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ABSTRACT 

The digital enhancement of typical "snap-shot" color 

imagery for the purpose of improving subjective visual qual

ity was investigated. Principals of human color vision and 

digital color imaging systems are presented. Enhancement 

techniques were developed which manipulate digital color 

imagery in a manner consistent with human visual perception. 

Processing methods known to effectively enhance black and 

white imagery were adapted to enhance the luminance of color 

imagery. Additional processing techniques were developed to 

enhance image color. Although enhancement of the luminance 

component provides the greatest improvement in subjective 

image quality, further improvement is often obtained by 

modifying image color. In particular, reducing the satur

ation of image colors is often useful after substantial 

increases in image luminance. 

vii 



CHAPTER 1 

INTRODUCTION 

Images often contain degradations incurred during 

the image recording process. Fortunately, many of these deg

radations can be removed using well documented enhancement 

techniques (Gonzalez and Wintz 1977, Pratt 1978). Image 

enhancement methods serve to improve the visual quality of 

an image, or make it more suitable for human or machine 

interpretation. 

Image enhancement is most often used as a prelude 

to image analysis. Image analysis involves characterizing 

or identifying objects within an image. For most applica

tions, which include satellite remote sensing, medical diag

nostics, and industrial inspection, black and white imagery 

is adequate. To facilitate the extraction of information 

from these images, enhancement techniques operate to sharpen 

edges, improve contrast, and reduce noise. Information ex

traction is further increased by the use of color process

ing during image display. Image gray level differences are 

displayed as color differences using pseudocolor enhance

ment. This permits rapid identification of image features 

with common gray levels. Falsecolor enhancement is often 

1 
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used to display satellite multispectral imagery (Schowen-

gerdt 1983). Three black and white images representing dis

tinct spectral bands are superimposed using the red, green, 

and blue display channels. In general, the resulting color 

image is not true color because the three spectral bands 

do not correspond to the display colors. 

The evaluation of these enhancement methods is high

ly subjective, thus useful techniques have been developed 

heuristically. Removal of image blur can be done more effec

tively using image restoration techniques. Image restoration 

employs knowledge of the type and extent of the blur to 

achieve a mathematically optimal result. Although often used 

for image analysis purposes, image restoration is not as 

effective as image enhancement for improving the subjective 

appearance of images. 

Although routinely applied to improve black and 

white imagery for the purpose of image analysis, enhancement 

and restoration procedures have not been adequately devel

oped for improving true color imagery. Unlike black and 

white imagery, true color imagery is rarely used for a task 

requiring image analysis. Most color imagery is of the 

"snapshot" variety produced by amateur photographers with 

modest photographic equipment. Such imagery is often de

graded by motion or defocus blur, and by poor contrast due 

to improper film exposure. Cosmetic enhancement techniques 
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would be useful for improving the visual quality of imagery 

of this type. Unfortunately, most enhancement techniques 

developed for black and white image analysis produce images 

with an unrealistic or artificial appearance. Consequently, 

only a limited number can be used for cosmetic enhancement. 

Further, these selected techniques may require modification 

when used to enhance color imagery. The effect of enhance

ment on black and white imagery is to alter spatially vary

ing image luminance. In addition to spatially varying 

luminance, color imagery is characterized by spatially 

varying color, which can be described by the color attri

butes of hue and saturation (Pratt 1978, pp. 27-28). It 

follows that selected enhancement techniques developed for 

black and white imagery can be used to process the luminance 

component of color imagery, but that additional methods will 

have to be developed to process the hue and saturation com

ponents . 

Although the need for enhancing amateur color imag

ery is currently limited, a significant need may arise with 

home color video. Home video users may desire film copies 

of individual video frames. However, the inherent poor 

quality of individual video frames would necessitate cos

metic enhancement if acceptable film copies are to be made. 

To be practical, the enhancement algorithms would have to be 

simple enough to permit rapid hardware implementation. 
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Research into the enhancement of color imagery has 

increased in recent years. A homomorphic approach which 

correlates well with a model for human color vision has been 

investigated (Faugeras 1979). Although effective, homomor

phic processing is more complex than many simpler enhance

ment techniques which can yield useful results. Restoration 

of general multispectral imagery is receiving increasing 

attention (Hunt 1984). The restoration of the luminance 

component only for color imagery was found to produce high 

quality restorations with a minimum of processing, although 

the results have yet to be published. An image display sys

tem has been developed (Buchanan 1979) in which an arbitrary 

number of image bands can be processed and displayed as 

luminance, hue, and saturation images. Such representation 

is most useful to the human observer. The system can be used 

to effectively enhance and display color (true color pro

cessing), black and white (pseudocolor processing), and 

multispectral (falsecolor processing) imagery. 

Although approaches to color image enhancement exist, 

the available literature is inadequate because most effort 

has been directed towards image analysis problems involving 

black and white imagery. Further, publishing high quality 

color imagery is relatively costly and difficult. Although 

many of the classic texts on image processing contain ex

tensive discussions of human color vision, none consider 
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the enhancement of color imagery. The purpose of this re

search was to develop simple, tout effective enhancement 

algorithms to improve the visual quality of color imagery 

typical of amateur photography. As mentioned, such imagery 

is often degraded by blur and poor contrast. Although em

phasis is on cosmetic enhancement, the results obtained 

should be valuable for image analysis problems as well. 

Chapter 2 discusses principles of human vision nec

essary for the proper understanding of digital color imaging 

systems and the development of enhancement techniques. Chap

ter 3 illustrates the principles of a typical digital color 

imaging system, and defines the perceptual attributes of a 

digital color image. In chapter 4, cosmetic enhancement 

techniques are developed which are consistent with the prin

ciples of human color vision. Degraded imagery typical of 

amateur photography is enhanced using these methods. Chapter 

5 highlights the results with suggestions for future work. 



CHAPTER 2 

HUMAN COLOR VISION 

The development and performance evaluation of image 

processing methods requires careful consideration of the 

mechanisms of human vision. This is especially true when 

enhancing color imagery. While certain aspects of human vi

sion are quite complex and not well understood (Wyszecki 

and Stiles 1982), a familiarity with basic concepts is suf

ficient for most image processing applications. Many image 

processing texts include good introductory treatments of 

human vision (Pratt 1978, pp. 25-90; Hall 1979, pp. 8-75). 

However, there is enough variation in terminology and con

tent for some confusion to result. The purpose of this 

chapter is to discuss the principles of human vision which 

are relavent to the task of enhancing color imagery, and to 

provide a clear terminology base for succeeding chapters. 

2.1 Basic Principles 

Human vision may be defined as the perception of the 

outside world by the reception and processing of light. Al

though incomplete, a workable knowledge of the human visual 

process exists based on our understanding of the physics of 

light, the function of the eye as an electro-optical sensor, 

6 
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and the psychological attributes of visual perception. As 

preliminary material for the discussion of the enhancement 

of color imagery, it is sufficient to consider the percep

tion of structure-free visual stimuli only. Consequently, 

the complex cognitive processes associated with the percep

tion of shape and pattern within a scene will not be dis

cussed. 

