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Abstract 

Because of clifferences between the colour gamuts of different printiug devices. 

often some colours of an image are not producible by the output device of choice. To 

haiidle this problem. gamut mapping is used to make certain that every input colour 

has a corresponding printable output colour. Ganiut mapping is riormally done in a 

trichromatic device-independent space. such as the CIEXYZ. CIELAB or CIEL W 
colour spaces. The colour coordinates in such spaces can only be computed by 

assuming a source of illumination. Unfortunately. satisfactory results obtained for 

one viewing illuminant do not guarantee good results for other illuminants. Using 

colours specified as spectral reflectances c m  solve some parts of this illuminant 

dependency problem. 

The basic concepts of colour image reproduction in refiectance space are de- 

veloped in this thesis. The major reproduction steps for reflective images. includ- 

ing device characterization. gamut mapping. and backward colour transformation 

are examined. For device characterization. a colour lookup table (CLUT) with 

iionuniform sampling should be used for bettes accuracy. Reflectance space gamut 

mapping based on objective measurement and subjective measurement wese inves- 

tigated. A novel algorithm that pseserves the fundamental component of reflectance 

is developed. Compared to the usual niapping algorithm. projective mapping. the 

new algorithm consistently produces results with s m d  colour clifferences between 

reproduction and original colours for multiple illuminants. 

The essential concepts for developing gamut mapping that based on appearance 

niatching in reflectance space are developed. Two gamut mapping algorithms based 

on perceived colour attributes are provided. Findy. to reduce the high cost of cell 

extraction associated with nonuniformly sampled CLUTs. a novel algorithm for 

cell-finding is developed. This algorithm improves the performance of the backward 

transformation. which must be done once per image pixel. 
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Chapter 1 

Introduction 

With the advance of digital technology. a h o s t  ail colour image reproduction p r e  

cessing is now controlled by computer. Most image reproduction processes are 

variants of the following process. A colour image is first scanned into digital form. 

The digitized image is then read by a colom matching program to determine the 

colours to be produced by the output device. Once the output colours are de- 

termined. a bachard  colour transformation determines the corresp onding control 

sipals to drive the output device. 

Even though the reproduction process is described simply by the above three 

steps. many subth issues must be resolved in designing a colour reproduction sys- 

tem. For example. after scanning. the colour of each pixel of an image is usually 

represented by a set of discrete nunibers. How does a colour matching program 

know which set of numbers represents which coloui.? Worse. the same set of num- 

bers from different input devices often represents more than one colour. Similady, 

how does the program know whch control signals should be sent to the output 

device to produce a particular colour? But. the most important issue is how the 

colour matching program assigns output colours for any given input colours. Be- 
cause of differences in the ranges of producible colours. or gamat. fiom one device 

to another. the program must handle situations where input colours cannot be 

produced by an output device. 
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The above colour representation problems can be solved effectively using a de- 

vice ch.aracterization process . which determines the ïelationships between device 

d u e s  and an objective. deviceindependent colour specification. The out of gamut 

problem is solved by garniut mapping. wkich defines a procedure to map colours 

between the input and output gamuts. Ganiut mapping is best defined in a 

device-independent colour specification. AU input and output colour devices that 

are characterized for the device independent space can then use the same gamut 

mapping procedures. 

Many gamut mapping techniques have b e n  proposed by researchers throughout 

the decade. Most of them were developed for the CIE (Commission International de 

1' Éclairage) standard colour tristimulus spaces. such as the CIEXYZ. CIELAB or 

C I E L W  spaces. Since the tristimulus values in each of these spaces are computed 

based on the spectral distribution of the sources of illumination. problems arise 

when illuminants are changed. Two objects that are the same colour under the 

test illuminant may be different in colour under the viewing illuminant. Therefore. 

reproductions created for a specific test illuminant may be quite different when seen 

under a different viewing illuminant. To handle this problem better. some basic 

understanding of our visual system is needed. 

Our visual system has the ability to adapt to changes in illuminant. Illiiminant 

changes usually cause only a moderate change in the colour appearance of an object. 

