be applied to any luminance process

ing applications, such as low-pass filtering, high-pass filtering, and enhancement. 

The purposes of scaling and shifting are to change the luminance to the desired 

value without changing the color. However, scaling and shifting will produce final 

images with different saturations according to different systems. Experiments were 

performed in order to compare the performance of these techniques in different 

coordinate systems. 

Since the change in luminance is not too much when low-pass or high-pass 

filtering is applied, histogram equalization is taken AS an example here. The change 

in luminance can be large for histogram equalization, making it a good applica

tion for comparing the performance of the efficient techniques. For images with 

a histogram that is already almost uniformly distributed, the difference between 

the performance of scaling and shifting is not very perceptible. That is, when the 

change of the luminance is small, the saturation distortion from the two techniques 

is not very noticeable. This agrees with the analysis in Sections 4.3.1 and 4.3.2. 

However, for bright or dark images with many pixels having very low brightness or 

very high brightness, the differences between the two techniques are quite obvious. 
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Fig. 4.8 shows a dark image, and Figs. 4.9 and 4.10 show the result of scahng 

and shifting, respectively. Comparing the two results, shifting clearly reduces 

Figure 4.8: Original dark image 

the saturation. However, scaling leads to a somewhat over-saturated image. In 

Fig. 4.9, the faces of the man and the lady are too reddish and the suit is a little 

bit too bluish. However, in Fig. 4.10, the faces become too pale and the blue color 

of the suit is almost completely diminished. Of course, all of these comparisons 

are subjective. In fact, the original colors in the image are not very well defined 

because the original is under-exposed. 

For bright image, the scaling technique will make the face, lips, and hair become 

pale and the shifting technique will the lips too reddish. Experimental results are 

not shown here. 

However, the above comparisons are subjective. There is no standard measure 



Figure 4.9: Equalized dark image using scaling 

Figure 4.10: Equalized dark image using shifting 
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that can be used to determine which result best matches the original color. It 

is hard to judge whether scaling or shifting is the better technique for preserving 

the original color. Scaling preserves the original color better for dark pixels. But, 

shifting preserves the original color better for bright pixels. In the next few sections, 

further comparison of scaling and shifting are illustrated. And, a new efficient 

technique to enhance the saturation of the image is introduced. 

4.6 Hybrid Technique for Luminance Processing 

As discussed before, scaling and shifting may cause over-saturation and under-

saturation in bright and dark images. A hybrid technique can be used to obtain 

a saturation which is between the saturation of scaling and shifting. By taking a 

linear combination of the scaling and shifting results, we obtain the following: 

• B! ' 
=4 

' R • 
I  

• R ' '  L ' - L '  
G '  =4 G  G  + L ' - L  
B '  L f  B  \ B  L ' - L  

l i  k  =  0.5, then { R ' ,  G ' ,  B )  is the average of the processed vectors of scaling 

and shifting in the RGB cube. The result will have a color with saturation near the 

average of the saturation by scaling and shifting. If ^: = 1, then the hybrid reduces 

to pure scaling. If A; = 0, then the hybrid reduces to pure shifting. If /: > 0.5, then 

the hybrid is closer to scaling, and vice versa. The user can decide to make the 

c o l o r  m o r e  s a t u r a t e d  o r  l e s s  s a t u r a t e d  b y  v a r y i n g  t h e  c h o i c e  o f  t h e  v a l u e  o f  k .  

Perceptually, the hybrid technique is more acceptable than either scaling or 

shifting. It alleviates the over-saturation and under-saturation problem in the scal

ing and shifting techniques. 
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4.7 Efficient Saturation Enhancement Technique 

In some applications, one may want to modify the saturation of an image with

out affecting the luminance and hue. For example, increasing the saturation will 

make the colors more vivid, which is often perceived ELS a more pleasing image. If 

Eqs. 2.2- 2.4 are used to modify the saturation, then the amount of computation 

is very large because the hue equation involves trigonometric functions. A compu

tationally efficient technique is therefore desired that will allow one to modify the 

saturation while preserving the luminance and hue. 