Light is radiant energy (electromagnetic radiation) 

which causes a visual sensation. This defines light as 

radiant energy between 350 and 780 nanometers in wavelength. 

The physical measurement of light is the subject of the 

science of radiometry. A source of radiant energy is char

acterized by a spectral radiant power distribution which 

indicates the radiant power emitted by the source as a func

tion of wavelength. Various radiometric quantities have been 

defined which specify radiant power in conjunction with 

specific source and detector geometry. When the human eye 

is the detector, the radiometric quantities are transformed 

into photometric equivalents which account for the relative 

spectral sensitivity of the eye. Consideration of the spec

tral response of the eye when specifying light stimuli is 

the subject of the science of photometry. 

The human eye consists of a simple optical system 

which focuses incident light onto a photosensitive surface 

called the retina. Photoreceptors within the retina absorb 
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this energy and transmit electrical impulses to the brain 

where visual perceptions are formed. There are two distinct 

types of photoreceptors, called rods and cones, which pos

sess complementary sensing characteristics. Cones provide 

high resolution, color vision, but are of low sensitivity. 

In contrast, rods are more sensitive, but produce vision of 

lower resolution without color. Cones are far more active 

than rods given the light intensity levels encountered with 

most image processing situations. Consequently, only cone 

response characteristics will be considered further. The 

retina contains three types of cones which differ only in 

spectral sensitivity. Cones are arranged in triads consist

ing of one of each type. The physical size of the triads 

determine the resolution limit of human color vision. 

Light stimuli incident on a triad of cones causes 

three distinct signals to be transmitted to the brain. These 

signals are processed by the brain to yield the perception 

of the brightness and color of the stimuli. Brightness and 

color have been carefully defined by researchers in the 

field of color science (Wyszecki and Stiles 1982, p. 487). 

Brightness is "the attribute of a visual sensation according 

to which a given visual stimulus appears to be more or less 

intense; or, according to which the area in which the visual 

stimulus is presented appears to emit more or less light". 

Color is "that aspect of visual perception by which an 
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observer may distinguish differences between two structure-

free fields of view of the same size and shape, such as may 

be caused by differences in the spectral composition of the 

radiant energy concerned in the observation". Color can be 

characterized by the attributes of hue and saturation. Hue 

denotes what is commonly expressed as blue, green, yellow, 

etc., while saturation describes the hue purity or strength. 

For example, red, pink;, and gray would describe identical 

hues of decreasing saturation. 

Brightness, hue, and saturation are the visual per

ceptual attributes by which an observer may describe a light 

stimulus. Although visually distinct, the visual attributes 

are not perceived independently. The hues of dark stimuli 

and stimuli of low saturation are difficult to distinguish. 

Further, the perception of a given stimulus depends on other 

stimuli in the field of view. This dependency is caused by 

the mechanisms of brightness and chromatic adaptation, where 

the human visual system adapts to the average scene bright

ness and color respectively. 

2.2 Perception of Stimuli 

A light source, characterizable by a spectral power 

distribution, stimulates three distinct cone responses which 

yield the perception of the source describable by the visual 

attributes of brightness, hue, and saturation. The corre

spondence among spectral power distribution shape, resulting 
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cone responses, and the resulting perception is of interest. 

Figure 2.2.1 illustrates approximate cone spectral 

response curves. The general location of these responses 

within the visible spectrum suggests the names red, green, 

and blue responses. Cone responses are not directly measur

able, but can be inferred from measurements of cone pigment 

spectral absorption and from color matching experiments. 

Perceived brightness is proportional to the sum of the cone 

responses, while perceived color depends on the relative 

response proportions. The sum of the red, green, and blue 

cone response curves is given by the broken curve which is 

called the luminosity function for photopic or daylight vi

sion. The luminosity function gives the relative spectral 

sensitivity of the human eye as used for photometric defi

nitions. The eye is most sensitive to light of approximately 

555 nanometers in wavelength. Hues of high saturation are 

perceived when one or two cone responses are dominant, while 

grays result from equal cone stimulation. 

Cone responses depend on the spectral radiant power 

distributions of incident light stimuli. Figure 2.2.2 illus

trates some example power distributions of typical stimuli. 

Stimulus C has a broad power distribution which will stimu

late all three cone types yielding a perception of gray. The 

shade of gray will vary from black to white depending on the 

absolute power level and on the state of brightness adapta

tion. Stimuli R, G, and B, which have narrow power 
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distributions, will appear as relatively saturated red, 

green, and blue respectively. Brightness is proportional to 

the logarithm of total stimulus power integrated over wave

length. The photometric quantity luminance is a measure of 

this total power which is normalized by viewing geometry 

and the luminosity function. Thus, the perceptual attribute 

of brightness is correlated with the physically measurable 

quantity luminance. However, this correlation is valid only 

for a fixed state of brightness adaptation. Consequently, 

luminance correlates well with brightness throughout a given 

scene, but not generally from scene to scene where average 

luminance levels can vary. In section 2.4, physically de

finable quantities will be introduced which correlate to 

hue and saturation. 

2.3 Stimulus Matching and Specification 

The existence of three spectrally distinct cone re

sponses is the physical basis for the trichromatic general

ization or the theory of tri-color matching. The trichro

matic generalization states that any light stimulus can be 

visually matched in both brightness and color by an additive 

combination of three fixed primary stimuli. To obtain a 

match with very pure colors, it may be neccessary to mix 

one or two of the primary stimuli directly with the stimulus 

to be matched. The choice of primary stimuli is arbitrary 
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subject to the constraint that none can be matched by the 

other two. In figure 2.2.2, light stimuli R, G, and B rep

resent typical primary stimuli which can be additively com

bined to match stimulus C. Suitable primary stimuli have 

spectral power distributions which lie predominately in the 

red, green, and blue regions of the spectrum. Consequently, 

the primary stimuli are usually called the red, green, and 

blue primaries. 

Stimulus matching is illustrated in figure 2.3.1. 

Circular regions denote the projection of the indicated 

stimuli onto an ideal reflecting surface (a surface that 

reflects uniformly in all direction over all wavelengths). 

In (a), a three primary match is obtained when the amounts 

of R, G, and B can be adjusted so that the sum (shaded re

gion) visually matches stimulus C in brightness, hue, and 

saturation. If C is of higher spectral purity than the pri

maries, then a match cannot be obtained in this manner. One 

or two of the primaries will have to be mixed directly with 

C and this sum matched with the sum of the remaining pri

maries as shown in (b) and (c). Any stimulus C can be 

matched using one of the three matching cases. 

For the most part, each primary will stimulate one 

corresponding cone type. A stimulus is matched when the 

amounts of the primaries are adjusted to yield matching cone 

responses. Note that this does not require that the sum of 



Figure 2.3.1 Stimulus Matching 
a) Three primary b) Two primary 
c) One primary 
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the spectral power distributions of the primaries be equal 

to the spectral power distribution of the stimulus. In gen

eral, stimuli of different power distributions can yield 

identical cone responses and thus appear the same. Such 

stimuli are called metamers or metameric stimuli. 

A light stimulus may be specified by the amounts of 

a given set of primary stimuli required for a visual match. 