The effect of discounting Uuniinaiit changes for colour sensation is referred to as 

colo.ur comtancy Without colour constancy. the perceived colour of an object is 

based solely on the Light emitted fkom the object: conversely, with perfect colour 

constancy. the perceived colour of an object is based soleiy on the surface reflectance 

of the object. It has been shown [Wys86] that our visual system exhibits good colour 

cons t ancy under daylight illumination. but colour const ancy is less effective under 

Because partial colour constancy is normal. neither a gamut mapping that pre- 

serves the emitted liglit reflected fiom a surface nor one that preserves reflectance 

information' provides a general solution for colour image reproduction. A com- 

'CIearlyy if a reproductiou h a  the exact spectral reflectances of the original, the output image 



promise between the two often provides a bettes result. Thus. it is important to 

understand gamut mapping techniques that use surface reflectance ' data. Unfor- 

tunately. there is no ~ a s t r u c t u r e  of concepts and techniques available for gamut 

mapping using reflectance data. 

Generating reflective images of real world is not practical with currently avail- 

abe input devices. Nevestheless. technology of cap tnring. edit ting and creating 

reflectance information exists and the future availability of reflective images that 

require high qudity reproduction is likely. This thesis develops the basic concepts 

of colour image reproduction in reflectance space. It  studies the major reproduction 

steps in reflectwce space. which including device characterization. gamut rnapping. 

and buckwurd colour transfomation.  Several algorithms have been developed for 

the basic operations of colour image reproduction. With this infkastructure in place. 

future development of gamut mapping techniques in reflectanee space is possible. 

1.1 Overview 

The thesis is organized in seven chapters. After tkis introduction. Cliapter 2. Digi- 

tal Co1o.u~ Image Reprod~t~.ctiuiz Concepts. provides background information that is 

needed to understand the concepts described in the later chapters. It examines the 

current technology of colou reproduction. and des cribes different charact erizations 

and gamut mapping techniques for device independent colour spaces based on emit- 

ted light . Because the thesis extends these techniques to reflectance specification 

data. that use high dimensional luiear reflectance spaces. the properties of such 

spaces are also described. 

Before any controlled colour reproduction process is undertaken, the charac- 

teristics of both input and output devices must be known. Chapter 3, Deuice 

Cha~acterization. describes model-based and the colour lookup table bmed methods 

is dwaya ideiltical to the original one. Because of differences in device characteristics, it is hast 

impossible to obtain such reproduction in general. 
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for reflec tive characterizations. Important performance ques tioos relating to accu- 

racy and efficiency are examined for both approaches. DSculties associated with 

model-based approaches and problems in constructing effective colour lookup tables 

are also discussed. 

Gamut niapping algorithnis can be developed based on objective criterion. such 

as miIiimizing a predefined colow difference fùnction. or subjective criterion. such 

as maintaining perceptual colour attributes. Chapter 4. Gamut Mapping in Re- 

s e c  tance Space. develops objective crït erion for gamut niapping in reflectance space. 

The shortcomings of orthogonal projective mapping are presented. Fundamental 

component mapping. which was developed to solve some of the problems associ- 

ated with the projective mapping. is described. The two mapping techniques are 

cornpared in terms of reproduction accuracy. 

To use subjective criteria in reflectance space. the relationship between a re- 

flectance and its colour attributes must be determined. Chapter 5 develops re- 

lationships between reflectance and perceptual attributes like hue. lightness. and 

aa twat ion  Methods for finding reftectances that have the same hue under different 

illuminants is provided. Two possible gamut mapping techniques based on colour 

at tributes are given. 

The high dimensioiiality of reflectance spaces presents a potential high cost in 

efficiency for colour reproduction. The backward colour transformation. the most 

costly operation for colour reproduction. is studied in Chapter 6. A fast extraction 

a lgos i th  for backward transformation is described. and a performance analysis 

of the algorithm is presented. Procedures for using the algorithm with reflectance 

data are given. 

Chap ter 7 is the conclusiou of the thesis. It summerizes the results of the thesis 

and provides directions for future work. 



Chapter 2 

Digital Colour Image 

Reproduction Concepts 

The success of colour image reproduction is highly dependent on gamut rnapping. 