A graphical approach can be used to derive an efficient technique for saturation 

modification. Construct a straight line from the point (L, L, L) through the point 

{R,G^B), terminating at the boundary of the RGB cube. Every point along this 

straight line has the same luminance and hue; only the saturation varies. First, 

c o n s i d e r  t h e  H S I  c o o r d i n a t e  s y s t e m ,  i n  w h i c h  l u m i n a n c e  i s  d e f i n e d  a s  L  =  { R  +  

G -f (using L instead of I here). In this case, the constructed line will be 

parallel to the Maxwell plane — i.e., perpendicular to the gray line. Consequently, 

the saturation, which is proportional to the distance from the gray line in the 

Maxwell plane, can be scaled from S to kS as follows: 

•  R  '  •  L  '  ( •  R  '  '  L  •  
a — L  + A: G  — L  
B  L  V B  L  

•  R  '  •  L  '  
k  G  +  { l - k )  L  

B  L  

If A; = 1 then the saturation will be unchanged; if A: = 2 then the saturation gets 

doubled; etc. 
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However, in the LHS system, luminance is defined differently: L  = 0.299/? + 

0.587G + 0.1145. Consequently, the straight line from (i, L, L) to (R, G, B) is not 

parallel to the Maxwell plane or perpendicular to the gray line. As a result, the 

s a t u r a t i o n  i s  n o t  p r o p o r t i o n a l  t o  t h e  l e n g t h  o f  t h e  v e c t o r  { R  —  L , G  —  L ^ B  —  L )  

anymore. Eq. 4.4 can still be used, but in LHS the saturation will be scaled from 

S to k'S, where 

, _ ^ . s  

{ R  +  G  +  B ) i l - k ' )  +  3 L k '  ^  '  

The derivation of this equation is given in Appendix B. 

4.8 Summary 

Color image processing often requires a three-dimensional coordinate system 

related to luminance, hue, and saturation, which correspond to human perceptual 

attributes. Transforming back and forth between the RGB color system and other 

systems is a large computational burden and can consume lots of memory. Two ef

ficient techniques, scaling and shifting, were presented that simplify the coordinate-

system conversion procedures for luminance processing. The effects of scaling and 

shifting techniques were analyzed in several different coordinate systems. A similar 

procedure was given for saturation processing. 
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Chapter 5 

GAMUT OF LHS AND YIQ 

Each pixel of a color image is stored as values of red, green, and blue. However, 

the RGB color system does not correspond to the perceptual attributes of the 

human visual system. Therefore, a color space with components corresponding to 

luminance, hue, and saturation is often desirable. In many applications, the hue 

and saturation need to be preserved, so only the luminance is processed. 

A common approach to processing color images is to first transform the RGB 

image to a new color space, do the processing, and then transform back to RGB, as 

shown in Fig. 4.1. However, when the processed values in the new color system are 

transformed back to RGB, the final RGB values might lie outside the RGB cube 

(e.g., the RGB values could become negative). For luminance processing, some 

researchers have suggested to clip the processed luminance value before transforming 

back to RGB. However, that may reduce the effectiveness of the image processing 

(e.g., less contrast when doing histogram equalization). The gamut of a color space 

is the subset of that space that will inverse transform to points within the RGB 

cube. 

The gamuts of two color coordinate systems, LHS and YIQ, are studied. Clip
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ping the saturation instead of the luminance is proposed here to avoid the loss 

of luminance contrast that can result from clipping the luminance. Equations for 

clipping the saturation are derived for both systems. Experiments using histogram 

equalization are performed to demonstrate the different results obtained from sat

uration clipping and luminance clipping. 

5.1 Gamut of LHS Space 

As shown in Fig. 2.1, the LHS space is supposed have a cylindrical shape. At 

each luminance level, the range of hue is 0° to 360° and the range of saturation is 0 

to 1. However, not all of the points in the LHS space will map to points inside the 

RGB cube. As the luminance increases, the usable range of saturation will decrease 

depending on the hue angle. That is, the gamut of LHS space is a only a subset of 

the whole cylindrical space. In order for the gamut to be the entire cylinder, the 

boundaries of the RGB space would need to be the tetrahedron shown in Fig. 5.1. 

Assuming the range of red, green, and blue is [0,100], the range of luminance will 

be [0,100]. With a hue angle of 0°, which is red, to get a saturation of 1 at the 

luminance level of 100, the values of R, G, B would need to be 334, 0, 0 respectively. 