A match between a stimulus C and an additive combination of 

primaries R, G, and B can be expressed in a stimulus match

ing equation: 

C = RfcR + GtG + BfcB (2.3.1) 

where Rt, Gt, and Bfc are defined as tristimulus values which 

represent the amounts of R, G, and B required for the match. 

The relative amplitudes of the spectral power distributions 

of the primaries are often specified independently of the 

tristimulus values so that specific tristimulus values will 

represent a match to a specific reference stimulus. In the 

event that a one or two primary match is required, the 

amounts of the primaries mixed with the stimulus to be 

matched are given by negative valued tristimulus values. 

Trichromatic matching provides a convenient way of 

specifying a light stimulus in terms of tristimulus values. 

Since almost unlimited sets of three primary stimuli can be 

defined, a stimulus can be specified by almost unlimited 
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sets of tristimulus values. Each set of primaries defines a 

unique primary system. Although many primary systems can be 

defined, only about 10 are commonly used. Primary systems 

are related through a general linear transformation. In the 

next section, the fundamental primary system from which the 

other systems are derived is presented. 

2.4 CIE XY2 Primary System 

In 1931, the CIE (Commission Internationale de 

l'Eclairage) developed a color specification system based 

on three monochromatic primaries of 435.8, 546.1, and 700 

nanometers in wavelength. Controlled tri-color matching 

experiments were performed to define the matching capabil

ities of the typical human observer. Tristimulus values were 

obtained for matches to monochromatic stimuli of unit power 

over the entire visible spectrum. This primary system was 

then linearly transformed to remove negative tristimulus 

values, yielding the CIE XYZ primary system. Since all real

izable stimuli are represented by the positive valued X, Y, 

and Z tristimulus values, analytic computations are greatly 

simplified. 

For the convenience of specifying stimulus color 

only, it is useful to extract the color information from 

the tristimulus values. This is done by normalizing each 

tristimulus value by the sum of the tristimulus values which 

effectively removes the luminance component. For the CIE XYZ 



primary system, such normalization yields chromaticity val

ues x, y, and z: 

x = X/(X+Y+Z) (2.4.1) 

y = Y/(X+Y+Z) (2.4.2) 

z = Z/(X+Y+Z) (2.4.3) 

As the sum of the chromaticity values is always unity, any 

two are sufficient for complete specification of stimulus 

color. As illustrated in figure 2.4.1, chromaticity values 

x and y are usually plotted as chromaticity coordinates 

forming the CIE x,y chromaticity diagram. Points within the 

horseshoe shaped region represent the gamut of all physical

ly realizable colors. The triangular region represents all 

colors reproducible by a typical color display monitor as 

standardized by the National Television Systems Committee 

(NTSC). By measuring the direction and distance of a point 

from the gray point specified by equal chromaticity coord

inates, the dominant wavelength and excitation purity of a 

stimulus color may be determined as shown. These quantities 

are correlated with the perceptual attributes of hue and 

saturation respectively. However, in a manner analogous to 

the correlation between brightness and luminance, this cor

relation is valid only for a fixed state of chromatic adap

tation . 

The luminance of a light stimulus specified by tri-

stimulus values may be computed by summing the luminance of 
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each primary stimulus weighted by the corresponding tri

stimulus value. The luminance of the primaries may be deter

mined by integrating the spectral power distributions of 

the primaries weighted by the luminosity function as men

tioned in section 2.2. 

2.5 Summary 

In this chapter, principles of human color vision 

were presented. The perception of a light stimulus may be 

described by the visual attributes of brightness, hue, and 

saturation. A stimulus can be specified in terms of three 

primary component stimuli using tristimulus values. These 

tristimulus values can be used to compute the luminance, 

dominant wavelength, and excitation purity of the stimulus. 

These quantities are measures of the respective visual at

tributes. In the next chapter, digital imaging of color 

stimuli is investigated. 



CHAPTER 3 

DIGITAL COLOR IMAGING 

The trichromatic nature of human vision permits 

specification of a light stimulus by three tristimulus val

ues which represent the red, green, and blue components of 

the stimulus. As exemplified by commercial color television, 

color imaging systems operate by separating scene informa

tion into red, green, and blue components which can be re-

combined to form the color image (Sproson 1983). 

3.1 Image Recording and Display 

Figure 3.1.1 illustrates the fundamental principles 

of a digital color imaging system. As with black and white 

imaging, the system can be divided into the three functional 

steps of image recording, processing, and display. As in

dicated, processing is optional, but is usually beneficial. 

The recording step transforms spatially varying 

optical scene stimuli, C(x,y), into three digital images 

Rd(x,y), > and B^(x,y) where x,y denote spatial co

ordinates. The recording step is illustrated in more detail 

in figure 3.1.2. Red, green, and blue filters are used to 

separate scene information into three primary spectral bands. 

The spectral transmittance characteristics of these filters 

21 
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define a primary system for the image recording process 

which is analogous to a stimulus specification primary sys

tem. The filter outputs are detected photographically or 

electronically and then digitized to yield 3 digital images 

which represent the red, green, and blue components of the 

digital color image. These digital images are degraded ver

sions of the tristimulus values Rt(x,y), Gt(x,y), and 

Bt(x,y) which represent C(x,y) in terms of the image record

ing primary system. Consequently, the images may appropri

ately be called the red, green, and blue tristimulus images, 

although common usage is to omit the word tristimulus. 

The extent to which the tristimulus images differ 

from ideal representations of scene tristimulus values is 

system dependent. Details of common image recording methods 

and associated degradations are well documented (Gonzalez 

and Wintz 1977, pp. 1-35; Andrews and Hunt 1977, pp. 3-58; 

Pratt 1978, pp. 93-198). Figure 3.1.2 illustrates the typ

ical degradations that occur during specific steps of the 

color image recording process. All digital imaging systems 

are limited by a finite field of view and by finite resol

ution. Consequently, digital images are limited to a finite 

number of pixels. In addition to this spatial quantization 

and bounding, digital images are radiometrically quantized 

and bounded during the digitization step. Thus, each image 

pixel is represented by a finite number of gray levels. This 
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gray level restriction imposes a limit on the range and 

number of luminance levels which can be stored in a digital 

image. For color imagery, the gray levels of each tristim-

ulus image are limited, thus color as well as luminance is 

restricted. The range of colors that can be stored digitally 

is also limited because the color separation filters cannot 

accommodate stimuli of higher spectral purity than the re

cording primary system. Accurate representation of such 

stimuli by the recording system would require the realiza

tion of negative tristimulus values. Since this is physical

ly impossible, these stimuli will be recorded as stimuli of 

reduced spectral purity. The luminance and color levels 

which can be stored in a digital color image are subject to 

distortion due to nonlinear detector response. Photographic 

film and many electro-optical detectors have well known 

nonlinear responses. Distortion will be maximum if the de

tector response for each primary component is different. 

Fortunately, detector nonlinearities can be corrected during 

image processing as discussed in the next section. 