Matcliing tristimulus values or souie measurable quantities related to colour a p  

pearance. which will be refmed as m.atclt.ing colour appearance in short. is the 

most cornnion criterion used when developing gamut mapping algoiithms. These 

algorithms produce satisfactory results for many applications. However. since most 

of theni are developed based on the CIE tristimulus values measured using a pre- 

defined illuminant. problems exist when the images are viewed under other illumi- 

nan t~ .  Because of colour constancy. gamut mappings based on reflectance data. 

which is independent of viewing illuminant. may be able to improve the results. 

In this chapter. the basic concepts of colour image reproduction are described 

in terms of current colour reproduction technology using device independent colour 

spaces. The representation of rehctance data in a Ligh dimensional reflectance 

space is also described. The geometrical features of such reflectance spaces are also 

presented- 
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2.1 A Formalism for Colour Image Reproduction 

A colour image reproduction process can be represented as a mapping h c t i o n  f 
that causes an output device to produce to an image that looks as closely as possible 

to the ori,@d image. The function is d e h e d  over the domain of all possible input 

colours. DiD;-. and the range of producible colours. Di: 

Both 2); uid Di are the finite sets of colour points associated with the discrete 

device control values. A calibration h c t i o n  v : V* + D can be used to map a 

finite coloui. set into a continuous device colour space generated fkom the elements 

in 27: its inverse II-' : V + D' discretizes a colour value [Be196]. The space D cui  

be partitioned into two sets: one is a device gamut. 0. which contains all colours 

producible by the device. the otlier set. 23 - Ç. contains ail nonproducible colours. 

Since colours are usually described by device coordinates. the same colour value 

on two different devices only rarely produces two perceptually identical colours. 

This problem is usually handed by representing co1oiu.s in a device independent 

colour space. 1. Device characterization (described in Chapter 3) is used to define 

the relationship. In essence. a device characterization determines a continuous 

function between device coordinate space Z) and the colour space 1. where V is 

viewed as a continuation set of the device control values. That is. for h' : D- + Z 
and h : 2) -t Z. h ( v ( z ) )  = h * ( x ) .  for every x E 2)'. and Z as a continuation of the 

device gamut. The mapping for the input device characterization is 

and the mapping for the output device characterization is 

To define the mapping f .  the inverse of ho. h;'. must be defined k s t .  

ho' : Z i Do . such that hi1 O ho = er 
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Figure 2.1: Mappings for colour image reproduction. which includes calibration 

functions (v). device transfer functions ( h ) .  and device gamut mapping (g ) .  

where er : 1 i 1 is the identity function on 1. The inverse mapping h i 1  describes 

the backward transformation. the mos t important mapping in colour image repro- 

duction. It can be created empirically fkom the colour lookup table generated by a 

set of measured samples. Otherwise. it cm be created fiom a mathematical mode1 

of the device tramfer ft~nction. which describes the output response of a device for 

any given control values. 

Idedy. the niapping f c m  be f d y  described in terms of v;. v,, hi and h;' as 

However. becaiise of differences in device charact eris tic. it is quit e possible that some 

input colours are not producible by the output device. An additional mapping c m  

be defmed to liandle such a situation. Let go c Do be an output device gamut. A 
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maps colours in an output device space to the device gamut is applied before the 

inverse of 21,. Thus. f becomes 

The function g is often referred as a gamut mapping between the devices. The 

success of image reproduction depends strongly on the actud form of g (see Fio;ure 

2.1). 

2.2 Device Independent Colour Spaces 

For colour image reproduction as described in the previous section. a device inde- 
pendent colour space is necessary. Many suitable colour spaces have been devel- 

oped. Some of them define a colour based on its psychophysical properties. such as 

the CIE colour spaces [CIE78]. the MURS& System [Mun46]. or the MutuaUy Op- 

posed Trichromatic Response (MOTR) mode1 [Hnn89], while others define descrïp 

tive parameters approxhating perceived visual attlibutes. such as HSV [Smi78]. 

Lsa [LaiS3]. Most of these colour spaces are derived from or stuidardized on the 

CIEXYZ tristimulus space. desciibed in the following paragaph. 