Using Eq. 2.7, a pure red color will have L = 0.299i?. Therefore, in order to have 

a luminance of 100, we would need R = 100/0.299 = 334. Clearly, (334,0,0) is 

outside the RGB cube whose sides have length 100. Similarly, for a hue angle of 

120°, which is green, to get a luminance of 100 and saturation of 1, {R, G, B) would 

need to be (0,170,0). For a hue angle of 240°, which is blue, (R,G,B) would need 

to be (0,0,877). The gamut of the LHS space is a circle at the bottom and narrows 

until it becomes a single point at a luminance of 100. Since the luminance is a 
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Figure 5.1: Tetrahedron transforming to a cylindrical shape in LHS 

linear transformation of i?, G, B  with unequal weights, the amount of decrease in 

the usable range of saturation at different hue angles is not the same. Therefore, 

the shape of the cross-section of the gamut at higher luminance levels is not a circle 

anymore. The coefficient of blue is the smallest in the luminance equation. As 

a result, the usable range of saturation for blue will start to decrease first (this 

happens at a luminance level of 11.4). Hue angles near 240° will start to exhibit a 

decreased saturation range when the luminance level is greater than 11.4. Fig. 5.2 

shows the gamut of LHS space at different luminance levels. The figure shows the 

shape of the cross section of LHS space at luminance levels of 0, 5, 10, 15, ..., 

100. One can see that the saturation range starts to decrease for those hue angles 

close to 240° as the luminance level becomes greater than 11.4. Hue angles close to 

0° start to exhibit a decreased saturation range when the luminance level becomes 

greater than 29.9. For hue angles near 120°, the gamut begins to erode when the 



G r e e n  

Figure 5.2: Gamut of LHS system versus luminance 
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luminance level becomes greater than 58.7. When the luminance is 100, the gamut 

is only a point on the luminance axis with {R, G, B) = (100,100,100). 

5.2 Gamut of YIQ Space 

Since the YIQ system is a linear transformation from the RGB system, the YIQ 

space does not have a circular cross-sectional area as in the LHS space. Instead, the 

r a d i u s  a t  e a c h  l u m i n a n c e  l e v e l  i s  t h e  s q u a r e  r o o t  o f  t h e  s u m  o f  t h e  s q u a r e s  o f  I  a n d  Q .  

If R,G,B G [0,100], then the YIQ transformation will result in / G [—59.6,59.6] 

Q e [—52.3,52.3]. Fig. 5.3 shows the gamut of the YIQ space — i.e., the set of 

points that map to within the RGB cube. The size of the cross-sectional area at 

low and high luminance levels is small and the size is the largest at the medium 

luminance level, 50. 

We have to bear in mind that uniformly spaced points in RGB space do not 

map to uniformly spaced points in LHS or YIQ. Therefore, the size of the cross-

sectional area at each luminance level does not indicate how many quantized points 

in the RGB cube are mapped to it. Indeed, the same number of quantized points in 

the RGB cube are mapped to the LHS and YIQ cross-section planes with the same 

luminance level, even though the cross-sectional areas shown in Figs. 5.2 and 5.3 

are different. This is due to the fact that the LHS and YIQ systems have the 

same luminance equation. The only difference is that they have different ranges of 

saturation at each level of luminance. 
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Figure 5.3: Gamut of YIQ system versus luminance 
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5.3 Gamut Limitations in Color Image Processing 

Fig. 5.4 shows an example of processing the luminance in the red hue plane in 

the LHS space, using the scaling technique of Eq. 4.1. Let R,G,B G [0,100]. A 

(80,0.12) ( L , S )  
• K  ( L , S )  (80,0.66) 

( 4 0 , 0 . 6 6 )  ( L , S )  

3 C  ( L , S )  
(10,0.66) 

Figure 5.4: The red hue plane in LHS space 

pixel with luminance of 10 and saturation of 0.66 is processed to a luminance of 80 

with the same saturation. However, the vector with {L, S) = (80,0.66) is outside 

the gamut of the red plane of LHS space. If the point, {L,H,S) = (80,0°, 0.66), is 

mapped to the RGB cube, it will fall outside the cube with length of 100 on each side. 

To solve this boundary problem, Strickland proposed clipping the luminance [23] so 

that the mapped point will fall within the RGB cube. For example, clip the vector 

{L,H) = (80,0.66) to (40,0.66), which is inside the gamut of the red plane in LHS 
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space. Therefore, when implementing Eq. 4.1, the desired scaling factor, 7, should 

be decreased to the largest value that will still keep the RGB coordinates within 

the RGB cube. 