The function of the display step is to convert the 

color image from digital format to optical format for view

ing. This is done by converting the tristimulus images to 

analog form for display on a CRT color monitor. The color 

monitor contains three independent channels, denoted red, 

green, and blue, which are driven by the red, green, and 



26 

blue tristimulus images respectivily. Each channel contains 

an electron gun which stimulates corresponding chemical 

screen phosphers which emit light in the red, green, and 

blue spectral regions in proportion to the input driving 

signals. Color image display results because the three phos

pher types are arranged in triads over the entire screen 

surface where each triad represents one screen pixel. These 

screen pixels are independent of the tristimulus image 

pixels. , 

The spectral emmittance characteristics of the three 

phospher types define an independent primary system for the 

CRT monitor. This primary system is adjustable using color 

balancing controls which adjust the gain of the individual 

electron guns (Hutson 1971, pp. 82-85). The display primary 

system can then be adjusted to match the recording primary 

system. However, considering the visual processes of bright

ness and chromatic adaptation, such adjustment may not be 

critical. 

The CRT display can introduce additional radiometric 

distortions and color gamut limitations. Radiometric distor

tions typically follow a power law relationship (Santisteban 

1983), while the color gamut is again limited because the 

display cannot generate negative amounts of the primary 

channel colors. Figure 2.4.1 showed the portion of all phys

ically realizable colors reproducable by NTSC standardized 
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display phosphers. The observed image C'(x,y) of scene stim

uli C(x,y) incorperates the combined degradations of the 

recording and display functions. P-v(x,y), G (x,y), and 

Bv(x,y) are degraded versions of the tristimulus images (and 

consequently degraded versions of the scene tristimulus 

values) which represent the observed tristimulus values of 

C'(x,y) defined on the display primary system. 

3.2 Image Processing 

Processing, as suggested in figure 3.1.1, may be 

used to partially compensate for recording and display deg

radations and to enhance the image in other desirable ways. 

Limitations on the reproducible luminance levels and color 

gamut are unavoidable, but radiometric distortions can be 

corrected to a large extent (Pratt 1978, pp. 447-468). 

Ideally, if image C'(x,y) is to faithfully represent scene 

C(x,y), the observed image tristimulus values should equal 

the corresponding scene tristimulus values (assuming that 

the recording and display primary systems are matched). How

ever, due to brightness and chromatic adaptation, the image 

will appear as an acceptable scene representation if: 

Rv(x,y) = aRfc(x,y) (3.2.1) 

Gv(x,y) = bGfc(x,y) (3.2.2) 

Bv(x,y) = cBfc(x,y) (3.2.3) 

where a, b, and c are constants. To a limited extent, 
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brightness adaptation would compensate for the absolute val

ues of a, b, and c, while chromatic adaptation would compen

sate for the relative values. 

For values of a, b, and c which cannot be visually-

compensated for, and for nonlinear radiometric distortions, 

the processing approach illustrated in figure 3.2.1 is rec

ommended. The digital tristimulus images are first processed 

to correct for the recording system distortions. The result

ing images, which are the best obtainable representations 

of the scene tristimulus values, can then be processed to 

enhance image luminance and color in some desirable manner. 

Finally, the enhanced images are predistorted to compensate 

for the distortion that will result upon display. 

3.3 Digital Visual Attributes 

For a light stimulus, the physically definable quan

tities luminance, dominant wavelength, and excitation purity 

represent measures of the perceptual attributes of bright

ness, hue, and saturation respectively. For the purposes of 

enhancement, it is useful to define physical measures of the 

brightness, hue, and saturation perceived in a digital color 

image. These measures, defined here as digital visual attri

butes, are computed from the gray levels of corresponding 

pixels in the tristimulus images as shown in figure 3.3.1. 

It is common usage to combine terms from the physical and 
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perceptual stimulus measures and define the digital attri

butes as luminance, hue, and saturation (some references 

use intensity instead of luminance, but luminance is more 

closely correlated to brightness by strict definition). The 

NTSC defines image luminance as the Y component of the YIQ 

transmission primaries (Sproson 1983). Using this conven

tion, the luminance in a digital color image can be computed 

as a weighted sum of corresponding pixels in the tristimulus 

images: 

Y(x,y) = .3Rd(x,y) + .59Gd(x,y) + .llBd(x,y) (3.3.1) 

where the weights account for the relative sensitivity of 

the eye to each display primary. Hue and saturation are 

defined on a chromaticity diagram exactly as is dominant 

wavelength and excitation purity. In this case, the r,g 

chromaticity diagram is used as computed from the tristim

ulus images: 

Actual calculation of hue and saturation can be done using 

the following formulas (Ballard and Brown 1982, p. 33): 

S(x,y) = Rd(x,y) + Gd(x,y) + Bd(x,y) 

r(x,y) = Rd(x,y)/S(x,y) 

g(x,y) = Gd(x,y)/S(x,y) 

(3.3.2) 

(3.3.3) 

(3.3.4) 

HUE' = cos 1 (A) (3.3.5) 

HUE = 6.28 - HUE' 

HUE = HUE' 

if Bd is greater than Gd 

otherwise 
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where 

A = Js((Rd-Gd) + (*d-Bd))/((Rd-Gd)2+ (Rd-Bd)(Gd-Bd))1'2 

SAT = 1 - (3MIN(Rd>Gd,Bd)/(Rd+Gd+Bd)) (3.3.6) 

Spatial coordinates x,y have been dropped for notational 

simplicity. Note that the formula for hue has a singularity 

at Rd=Gd=Bd or gray. Caution should be exercised when com

puting hues of pixels with low saturation. 

3.4 Concluding Remarks 

A digital color image is composed of three black 

and white tristimulus images which represent the red, green, 

and blue spectral image components. Color image enhancement 

will require processing these tristimulus images in some 

useful manner. As discussed in the next chapter, independent 

processing of the digital visual attributes computed from 

the tristimulus images provides enhancement which is con

sistent with human vision. 



CHAPTER 4 

COLOR IMAGE ENHANCEMENT 

Having defined and characterized digital color imag

ery, enhancement techniques can now be considered. As dis

cussed in chapter 1, the purpose of image enhancement is to 

improve an image in some desirable way. In this chapter, 

methods of cosmetically enhancing digital color imagery are 

developed and applied to imagery typical of amateur photog

raphy . 

4.1 Digital Visual Attribute Enhancement 

A color image is describable by the visual attri

butes of brightness, hue, and saturation. Color imagery can 

be enhanced with maximum control and flexibility if the 

visual attributes are processed independently. Digital vis

ual attributes were defined as measures of the perceived 

brightness and color in a digital color image which can be 

computed from the gray levels of the tristimulus images. It 

follows that the independent visual attribute enhancement 

of a digital color image is best accomplished by individual

ly processing the digital visual attributes. However, the 

success of this approach requires that the nonlinear radio

metric distortions inherent with the image recording and 

33 
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display systems be minimal or compensated for as in figure 

3.2.1. Otherwise, enhancement of the digital visual attri

butes will not in general yield the expected change in the 

visual attributes describing the original scene and/or the 

displayed image. However, useful enhancements would be ex

pected if the distortions are not too severe. 