Based on colour-matching experiments conducted in 1931 and 1964. the CIE 
developed a standard colour representation referred as the CIEXYZ colour space 

[CIE78]. It is the most widely used and recognized colour space. To determine the 

colour of a light. its colour is compared in appearance to an additive mixture of 

red. green. and blue primary lights. By adjusting the amounts of the red. green. 

and blue pnmary colours. a match is found. The aniounts of each primary in the 

mixture are used to specify the colour. Using a h e m  transformation, the colour 

of the light c m  be represented by its tristimulus values X. Y. and 2. The X' Y' 
Z values speciS the weights of standard primaries defined for the CIE Standard 

observer. Two lights with the same tristiniulus values are perceived as matched in 

colour when perceived under identical viewing conditions. The tristimulus values 



CHAPTER 2. COLOUR IMAGE REPRODUCTION CONCEPTS 

500 600 

wavelengh (nm) 

Figure 2.2: Colour-rnatching functions Z(X). Y(X). and Z(X) for the CIE Standard 

observer. 
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of a light. p ~ .  are computed by the following fornidas: 

w k e  z(X). g ( X ) .  and Z(X) are the colour-matchhg fuctions (Fibpre 2.2) [WSS-1. 
The tristimulus values of the reflected light honi a surface with reflectance. r. 

illuniinated by are computed by the above formulas with ( o ~  = r(A)Qx 

For compter calculations. the tristimulus values are usudy  approximated by 

the summation of the N discrete sample points. suitably positioned across the entire 

visible spectrum. The above equations beconie 

or in matrix forrn: 

where t = [X Y ZIt. H is the N x 3 colour rnatching matrix given by the discrete 

CIE colour-matching functions as 

E is the N x N diagonal matrix with OAi in its (Li) entry, and r = [r(X1) r (X2)  

--• r(XN)It. Notice that even though the XYZ tristimulus values are used for 

colorimetric specification. they do not tell us the appearance of a colour; instead, 

thek primary function is to determine whether two colours match. Two colours 

with the same tristimulus values for a given illuminant are perceived as rnatching 

in colour when observed in identical viewing conditions. 
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The most important advantage of using CIEXYZ colour space is its lineaity. 

According to Grassrnann's Law. additive mixtures of colour stimuli can be uniquely 

described using only their tristimulus values [HunSlb] . The colour of a mixture c m  

be expressed as a h e a r  combination of the XYZ values of each individual colour. 

However. the CIEXYZ colour space has several related disadvantages: 

1. There are no well defined geonietric functions that describe surfaces of con- 

stant saturation or hue- 

2. The Euclidean distance in the space does not correlate well with the percep- 

tion of colour difference. 

3. The colour of a surface. specified by its XYZ values. is illuminant dependent. 

IR an attempt to reduce these problerns the CIE d e h e s  two ULtif01m colour 

spaces. The more comnionly used of the two is CXELAB. Its  coordinates are derived 

directly f?om the XYZ tristimulus values using the following nonlinear equations: 

1- = POO [($ (&)+] 
where X,. Y,. and Zn are the tristimulus values for a reference white colour.' IR 
coloui- printing. the reference white object is normally the white paper used for 

printing. The tristirnulus values are no~malized to offset some of the influence of 

the illuminant. 

The coordinate L' corresponds roughly to the lightness: a' to redlgreen balance: 

and b- to greenlblue balance. The values of a' and b' do not correspond to simple 
- -- 

'men X/X,, Y/Y, or Z / Z ,  are smdler or equal to 0.008856. different equations are used to 

compute the values of L*. a*. and b*. The exact formuIa can be found in p S 8 2 ,  Page 1671. 
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psychophysical psoperties of the colour. but they c w  be used to approximate the 

colour at tributes of hue and saturation [Hun95]. The colour Merence between two 

colours can be approximated by the CIELAB colour Merence formula: 

This formula has been widely used in colonr image reproduction research [Kan96. 

Hunglb. SFB91. HRV97j and is used in this thesis as an objective measurement of 

colour ciifference. 