Similarly, Fig. 5.5 shows another example of processing the luminance in the 

Y-I plane in YIQ space, using Eq. 4.2. A pixel with (Y, I) = (35,30) is processed 

Y 

100  100  
(Y , I )  =  (90 ,8  5 )  •)! I  (Y , I )  =  (90 ,30 )  

;^Y , I )  =  (65 .30 )  

> <  (Y , I )  =  (35 ,30>V.  

1 ^ 

59.6 I 

Figure 5.5; The Y-I plane in YIQ space 

to (90,30). Again, when the processed point, { Y , I , Q )  =  (90,30,0), is mapped to 

the RGB cube, it falls outside the cube. By clipping the luminance, the pixel is 

processed to (F, I) = (65,30) instead. Therefore, when implementing Eq. 4.2, the 

desired shift, cr, should be decreased to the largest value that will still keep the 

RGB coordinates within the RGB cube. 

Clipping the luminance can keep all the processed pixels within the gamuts of 
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LHS space and YIQ space. However, the chance of the processed pixels falling out

side the gamut can be significant, especially when the saturation is large. Therefore, 

many pixels may require clipping the luminance to the gamut boundary. Hence, 

many pixels may not reach the desired luminance level. Moreover, they will accu

mulate at the same luminance level if they have the same saturation value. One 

particularly extreme case will occur as follows. Assume most pixels in the original 

image have very close saturation and hue. After histogram equalization, most of 

the processed values will fall outside the gamut. Therefore, they will all be clipped 

to the boundary of the gamut, ending up very close to each other. As a result, 

the desired contrast enhancement will not be achieved, in spite of the equalization 

operation. 

5.4 New Algorithm for Saturation Clipping 

Processing the luminance may cause the pixel to fall outside the gamut of the 

processing space, LHS or YIQ. But, clipping the luminance can reduce the effective 

contrast. In order to keep the enhanced luminance contrast after equalization, the 

processed luminance values must be kept. Instead of clipping the luminance to 

move the vector back inside the gamut, clipping the saturation is proposed here. 

For most images, the change in saturation is not as perceptible as the change in 

luminance, especially for pixels with low luminance or high luminance. 

Using the same example of Section 5.3, shown in Fig. 5.4, if the processed 

vector (80,0.66) is clipped to (80,0.12) instead of (40,0.66), the luminance of 80 

is kept but the saturation is decreased from 0.66 to 0.12. The main purpose of 

histogram equalization is to enhance the luminance so that more contrast of the 
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luminance can be seen. If the luminance is clipped because of the gamut, the 

purpose will be lost. Moreover, many pixels will be clipped to the same point, or 

close to it, in the LHS space. Consequently, the amount of contrast enhancement 

could become significantly reduced. It should be noted that a color in the RGB 

cube with very high luminance will inherently have a low saturation. Therefore, 

clipping the saturation for pixels with high luminance will not affect the color too 

much since the color is already close to pure white. 

Similarly, in Fig. 5.5, suppose the processed vector (90,30) is clipped to (90,8.5) 

instead of (65,30). The gamut of YIQ is different from that of LHS; decreasing the 

luminance will cause the vector to be out of the gamut. Therefore, clipping the sat

uration is also necessary if the luminance is decreased too much. For low luminance, 

there is not too much difference perceptually between a color with saturation of 1 

and saturation of 0 because the colors are too dark to be able to tell the difference. 

5.4.1 Implementation of Saturation Clipping 

To clip the saturation in LHS space, Eq. 4.4 can be used. This equation 

preserves the luminance and hue, and changes the saturation. Since the exact ratio 

k is not necessary to compute the clipped saturation, transforming the k ratio, via 

Eq. 4.5, can be skipped. It is only necessary to compute the maximum value of 

k to clip the R',G',B' values to values less than or equal to 100 (again assuming 

R , G , B e  [0,100]). 

Let i?, G, B be the processed pixel values, some of which are assumed to be out 
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of the gamut of RGB space. Using the YIQ coordinate transformation, we have 

Y  =  L  =  0.29912 + 0.587G + 0.114G 

I = 0.596i? - 0.274G - 0.322B 

Q = 0.211i? - 0.523G + 0.312B 

Then the algorithm for clipping saturation in the LHS system is as follows: 

1. If R is greater than 100, k = 

2. If G is greater than 100, k = Tnm{k, 

3. If B is greater than 100, k = min(A:, 

4. Substitute k into Eq. 4.4 to get J?', G', B'. 

The algorithm for clipping saturation in the YIQ system: 