4.2 Experimental Design 

Software for performing individual digital attribute 

enhancement on color imagery was developed at the Digital 

Image Analysis Laboritory of the University of Arizona. En

hancements were performed on available disk resident color 

imagery which exhibited typical "snapshot" degradations. 

Additional images were made by digitizing 35mm color slides 

at the Optical Sciences Center. This was accomplished by 

scanning each slide with a digitizing microdensitometer us

ing red, green, and blue filters. 

Effective enhancements were obtained without at

tempting image recording or display system compensation. For 

those imaging systems with severe enough recording and dis

play distortions to warrant correction, processing can be 

done as discussed in section 3.2. These system corrections 

can be employed along with the enhancement techniques devel

oped in this chapter as shown in figure 3.2.1. 

The test imagery was adequately enhanced by pro

cessing the luminance and saturation components only. This 
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is not surprising because the image degradations associated 

with typical amateur photographs (blur and poor contrast) 

are inherently luminance degradations. Color degradations 

are often minor by comparison. However, as will be discussed 

in section 4.5, saturation processing is often necessary 

following luminance enhancement. Digital enhancement of hue 

is rarely necessary. Chromatic adaptation permits the eye 

to tolerate a hue shift which is constant throughout the 

entire image. If this hue shift were large enough to be vi

sually objectionable, then correction could best be done 

using the color balance controls of the display. Digital 

processing would be useful if local image areas required hue 

correction, but such enhancement would be highly subjective. 

Further, the total execution time of the enhancement pro

cedure would be considerably increased due to the computa

tional complexity of the hue component. By comparison, lu

minance and saturation enhancement produced obvious improve

ments in image quality with minimal computational effort. 

Software execution times ranged from 1 minute for 

luminance enhancement to 5 minutes for simultaneous lumin

ance and saturation processing. For luminance enhancement 

only, it was possible to use look-up table and image ad

dition hardware to reduce the software execution time to 5 

seconds. The look-up tables are programmed with logarithmic 

gray level mappings which are used with the hardware image 
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addition to perform the image multiplications required for 

the luminance masking technique discussed in the next sec

tion. Unfortunately, saturation processing in this manner 

was not possible. 

4.3 Luminance Enhancement 

The most significant improvement in the visual qual

ity of a color image results from the enhancement of the 

luminance attribute. This is because common image degrada

tions such as poor contrast due to uneven scene illumination 

and loss of sharpness due to blur are inherently luminance 

degradations. Fortunately, as discussed in chapter 1, lumin

ance enhancement techniques have been extensively developed 

for black and white imagery. A processing method which uses 

these techniques to enhance the luminance of color imagery 

is developed next. 

In section 3.3, the luminance of a pixel in a digi

tal color image was defined as a weighted sum of correspond

ing gray levels in the tristimulus images. Thus, luminance 

depends only on these gray level magnitudes. In comparison, 

hue and saturation depend only on gray level ratios. It 

follows that the independent enhancement of image luminance 

requires that the gray levels of corresponding pixels in the 

tristimulus images be scaled by the same amount. For ex

ample, if a specific enhancement technique requires the 

doubling of the luminance of a particular color image pixel, 
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this would be accomplished by doubling the gray levels of 

each of the corresponding pixels in the tristimulus images. 

Independent luminance enhancement was achieved using 

a method of luminance masking. A black and white image is 

created which is representative of the luminance in the 

color image to be processed. This luminance image, denoted 

Y(x,y), is directly defined by equation 3.3.1: 

Y(x,y) = .3Rd(x,y) + .59Gd(x,y) + .llBd(x,y) (4.3.1) 

where Rd, Gd, and Bd are the red, green, and blue tristim

ulus images respectively. With the luminance information 

contained in a single black and white image, direct appli

cation of existing black and white enhancement techniques 

is possible. Let a specific enhancement method be applied 

to the luminance image Y to yield an enhanced luminance 

image Y'. The resulting scaling of luminance can be repre

sented by a spatially varying scaling constant K(x,y): 

K(x,y) = Y'(x,y)/Y(x,y) (4.3.2) 

The new tristimulus images Rd'> Gd'» an<̂  ' representing 

the enhanced color image with luminance Y* are calculated 

by masking K with each of the original tristimulus images: 

Rd'(x,y) = K(x,y)Rd(x,y) (4.3.3) 

Gd'(x,y) = K(x,y)Gd(x,y) (4.3.4) 

Bd'(x,y) = K(x,y)Bd(x,y) (4.3.5) 
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This result is consistent with equations 4.3.1 and 4.3.2 

since (dropping spatial coordinates): 

Y' = KY = K(.3Rd + -59Gd + .HBd) 

= .3KRd + .59KGd + .llKBd 

= .3Rd' + -59Gd' + •HBd' 

A problem with this luminance mask approach is that 

the values computed with equations 4.3.3 through 4.3.5 can 

exceed the maximum image gray level value. This is a con

sequence of the unequal weights in equation 4.3.1. For ex

ample, consider an imaging system with 8 bit resolution 

where gray levels range from 0 to 255. Let a specific color 

image pixel have gray level components Rd=100, Gd=50, and 

Bd=150. From equation 4.3.1, the pixel luminance is Y=76. A 

reasonable enhancement might double this value so that Y'= 

152. Then, with K=2, equations 4.3.3 through 4.3.5 yield 

Rd'=200, Gd'=100, and Bd'=300. Note that even though both 

the Y and Y' image pixels are within the allowable gray lev

el range, the computed blue tristimulus image gray level 

value exceeds the maximum of 255. As only 8 bits are inter

preted by the image display processor, the value Bd=300 will 

be interpreted as Bd=44. This wraparound effect is clearly 

undesirable. 

The simplest solution to this gray level wraparound 

effect is to limit Bd to 255. Unfortunately, the color image 
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pixel luminance will not quite be doubled as desired. Fur

ther, the tristimulus image gray level ratios are changed, 

resulting in changes in pixel color. However, relatively 

few image pixels require this gray level clipping when mild 

cosmetic enhancements are employed. Consequently, overall 

image quality is not significantly degraded. 

The luminance mask approach was used successfully 

on a number of color images. Contrast enhancement was per

formed using the piecewise linear gray level mapping (PLGLM) 

of figure 4.3.1. Such a mapping permits more efficient use 

of the available.luminance dynamic range. The 2 segment map

ping emphasizes the contrast stretch in image shadows where 

contrast is usually poorest. The coordinates for points A 

and B were selected to suit the particular image being en

hanced. Figure 4.3.2(a) is a low contrast image in which 

much detail is too dark to see. A contrast boost using PLGLM 

resulted in the much improved image of figure 4.3.2(b). By 

emphasizing the contrast boost in the image lowlights, most 

of the dark books are rendered visible, yet the brighter 

books have not been excessively changed. 

Figure 4.3.3 shows an image with severe shadow deg

radation where many of the image gray levels are zero. This 

condition can result when photographic film is underexposed 

as often happens with amateur photography. Little can be 

done to enhance these image regions because of the lack of 
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(a) 

(b) 

Figure 4.3.2 Luminance Enhancement of BOOKS-I 

a) Original b) PLGLM A=l0,40 B=l50,255 
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(a) 

(b) 

Figure 4.3.3 Luminance Enhancement of CAMP 

a) Original b) PLGLM A=3,25 B=255,255 
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luminance information. However, some improvement was pos

sible using PLGLM to boost the extreme lowlights as shown. 