Other colour spaces have been defined based on perceptual attributes. The HSV 

space [Smi78]. and the Lsa space [Lai931 are two such colour spaces. The HSV space 

approximates the percep tua1 prop erties of hue. saturation. and vah e. Similady. the 

Lsa space defines the coordinates closely related to hue. saturation. and leuel. The 

terms value and level in these colour spaces correspond to the lightness of a colour. 

Since these spaces are designed for improving user interaction for colour image 

nianipulation. accurate colour representation is not guaranteed. Thus. these colour 

ternis are only defined as perceptudy approximate. 

2.3 Gamut Mapping using Tristimulus Colour Spaces 

Once a colour space is chosen. a gamut mapping algorithm c m  be developed for 

the space. In doing so colour image reproduction algorithms are grouped into two 

different catesories based on reproduction criteria. One category tries to preserve 

the original tristimulus values or s M a r  derived values like L', a'. and b'. Since 

two c~1our.s with the same tristimulus values invoke similar colour sensations, a 

reproduction that kas tristimtdus values similar to those of the original is expected 

to be good. The diaèrence iu tristimulus values between reproduction and original 

is minimized with respect to a metric function. Based on past experience [Hun95, 

WG931. however. good results are obtained only when the output medium and 
viewing condition are sinlllar to those of original. 

When viewing conditions differ. simply matching tris tirnulus values is fkequently 

inadequate. Lu tliis case. a second approacli that matches colour appearance is used 
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[SchSû. VW92. Mac93. Gra95. ML971. The appearance of a colour is determined 

using a colour appearance model derived from psychophysical experimentation. 

Colour appearance is specified in t e m s  of perceived attributes such as lightness. 

hue. and saturation. During the reproduction process. colours that are close iu 

appearance are used to represent the original colours. Unfortunately. whether an 

exact model of colour appearance even exists is cmently unresolved. and aIl pro- 

posed models have high computation cost. To avoid the high cost. most algorithnis 

use colour attributes that are simply defined in terms of CIE tristimulus values. 

To handle out-of-gamut colours. the algo~thms usudy  maintain hue. whiie s cahg  

liglitness and chroma to fit into the gamut of the target output device. When the 

output gamut is very different from the input gamut. this method can produce 

good results that are not possible using the metkods that attempt to preserve the 

tris thulus  values. 

2.3.1 Mat ching Trist imulus Values 

Two surfaces with the sarne spectral reflectance are perceived as being identical 

in colour under ail illuminants because the re-emitted light reflected kom them 

is always identical. As a result. the probleru of illuminant dependency can be 

avoided if the reflectances of a reproduced image are matched with the original 

ones. Unfortunately. reflectance matched outputs rarely exis t because of physical 

differences in device technology. h s  tead. methods based on surface met amerism 

concepts must be used. 

Two colours that have the same CIE tristimulus values produce the identicd 

colou sensations when viewed in isolation. Thus. an intuitive approach to colour 

image reproduction is to obtain the sanie tristimulus values in the reproduced image 

as in the original image when both are viewed under the same reference illuminant. 

In the abstract. reproduction can occur in the fdowing steps. Convert the 
colour of an original image fÏom device coordinates to CIEXYZ values. Locate 

the colour in the output device gamut that has the same tristimulus values as 

the original. Output tkat colour. The process is complicated by two problems. 
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First. the relationship between the colour sensation and the tristimulus values is 

illuminant dependent: a change of illumination may affect the matching resdts. 

Second. because of the differing characteristics of colour devices. the output device 

c m  have a different colour gunut than the input image. Thus. a simple match of 

tris tiniulus values may be inipossible. 

To understand the first problem. metamerisni must be introduced. Surface 

nietanierism occurs when two spectrdy different surface reflectances are perceived 

as being identical in colour [BSSl]. This occurs when the tristimulus values of 

light re-emitted from the two surfaces are identical. Because the re-emitted Iight is 

controlled by both illuminant and surface reflectance. a change of illuminant causes 

changes of the colour signals reflected fiom the two surfaces. Problems a i s e  when 

the viewing illuminant of the reproduction is different from the original. Surfaces 

that rnatched in colour for the standard may now be perceived as having distinct 

colours. Thus. reproduction that is based only on the tristiniulus values under a 

given illuminant does not generate consistent results for other illuminants. 