1. If i? is greater than 100, k = O.956 /+O^2IQ  + 

2. If G is greater than 100, k = min(A:, _q 2731-0 gatq ^)' 

3. If B is greater than 100, k = min(fc, _i \ou+i 70 iq  + ^)-

4. Substitute k into the following equation to get R', G', B': 

R' = i? + (jfc-l)(0.956/ + 0.62ig) (5.1) 

G' = G + (fc-l)(-0.2737-0.647Q) (5.2) 

B' = 5 + (fc- 1)(-1.1047 + 1.701Q) (5.3) 

The derivation of Eqs. 5.1-5.3 is presented in Appendix B. 
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5.4.2 Experimental Results of the New Algorithm 

Figs. 5.6 and 4.9 show the difference between clipping luminance and saturation 

in the LHS and YIQ systems for a histogram equalization example. We can see 

Figure 5.6: Result of clipping luminance in LHS 

that the contrast on the faces is much better when clipping the saturation. The 

luminance of the face can now reach the desired high luminance and therefore the 

contrast is improved, but the saturation is lower than the original. It is acceptable 

even though part of the face becomes almost white. Indeed, this is expected because 

saturation decreases as the luminance increases. Colors with luminance close to the 

maximum value are almost white. 
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5.5 Conclusion 

From this study, it was found that the LHS and YIQ spaces have limited 

gamuts. Indeed, the cross-sectional areas of the H-S and I-Q planes become smaller 

as the luminance increases. That means that the usable range of saturation de

creases as the luminance increase. Therefore, it is likely for the processed values 

of LHS or YIQ to be out of the RGB cube when they transform back to the RGB 

space. Here, we propose to clip the saturation instead of the luminance when this 

happens. 
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Chapter 6 

EDGE DETECTION FOR COLOR IMAGES 

Changes or discontinuities in an image attribute, such as the luminance or 

a tristimulus value, are very important primitive characteristics of an image to 

provide the indication of edges and boundaries of features or objects in the im

age. Edge detection is usually extremely useful in image understanding. In object 

identification, segmenting an image into different regions corresponding to different 

objects is generally essential. Edge detection is almost always the first step in image 

segmentation. 

Several different methods of color edge detection have been proposed by Robin

son [20], Nevatia [14], Pratt [16], and Lee [12]. A first method is to use the discon

tinuities of the luminance attribute as the indication of the edge points. This is the 

same as edge detection of a monochrome image except for doing the transforma

tion from the RGB color coordinates to the luminance attribute of the chosen color 

coordinate system. Robinson proposed using G, Pi, Y, L*, G\ in the respective 

color systems, RGB, P1P2P3 (principal components), YIQ, CIELAB, and G^G'^G'^. 

A second method is to judge a color edge to be present if an edge exists in any of 

its tristimulus components. A third method is based on the sum of the gradients 

of the three tristimulus components. An edge exists if the sum of the gradients 
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exceeds a threshold. A fourth method is based on the vector sum gradient. The 

second through the fourth methods above were proposed by Pratt [16]. It was also 

proposed by Robinson [20] that the inherent cross-correlations must be considered 

in determining how the three tristimulus components should be combined. A fifth 

method, which was proposed by Nevatia, is to use the Hueckel edge-line detector 

which impose some uniformity constraints for the convenience of utilizing the edge 

maps of all three components concurrently. Nevatia's edge detector is a generaliza

tion of an achromatic edge definition of a class of edge detectors based on fitting 

optimal steps of a predefined form to intensity values in a local window. 

In this chapter, the method proposed by Lee [12], which is based on the vector 

gradient, is implemented using each of six diff'erent color coordinate systems: RGB, 

LHS, HSI, CIELAB, CIELUV, and YIQ. The results of using these different color 

systems are compared. 

6.1 Lee's IMethod of Detecting Color Boundaries in a Vec
tor Field 

According to Lee, the "signal" elements of the individual color components of 

an image are more correlated than the noise, and the vector gradient is less sensitive 

to noise than is the La norm of the scalar gradients. Through experimental results, 

Lee showed his method to be better than using the scalar gradient for each color 

component and other vector gradient methods by Di Zenzo and Novak, in which 

the directional ambiguity is not resolved. 

In Lee's method, an image is defined as a function (a vector field) which maps 
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an 2-dimensional (spatial) space (x,y) to an 3-dimensional (color) space (u,v,w). 

The gradient of a scalar field can be generalized to the derivative of a vector field. 