Noticeable improvements are the brightening of the upper 

right portion of the sky, improved visibility of background 

trees, and recognition of the woman's face. 

In addition to poor contrast, amateur photographs 

are often degraded by blur due to image motion or improper 

focusing. As mentioned in chapter 1, image blur is most ef-

fectivily removed using image restoration techniques. How

ever, this requires the time consuming effort of determining 

the type and extent of the blur. For mild image blurs, high 

quality enhancements are often obtained using simple edge 

sharpening techniques. Figure 4.3.4(a) is the edge enhance

ment of the BOOKS image where the luminance image was con

volved with a 3x3 high boost mask: 

• • • • 

: -l -l -i : 

: -l 9 -i : 

: -l -l -l : 
• • • • 

This common edge sharpening technique works by increasing 

the gray level differences of adjacent pixels in proportion 

to the original difference. Comparison of figure 4.3.4(a) 

with figure 4.3.2(a) shows a definite improvement in image 

quality due to the reduction of blur. 



(a) 

(b) 

Figure 4.3.4 Luminance Enhancement of BOOKS-II 

a) Edge Sharpening b) PLGLM and Edge Sharpening 
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A disadvantage of this particular edge enhancement 

algorithm is that noise is also increased. For amateur pho

tographic imagery, noise is caused by film grain. The noise 

level for the edge enhanced BOOKS image is acceptable be

cause a relatively fine grain film was used. However, there 

are many coarser grain films available which would have been 

unexc'eptably noisy if enhanced using this algorithm. In this 

case, a more sophisticated and selective edge sharpening 

algorithm (Strickland and Maged 1985) would be useful. 

Figure 4.3.4(b) illustrates the benefit of using 

both edge and contrast enhancement. This combined enhance

ment was obtained by consecutively applying PLGLM and the 

high boost mask to the luminance image prior to luminance 

masking. Consequently, the luminance masking algorithm re

quired only a single implementation. 

In this section, the luminance masking technique 

for enhancing the luminance of color imagery was demonstrat

ed to be effective. In the next 2 sections, saturation en

hancement will be considered. It will be shown that the 

enhancement of image saturation is most useful following 

certain types of luminance enhancement. 

4.4 Saturation Enhancement 

Although the knowledge gained through research on 

black and white image enhancement is directly applicable to 

enhancing color image luminance, this is not generally true 
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for enhancing image color. Methods for identifying and re

moving luminance degradations are well understood. Since 

there has been little need for enhancing true color imagery, 

color degradations and associated correction techniques are 

not well understood. In this section, the modification of 

image color is investigated. Although correct image hues 

are important for good image quality, attention is confined 

to saturation processing for reasons given in section 4.2. 

As an introduction to saturation enhancement, con

sider figures 4.4.1 through 4.4.3 where image saturation has 

been scaled by the indicated amounts. Saturation scaling is 

accomplished by modifying the chromaticity values (equations 

3.3.3 and 3.3.4) of the tristimulus images: 

r'(x,y) = (r(x,y)-.333)SS + .333 (4.4.1) 

g'(x,y) = (g(x,y)-.333)SS + .333 (4.4.2) 

b'(x,y) = 1 - r'(x,y) - g'(x,y) (4.4.3) 

where SS is the desired saturation scaling. The new tristim

ulus images are computed by multiplying each modified chro

maticity value by the sum of the original tristimulus images 

(equation 3.3.2): 

Rd'(x,y) = r'(x,y)S(x,y) (4.4.4) 

Gd'(x,y) = g,(x,y)S(x,y) (4.4.5) 

Bd'(x> y) = b'(x,y)S(x,y) (4.4.6) 



(a) 

(b) 

Figure 4.4.1 Saturation Scaling of GIRL-I 

a) SS=O b) SS=.S 
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(a) 

(b) 

Figure 4.4.2 Saturation Scaling of GIRL-II 

a) SS=.75 b) Original 
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(a) 

(b) 

Figure 4.4.3 Saturation Scaling of GIRL-III 

a) SS=l.S b) SS=2.0 
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As with luminance masking, the values obtained must be lim

ited to avoid gray level wraparound. 

Figures 4 . 4 . 1  through 4.4.3 illustrate that satur

ation determines the strength or purity of image hues. 

Clearly, image quality is degraded more when saturation is 

too high than when too low. The black and white image of 

figure 4.4.1(a) may be preferred over the harsh images of 

figure 4.4.3. The mild saturation reduction in figure 4.4.2 

(a) yields a somewhat more natural level of color when com

pared to the original. 

Having illustrated a technique for modifying image 

saturation, the motivation for performing saturation en

hancement can be examined. However, before proceeding with 

this, the inherent correlation between the luminance and 

saturation components in a digital color image is investi

gated. In chapter 2, a light stimulus was defined by a ra

diant spectral power distribution. The apparent spectral 

power distributions of stimuli comprising a given scene are 

determined by the portions of incident light reflected by 

these stimuli. Pure colors reflect only a narrow band of 

spectral energy, while whites reflect most of the spectrum. 

Luminance is proportional to the total energy reflected. 

Consequently, luminance tends to be higher for stimuli of 

low saturation. 
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The tristimulus images which comprise a digital col

or image each contain a finite number of gray levels. This 

reinforces the tendency for luminance to be higher when sat

uration is lower. Further, the correlation increases with 

image luminance until at maximum luminance, saturation must 

be zero. 

The luminance and saturation components of several 

images are compared in figures 4.4.4 through 4.4.7. The sat

uration images were generated using equation 3.3.6 and as

signing saturations of 0 through 1 to gray levels of 255 

through 0. Display of the saturation component in this man

ner is best for comparison with the luminance component. 

These images confirm that luminance is more closely corre

lated with saturation for brighter image regions. The GIRL 

image of figure 4.4.4 illustrates high correlation because 

of high overall image brightness. Most of the image struc

ture is present in the saturation image. In comparison, the 

BOOKS image of figure 4.4.5 has poor correlation. Image 

structure is severely degraded in the saturation image. Fig

ures 4.4.6 and 4.4.7 are scenes containing a wide range of 

luminance levels. The image structure in the saturation im

ages is clearly superior in the highlights. 

Apart from illustrating the correlation between im

age luminance and saturation, the presentation of image sat

uration in this manner is of little practical use to image 



(a) 

(b) 

Figure 4.4.4 Attribute Comparison of GIRL 

a) Luminance b) Saturation 
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(a) 

(b) 

Figure 4.4.5 Attribute Comparison of BOOKS 

a) Luminance b) Saturation 
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(a) 

(b) 

Figure 4.4.6 Attribute Comparison of LAKE 

a) Luminance b) Saturation 
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(a) 

(b) 

Figure 4.4.7 Attribute Comparison of PARK 

a) Luminance b) Saturation 
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enhancement. In the next section, saturation enhancement is 

shown to be useful following certain types of luminance en

hancement . 