Much research has been done on matchhg pallit colours [Yd67. GB821. They ex- 

amine how appearance changes with changes of UlTMinant and try to produce paints 

with smooth spectral reflectance that exhibit Little metamerism. Even though ex- 

act spectral matches are not possible in most cases. stable results can be obtained 

using reflectance. As shown in Chapter 4. matching colour appearance for multiple 

i1lriniinants is possible using the fundamental component of a reflectance. 

The second problem occurs because output devices have very different gamuts. 

To illustrate this problem for luniinance. consider the reproduction of a photo- 

graplùc transparency as a reflective print. The luminance range of the transparency 

is ten fold larger than that of reflective printing. so that most colours in the trans- 

parency lie outside of the printing g m u t  in CIEXYZ space [Hun95]. Any matching 

criteria in XYZ colour space are gumanteed to fail. 

The first problem is hard to solve. while the second one can be handled directly 

either by scaling during gamut mapping. which wiIl be discussed in Section 2.3.2. or 

by using a normalized colour space. For the luminance example, CIE perceptudy 

uniform spaces. such as C I E L W  and CIELAB. use colour coordinates that are 
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calculated with respect to reference white as shown in Equation 2.2. As a result. 

the lightness value L' is riormalized with values between O to 100. The effect 

of changing illuminant and luminance range can be offset by this normalization 

step. If the viewing illumiriants do not change much. matching colour values in the 

perceptually uniforru space can produce satisfactory resnlts. 

The idea of maintaining tristimulus values is to preserve colour appearance. 

As discussed nbove. tkis strategy may not work well for cross media reproduction 

because problems related to different viewing environments. and different ganiuts of 

the devices. Even when the above problerns can be reduced by using a CIE d o m  

colour space. the results may not be acceptable because of differences between the 

colour gamuts of the devices. On the other band. the colour specification using the 

tristimulus values is hard to interpret in terms of our colour sensation. 

2.3.2 Matching Colour Appearance 

When the ori,ginal and reproduction are viewed in very Merent environments. it 

is often more appropsiate to match colour appearance thaa to match tristimulus 

values. Predicting colou appearance is hard: many researchers have worked for 

several decades trying to understand how different factors affect perceived colour. 

The colour of the illuminant. luminance level and smounding field are some of the 

important factors that t tect  the appearance of colour. When the colour of the illu- 
h a n t  changes drastically. the colom of an illiIminated object changes somewhat. 

though the change of an object colour is often less tkan the change of tristimulus 

values would suggest. aii effect c d e d  colour constancy. Luminance level dso afFects 

the sensation of colour. For example. colour appears desaturated at low luminance 

and vivid at high luminance [Hun95. Chapter 51. The colour and luminance of 

surrounding areas also affects colour appearance. A grey patch appears lighter or 

darker depending on whether it is placed on a dark or light background. an effect 

c d e d  simultaneous contrast. Similady. a grey patch appears greenish on a red 

backgroniid and reddish on a green background. effect called chromatic contrast. 

In addition to the factors descïibed above. other conditions such as viewing 
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angle and adaptation Ievel dso influence colour sensation. To accurately determine 

colour appearance. al l  factors must be taken into account. Unfortunately. a compre- 

hensive unders tanding of these factors and t heir interactions is no t available. Many 

coloui- appearance models. such as the Hunt mode1 [HunSla. Hun94bj. the Nay- 

atani model [NTSgO]. the Guth ATD model [Gutgl]. and RLAB [Faigl. Fai931. 

have been developed to explain some appearance phenornena. but using these 

niodels for colour reproduction is uncommon because of problems related to accu- 

racy and efficiency [BF95]. Instead. existing colour image reproduction algorithxus 

[SW91. Gu&. HB93. WAB94. Gra951 tend to use the colour attributes. normally 

denved directly fkom the CIE tristiaiulus values. to try to retain the appearance of 

an onginal image. 