T h e  d e r i v a t i v e  i s  a  3  x  2  m a t r i x  D :  

D  =  

If one travels out fronm the point x  with a unit vector u  in the spatial domain, then 

du du 
dx 
dv U 
dx 
dw 
dx 9y .  

d = y/u^D'^Du will be the corresponding distance traveled in the color (attribute) 

domain. The vector which maximizes d is the eigenvector of the matrix D^D that 

corresponds to its largest eigenvalue. The matrix D is given by 

D^D = P  i  
t  q  

w here 

V  =  

t  =  

Q = 

( —  
d x )  

f d u \  

d x )  \ d y )  

'  d w  

. d x .  
' d v \  

.  d x  

d y )  '  \ d y )  '  \ d y  J  

The square root of the largest eigenvalue and its corresponding eigenvector are, for a 

vector field, the equivalents of the gradient magnitude and the gradient direction of 

a scalar field. This gradient magnitude and direction are called the vector gradient. 

The largest eigenvalue A is computed as follows; 

A = ^ (p + 9 + \/(p + g)^-4(pg-<2)^ 

The candidate edge points in a color image are those points that have gradient 

amplitudes ("v/X) greater than a threshold. 
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6.2 Results of Lee's Method in Different Color Spaces 

Lee's vector gradient method was tested on three groups of color coordinate 

systems. The first group was RGB and YIQ. Because YIQ is a linear transformation 

of the RGB system, the results for RGB and YIQ might be expected to be similar. 

The second group was LHS and HSL Because H and S in both systems are the 

same, with the only difference being the luminance, or intensity. The third group 

was CIELAB and CIELUV, which are both uniform color spaces. 

In order to compare the performance of different systems, the gradient thresh

olds were chosen to make the edge maps have approximately the same number of 

edge points. A performance evaluation was done, using the original "couple" image 

in Fig. 3.2. The results of the experiments are shown in Figs. 6.1- 6.8. (Since the 

original image is very dark, it is easier to compare the edge maps to the histogram-

equalized "couple" image in Fig. 3.3 than to the original image.) Figs. 6.1- 6.6 

are the results for different color systems with the number of edges points close to 

20,000. Figs. 6.7 and 6.8 are the results of CIELAB and LHS with the number of 

edge points close to 12,000. 

For the LHS and HSI systems, the saturation of the pixel is required to be at 

least 0.3 in order to be declared an edge point. This is because if the saturation is 

low then the color is very close to the gray line and the hue has little meaning. In 

this case, there may be a significant hue difference between two pixels whose colors 

are actually very close. If we do not eliminate the pixels with low saturation, then 

there will be lots of noisy edges in areas where the colors are very near gray, as well 

as in the very dark areas and the very bright areas. The value of 0.3 was chosen 



Figure 6.1: Edge map using RGB with threshold 20 (10493 edge points) 

Figure 6.2: Edge map using YIQ with threshold 11 (10346 edge points) 
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Figure 6.3: Edge map using CIELAB with threshold 80 (10451 edge points) 

Figure 6.4: Edge map using CIELUV with threshold 115 (10348 edge points) 
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Figure 6.5: Edge map using LHS with threshold 24, and minimum saturation 0.3 
(10389 edge points) 

Figure 6.6: Edge map using HSI with threshold 24, and minimum saturation 0.3 
(10358 edge points) 
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Figure 6.7: Edge map using CIELAB with threshold 48 (6287 edge points) 

M f m  

yy&-
rpu^ • .... W ' . J  

Figure 6.8: Edge map using LHS with threshold 122, and minimum saturation 0.3 
(6380 edge points) 
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experimentally. 

6.2.1 RGB and YIQ 

Using the RGB or YIQ system, the resulting edge locations, shown in Figs. 6.1 

and 6.2, roughly agree with those expected from observation of the original image. 

However, some of the edges are gone and the noise are serious in some regions. Both 

RGB and YIQ show similar results. 