4.5 Combined Luminance and Saturation Enhancement 

In section 4.3, luminance enhancement was shown to 

be effective for improving the visual quality of color im

agery. It is often beneficial to increase the luminance of 

image lowlights to improve the visibility of shadow detail. 

However, the visual attributes of brightness and color are 

not independent. When image luminance is increased, the viv

idness of image color increases. Consequently, it is often 

desirable to decrease the saturation of image regions which 

have been substantially increased in luminance. 

A common degradation is poor image contrast due to 

uneven scene illumination. The film exposures necessary for 

good highlight cjetail generally result in poor shadow de

tail. A useful enhancement approach is to increase the av

erage luminance and contrast in these image shadows. A 

previously developed algorithm, designed to enhance black 

and white imagery in this manner, was used to compensate for 

the effects of uneven scene illumination in color imagery. 

Details of this algorithm, which was called the Scene De

pendent Filter, are described next. 

The Scene Dependent Filter (SDF) is a spatially 

variant technique which increases the mean luminance and 
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contrast in image shadows. For color imagery, the luminance 

mask technique is used as before where SDF is used to en

hance the luminance image Y(x,y). Dropping spatial coordi

nates, the algorithm can be represented as follows: 

Y' = K1(Y-Y) + K2 + Y (4.5.1) 

where Y is the local mean image which was computed by con

volving Y with a 9x9 Gaussian window (standard deviation = 

2.5). The terms and K2 are functions of Y with the fol

lowing contraints: 

K1 = 1 ; Y = 255 (4.5.2) 

= 3 ; Y = 0 

MAX(K1) = 3 

K2 = 0 ; Y = 255 

= C ; Y = 0 

General functional forms were used which incorporate these 

limits: 

K1 = A((1/Y) - (1/255)) +1 (4.5.3) 

K2 = C(1 - ( Y / 2 5 5 ) ) t  (4.5.4) 

The terms and K2 are the local contrast and local mean 

adjustment factors, respectively. Experimental trials with 

black and white imagery suggested useful values of A=100, 
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C=70, and t=2. For color imagery, the value of C was varied 

to suit each particular image. 

Figure 4.5.1 illustrates the use of SDF to improve 

shadow detail in a color image. The average luminance and 

contrast in the trees have been nicely increased, but there 

is an objectionable blue color in image regions which were 

originally darkest. The color content of image shadows var

ies because shadows are not illuminated by direct sunlight, 

but instead are illuminated by the reflection of sunlight 

from other parts of the scene. Consequently, the color of 

the illumination depends on the color of the sources of re

flection. Further, for very dark shadows in a digital image, 

the color is poorly represented because of the large quan

tization error inherent with small gray level values. These 

effects combine to give undesirable, highly saturated color 

in image shadows when the luminance is increased. 

As mentioned, this objectionable shadow color can 

be reduced by decreasing image saturation in these areas. 

This may be done as illustrated in figure 4.5.2 where satur

ation is changed as a function of the luminance of the orig

inal image. Figure 4.5.3 illustrates the use of this func

tion to modify the saturation of the SDF enhanced image of 

figure 4.5.1(b). The objectionable blue color in the shadows 

has been effectively reduced. By specifying a peak satur

ation scale factor (PSAT) greater than unity, the saturation 



(a) 

(b) 

Figure 4.5.1 Shadow Enhancement of STREET-I 

a) Original b) SDF C=90 
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Figure 4.5.2 Saturation Scaling By Luminance Thresholding ° 



(a) 

(b) 

Figure 4.5.3 Shadow Enhancement of STREET-II 

a) SDF; PSAT=l,TH=40 b) SDF; PSAT=l.S,TH=60 
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of image highlights can be simultaneously increased as shown 

in figure 4.5.3(b). The comparison of figures 4.5.3(b) and 

4.5.1(a) demonstrates the significant improvement in image 

quality obtained by a combination luminance increase and 

saturation reduction in the shadows, and a saturation in

crease in the highlights. 

Additional examples of luminance enhancement using 

SDF and saturation reduction by luminance thresholding are 

given in figures 4.5.4 through 4.5.8. Note that SDF again 

produces excessive shadow color in these images, but that 

saturation reduction improves the images considerably. For 

SDF processing to be successful, some information (non-zero 

gray levels) is necessary in the shadows. Otherwise, SDF 

increases the mean shadow luminance too much as shown in 

figure 4.5.7(a). This effect can be minimized by reducing 

the weight C of the local mean adjustment factor (l^) as 

shown in figure 4.5.7(b). This image is further enhanced by 

increasing the saturation of the highlights as shown in fig

ure 4.5.8(a) . 

The image regions which are undesirably enhanced by 

SDF are originally low in luminance and high in saturation. 

This may be confirmed by comparing the luminance and satur

ation images of figures 4.4.6 and 4.4.7 with figures 4.5.4 

and 4.5.6 respectively. Note that the image regions that 

require saturation reduction are dark in both the luminance 



(a) 

(b) 

Figure 4.5.4 Shadow Enhancement of LAKE-I 

a) Original b) SDF C=70 
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(a) 

(b) 

Figure 4.5.5 Shadow Enhancement of LAKE-II 

a) SDF; PSAT=l,TH=75 b) SDF; PSAT=l,TH=lOO 
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(a) 

(b) 

Figure 4.5.6 Shadow Enhancement of PARK-I 

a) Original b) SDF C=70 
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(a) 

(b) 

Figure 4.5.7 Shadow Enhancement of PARK-II 

a) SDF C=70; PSAT=l,TH=30 b) SDF C=40; PSAT=l,TH=20 





and saturation images. Such a comparison of the luminance 

and saturation images may be useful for determining the 

suitability of an image for SDF processing. As will be seen 

shortly, if too much of the image requires saturation re

duction due to SDF enhancement, then image quality deter

iorates considerably. In this case, other enhancement tech

niques such as PLGLM are recommended. 

Although clearly effective, saturation reduction 

based on a luminance threshold may not always yield optimum 

results. Further, the choice of threshold is highly depend

ent on the extent of the luminance increase. A formula for 

computing the saturation scale factor as a function of the 

luminance scale factor K, and the image saturation S was 

developed: 

SS = 1 - B(K-l)P(S)g ; K greater than 1 (4.5.5) 

= 1 ; otherwise 

where B, p, and q are user selectable terms which contour 

the effect of K and S on the computation. For K less than or 

equal to unity, image luminance is not increased so satur

ation reduction is unnecessary. For K greater than unity, 

saturation reduction is increased as K increases. A value of 

p equal to 1/3 was found to effectively regulate this in

crease. Saturation reduction is also emphasized for image 

regions of high saturation. As mentioned, these areas show 
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the greatest need for saturation reduction after a luminance 

increase. As S varies from 0 to 1, S^ also varies from 0 to 

1, but for q greater than unity, emphasis is placed on high

er saturation values. A value for q between 2 and 3 worked 

•well. 

Figure 4.5.8(b) illustrates the use of equation 

4.5.5 to reduce the saturation of the SDF enhanced PARK im

age. Compared to the luminance thresholding approach in fig

ure 4.5.7(a), there is a slight difference in the saturation 

contouring of the shadows. However, there is no distinct 

difference in image quality. In this case, use of the sim

pler luminance thresholding method is adequate. 

Figure 4.5.9 illustrates the use of SDF to enhance 

an image containing more shadow than highlights. Although 

considerable detail is made visible, the harsh colors are 

very undesirable. The effect of using the two saturation 

reduction techniques is shown in figure 4.5.10. For this 

image, there is a clear difference in the quality of the 

results. Use of equation 4.5.5 provides a better, more grad

ual reduction of saturation in these shadows. Unfortunately, 

despite this improvement, the overall image quality is poor 

compared to the previous SDF enhanced imagery. This is due 

to the relatively large portion of very dark shadows in this 

image. 

A much better result is obtained if PLGLM is used to 

enhance this image as illustrated in figures 4.5.11 through 



(a) 

(b) 

Figure 4.5.9 Shadow Enhancement of LAB-I 

a) Original b) SDF C=30 
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(a) 

(b) 

Figure 4.5.10 Shadow Enhancement of LAB-II 

a) SDF; B=.2,p=1/3,q=3 b) SDF; PSAT=1,TH=5 
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(a) 

(b) 

Figure 4.5.11 Shadow Enhancement of LAB-III 

a) PLGLM A=10,40 B=150,255 b) PLGLM; B=.2,p=1/3,q=3 
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(a) 

(b) 

Figure 4.5.12 Shadow Enhancement of LAB-IV 

a) PLGLM A=10,60 B=150,255 b) PLGLM; B=.2,p=l/3,q=3 
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(a) 

(b) 

Figure 4.5.13 Shadow Enhancement of LAB-V 

a) PLGLM A=10,80 B=150,255 b) PLGLM; B=.2,p=l/3,q=3 
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4.5.13. The enhanced images are more natural in appearance 

because PLGLM does not excessively boost the darkest image 

regions. Further, gray levels of zero are not increased as 

with SDF. If an image is degraded so that significant por

tions have zero luminance, then SDF processing is not rec

ommended . 

Figures 4.5.11 through 4.5.13 also illustrate the 

improvement in image quality possible with a mild reduction 

in saturation. For each image set, the slight reddish tint 

in the shadow has been effectively reduced. Compared with 

imagery enhanced using SDF, the need for saturation reduc

tion is not as great, but still beneficial. Note that for 

the three levels of contrast enhancement, the same param

eters for equation 4.5.5 yielded good results. Thus, as ex

pected, this method of saturation reduction adapts well to 

changes in luminance enhancement. 

The combination luminance and saturation processing 

was shown to be effective for enhancing image shadows. Use 

of PLGLM is recommended over SDF when image regions of zero 

or near zero luminance cannot be tolerably increased. In the 

next section, a simplified approach to color image enhance

ment is examined. 

4.6 Independent Tristimulus Image Processing 

In previous sections, the tristimulus images repre

senting a digital color image were manipulated to separately 
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process the visual attributes of the image. Such processing 

provides maximum control and flexibility when enhancing 

color imagery. A simpler approach, which may give acceptable 

enhancements in certain cases, is to process the tristimulus 

images independently. This is done by applying the desired 

luminance enhancement technique directly to the individual 

tristimulus images. Unfortunately, there are a number of 

disadvantages with this approach. Independent control of the 

visual attributes of the image is not possible. In general, 

all three attributes are changed in an uncontrollable man

ner. The enhancement algorithm must be executed three times 

instead of once as with the luminance mask technique. If the 

algorithm is complex, then enhancement times could be in

creased considerably. 

Despite these disadvantages, useful, though less 

than optimal enhancements are possible. Figure 4.6.1 illus

trates the use of SDF to individually process the tristim

ulus images of the LAKE and PARK images. When compared to 

the corresponding images in section 4.5 (figures 4.5.4 

through 4.5.8) distinct differences are noted. The shadow 

luminance is not increased as much with independent tristim

ulus image processing. However, the shadow saturation is 

effectively reduced. Unfortunately, the saturation of the 

image highlights is also reduced. 

Although independent tristimulus image processing 

cannot in general yield enhancement results as good as 



(a) 

(b) 

Figure 4.6.1 Independent Tristimulus Image Enhancement 

a) LAKE; SDF C=70 b) PARK; SDF C=70 
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independent visual attribute processing, some improvement 

can be expected. Considering that black and white image en

hancement algorithms can be used without the need for spe

cial color enhancement software, it is certainly worth a 

try. 

4.7 Summary 

Effective enhancements of color imagery can be ob

tained by processing the luminance attribute only. Existing 

algorithms for enhancing black and white imagery can be used 

to enhance color image luminance using the luminance mask 

approach. Such processing was shown to remove blur and im

prove the contrast of typical amateur color imagery. For 

those luminance enhancements which result in undesirable 

image color, saturation reduction is effective. Increasing 

image saturation may be useful for enhancing true, but pale 

image colors. 



CHAPTER 5 

CONCLUSIONS 

Methods for processing digital color imagery for the 

purpose of improving subjective visual quality have been 

developed. These methods are useful for cosmetically en

hancing amateur photographic imagery which is often degraded 

by blur and poor contrast. The development and effective use 

of color image enhancement techniques requires a working 

knowledge of digital color imaging and human color vision. 

A digital color image exists as three separate black and 

white tristimulus images which contain the red, green, and 

blue spectral image components. Apart from image structure, 

a color image can be visually described by the attributes of 

brightness, hue, and saturation. For the purposes of en

hancement, measures of these visual attributes can be com

puted from the gray levels of the tristimulus images. These 

measures, defined as digital visual attributes, can be in

dividually processed to enhance image luminance, hue, and 

saturation independently. Such processing provides maximum 

control over the enhancement results. 

The most significant improvement in subjective image 

quality is obtained by processing the luminance attribute 

because blur and poor contrast are inherently luminance 
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degradations. Effective algorithms are commonly available 

to remove these degradations from black and white imagery. 

These algorithms can be used to remove blur and improve the 

contrast of color imagery using the method of luminance 

masking. However, since the visual attributes are not inde

pendent, changes in image luminance can change the percep

tion of image color. Consequently, saturation reduction is 

often necessary in image shadows which are substantially 

increased in brightness during luminance enhancement. For 

image shadows containing zero bits of gray level informa

tion, luminance increases are not recommended. A saturation 

increase can be effective in improving pale, but true color 

image highlights. 

Processing the luminance and saturation components 

only provided high quality enhancements of color imagery. 

Although the improvements in image quality are obvious, op

timal enhancements will require a better understanding of 

the subjective quality assessment of color imagery. Optimal 

enhancement could then include the processing of the highly 

subjective hue component. For example, the required reduc

tion of saturation in enhanced image shadows might be less 

if the shadow color was changed to a less objectionable hue. 

The basic principles for understanding and process

ing digital color imagery have been presented. Although the 

processing techniques developed were specifically designed 
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for cosmetic enhancement, the results obtained should be 

useful for any image processing application which makes use 

of color imagery. 
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