6.2.2 CIELAB and CIELUV 

The results of CIELAB and CIELUV are very different from each other, even 

though both are uniformly spaced systems. The CIELAB result (Fig. 6.3) is clearly 

better than the CIELUV result (Fig. 6.4). The CIELUV shows the edges of the 

image better than RGB or YIQ. However, the noise on the wall is greater. Therefore, 

the edges of the pictures on the wall and the table are distorted. Compared to the 

other color spaces, CIELAB shows the best result. The edges are very detailed, and 

the noise level is low. We can see that the edges on the suit of the man are shown 

clearly, even though they cannot be seen clearly in the original image. Comparing 

Figs. 6.3 and Fig. 4.9 (the enhanced image), CIELAB shows most of the important 

edges in the image. However, the edges of the faces of the man and woman still 

cannot be seen clearly. 
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6.2.3 LHS and HSI 

The results of LHS and HSI are also very similar to each other. They are shown 

in Figs. 6.5 and 6.6. The edges on the suit of the man are visible. However, the 

noise level is quite significant on the suit, the dress, the couch, and especially on 

the carpet. Moreover, all edges on the wall are missing, which is the opposite of 

the CIELUV result, which is very noisy on the wall but very clear on the carpet. 

6.2.4 CIELAB and LHS with Lower Threshold 

The edge maps shown so far demonstrate the the results of the six systems 

with the number of edge points close to 20,000. Of these systems, CIELAB seems 

to give the best result. The results of LHS and HSI perform similarly are also able 

to produce some of the edges that CIELAB shows. Next, the results of CIELAB 

and LHS are examined using fewer edge points by using lower threshold values. 

Comparing Figs. 6.3 and 6.7, decreasing the threshold for CIELAB makes 

some of the edges disappear. In the case of LHS, decreasing the threshold does not 

make too many edges disappear; on the other hand, the noise level is substantially 

decreased. The important edge points become more clearly defined. Even compared 

to the edge map of CIELAB with the same number of edge points, it shows more 

edges on the suit of the man. If we look at the back of the couch, the pattern of 

the back of the couch is seen, which cannot be found in the edge maps of any of 

the other systems. However, the edges on the wall are no- longer present, and the 

noise on the leg of the woman is still very noticeable. 
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6.3 Summary 

From the experimental results, it was found that CIELAB gave the best edge 

map results compared to the other color systems. It produced more of the important 

edges, with a low noise level. Even though LHS and HSI, with the low threshold 

level, show some edge points that are not detected by CIELAB, CIELAB is still 

better than LHS in overall performance. CIELUV has too much noise which is a big 

disadvantage even though it does give the major edges. RGB and YIQ are similar 

to each other, but their performance is not comparable to that of CIELAB, LHS, 

and HSI because most of the important edges never show up, no matter what value 

of threshold is used. 

The edge maps using CIELAB, LHS, and HSI each have their own good qual

ities. If the behavior of these systems relative to the vector gradient are studied 

more carefully, then perhaps a combination of these systems would lead to an edge 

map that would be much better than could be attained using an individual color 

system. 
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Chapter 7 

CONCLUSION 

In this work, we have studied several color coordinate systems and investigated 

how the choice of these systems affects the image processing results. 

First, the quantization error in coordinate transformations was analyzed. It 

was shown that the error in the output intensities can be significant if only 256 

intensity quantization levels are used. The dark regions of the image have the most 

significant errors. It is proposed here to use 256 000 quantization levels to avoid 

the quantization error, at the expense of increased computation. 

Next, two efficient techniques for luminance processing, based on the LHS and 

YIQ systems, were introduced. However, each of these techniques gives different 

results and distorts the saturation defined by the other system. The choice between 

the two techniques is determined by the skew of the histogram of the original im

age. A hybrid approach was also discussed. In addition, an efficient technique for 

saturation processing without computing the hue was derived, based on the LHS 

system. 

The gamuts of the LHS and YIQ systems were studied. The gamut of the two 

systems was analyzed cis a function of luminance. For luminance processing appli
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cations, clipping the saturation instead of the luminance was proposed in order to 

improve the contrast of the processed image. Procedures for clipping the saturation 

were derived for both the LHS and YIQ systems. 

Finally, edge detection for color images was studied. Lee's method of detecting 

color boundaries in a vector field was used to compare the sensitivity of edge de

tection with different color coordinate systems. Experimental results showed that 

CIELAB has the best performance in detecting edges. The RGB and YIQ systems 

are not as effective because the edge contours are thicker and not as sensitive to 

the detail of the image. Comparatively, CIELAB and CIELUV have thinner edges 

and less noise. The noise using the LHS and HSI systems was found to be quite 

significant. This is mainly because the hue and saturation involve a polar coordi

nate system instead of a rectangular coordinate system. However, the LHS and HSI 

systems are more sensitive to certain hue and saturation edges that are not easily 

detected by other systems. 
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APPENDIX A 

TRANSFORMATION FROM LHS TO RGB 

In Fig. A.l, the Maxwell triangle can be divided into three regions. Region 1 

Gmax 

|QGmax| 

|QRmax| 
Gmax-

|QGmax|cos(pi/4) 

Rmax 

Rmax - |QRmaxlcos(pi/4) 

Figure A.l; RG plane in the RGB cube 

is the triangle CRG with hue between 0° and 120°. Region 2 is the triangle CGB 

with hue between 120° and 240°. Region 3 is the triangle CGR with hue between 

240° and 360°. In each region, the intersection point p' in the three dimensional 

RGB cube can be calculated from the value of hue and saturation. 
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In Fig. A.l, OP' in Region 1 can be computed as follows. Assume R, B E 

[O./iT]. Then 

1^1 = KY/2 

7C 6 
= 77 

2 27r/3 

1^1 = 

^ KY/2 
27r/3 

Therefore, 

Since 

where 

OQ = ( K- m\ K- 0 

(K K K\ 
( 3 '  3 '  3 )  

OP — i^Rtempi Giempt Btemp) 

_ K ( (2^13)-e K\ 
Rtemp - 3 + 27r/3 3 ' 

K } e ic 
3 V 27r/3 3 

I^_I± 
3 3 

GUMP =  - + ( / ^  —  - - ) 5  

BTEMP — « « •S' 
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OP in Regions 2 and 3 can be computed similarly, with the following results. 

In Region 2, defined by 27r/3 < 0 < 47r/3, we have 

OP — i^Rtempt Gtem.pi ^temp^ 

where 

E -^TEMP — 2 ^ J 

_ K ( (IN 13) -E K 
G..™, - 3 + 2ir/3 3 ' 

In Region 3, defined by 47r/3 < 27r, we have 

OP = i^Rtempi Gtempi Btemp) 

where 

3 3 
O-rr — ft , 

- ^ 5  

OTEMP — ~ ^ S 

tftemp - 3 27r/3 3 J 

After OP' is found from the Maxwell triangle, OP can be computed by mul

tiplying the coordinate of OP' by LjL'^ where L is the luminance of OP and L' is 

the luminance of OP'. 



97 

APPENDIX B 

SATURATION ENHANCEMENT 
EQUATIONS 

A straight line connected from a point {L, L, L) with luminance L on the gray 

line through a point {R, G, B) with luminance L in the RGB cube, and extended to 

the boundary of the cube has all the points on the line having the same luminance 

and hue. LI L = (i? + G + B)/-\/3 in HSI, then the straight line is parallel to 

the Maxwell plane and perpendicular to the gray line. Based on the definition of 

the HSI system, if the point {R, G, B) has saturation 5, multiplying the vector 

{R — L,G — L,B — L) by a constant K and adding it to the vector (L, X, L) to 

produce a new vector {R', G', B'), will yield a new vector with saturation equal to 

KS. Therefore, if A: > 1, then the saturation will increcise. On the other hand, if 

K < 1 , then the saturation will decrease. The saturation will remain the same if 

K = 1. The color become gray if A: = 0. 

However, L in the LHS system is not proportional to the sum of R, G, B. L is 

computed using Eq. 2.1. Therefore, the constructed straight line is not perpendic

ular to the gray line. It is inclined at an angle with the gray line. Therefore, the 

saturation is not proportional to the length of the vector {R — L,G — L,B — L). A 

transformation is needed and is derived as follows. 
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Using Eq. 2.6, 

MM{KR + (1 — K)L, KG + (1 — K)L, KB + (1 — K)L} 
=  K { R  +  G  +  B )  +  Z { L - K ) L  

If R is the minimum, then 

^  ^ R + G + B  
K R  +  { L - K ) L  

K{R + G + B)-\-3IL-K)L 

K' 

Therefore, 

K{R + G + B) 
K{R  +  G  +  B )  +  3 { L - K ) L  

ZLK' 
{ L - K ' ) { R + G  +  B )  +  Z L K '  

In the YIQ system, the saturation is equal to Y/P + Q"^. To scale the satura

tion, simply multiply YJP + Q'^ by the ratio K. Therefore, 

S = 

S' = 

S 

R' = 

G' = 

B' = 

R - V { K -

G + { K -

B  +  { K -

l)(0.9567-f 0.621Q) 

l)(-0.2737 - 0.647Q) 

l)(-1.1047 + 1.70ig) 
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