Unlike tris t h d u s  value matching algonthms. appearance mat ching algorit hms 

are not based on objective measurenients. Instead they adopt rules of thumb com- 

monly used in the graphics arts community to produce satisfactory output. A 
typical set [SCB88] is the following : 

1. Preserve the grey a x i s  of the image. 

2. Maxiniize luminance contrast. 

3. Reduce the uumber of out-of-gmut colours. 

4. Minimize sWts of hue and satui-ation. 

5. M;urimize colour saturation. 

Such principles are used as general guidelines when developing gamut mapping 

algorithms for digital image reproduction. Other properties. such as preserving 

detail in botk light and dark regions. mapping distinct input colours to distinct 

output colours [S W9 11. and maintaining smooth transitions between neighbonring 

colours [Gua92]. are also important. Such guideluies cannot be followed rigidly, 
because codicts exist between some rules. For example, I,iiminance contrast can 

often be inaeased only at the cost of increasing out-of-gamut colours in dark re- 

gions: sometimes increasing saturation causes large shifts of saturation from the 
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original image. Thus. compromises are made when designhg a gamut mapping 

algorithm- 

Gordon. Holub. and Poe [GHP87] proposed a very simple gamut mapping algo- 

nthm. They first mapped neutral colours to output neutrals. then tried to pseserve 

colour Merence by compsessing saturation in each constant lightness plane usirig 

a constant scaIing factor. The scaling factors were derived from the largest discrep 

ancies between the input and output saturation on the constant lightness planes. 

As a result. the input gamut was compressed to fit inside the output gamut. This 

approach achieves the first. tliird and fourth principles stated above. while ignoring 

the second and fifth. The results s a e r  severe compression of tonal and chromatic 

range. To deviate the problem. the authors suggest using the input image gamut 

instead of the device pamut to compute the scaling factors. 

Stone. Cowan. and Beatty [SCB88] used the above principles to develop a set 

of heuiis tic transformations for digit al image reproduction. The image gamut s 

are first translated. scaled. and rotated to align the gray axes. followed by an 

umbrella transformation to conform with the target gamut. Any remaining out-of- 

gamut colours are then projected onto the gamut boundary. The parameters of the 

transformations are determined interactively image by image. Since the met hod 

uses the XYZ coloui- space. which is not perceptually uniform. the transfoimations 

have different perceptual effects on different regions of the colour space. To produce 

hi& qudity results. the trade-offs among the reproduction principles had to be 

made carefidy for each image. As discovered by Gordon et al. [GHP87], only some 

reproduction rdes can be followed. 

These two algorithrns provide a reference model for the process of designing 

ganiut mappings. The reference mode1 first ensures that the neueal colours are 

mapped correctly before chromatic components are introduced. Further transfor- 

mations are defuied to map the input colours into the output gsmut while trying 

to minimize the hue changes and maintain colour relationships. 

Even after decades of seseasch. there is no general solution for gamut mapping. 

Gentile el ut. [G WASO! compared several techniques for liandling out-of-gamut 

colours. Their result s showed that clipping algorithms, which project out-of-gamut 



2 COLOUR IMAGEREPRODUCTlONCONCEPTS 

Figure 2.3: Colour signal. PA. is the light reflected fkom a surface. r(X).  Uuminated 

by a light source. @ A .  

colours to the output gamut boundary. are prefeired to piecewise linear compression 

algorithms. which scale the image gamut to fit into the output gamut. Morovic and 

Luo [ML971 evaluated diaerent g m u t  mapping algorithms using a psychophysical 

experiment . They showed that some algorithms have bet ter overd  performance 

than others. but. there is no single algorithm that consistently outpedorms the 

others. 

h o s t  all currently available colour image reproduction algorithms are based 

on C E  tristimulus values. As a resnlt. they work o d y  for a predefined illuminant. 

To avoid this probleni. an illuminant independent colour space is needed. 
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2.4 Colour Reproduction and the Human Visual 

System 

Before considering whch colour space is better for colonr image reproduction. it is 

beneficial to undesstand how the human visual system perceives colour. As shown 

iu Figure 2.3. the colour signal reflected fiom a suface is jointly deternilied by the 

illuminant. and the surface spectral reflectance. r(X) .  The colour signal. PA. is 

expressed as 

Thus. changes in illuminant can lead to considerable changes in reflected light. 

However. illuminant changes o d y  cause a moderate change in the colour appearance 

of an object [LM71. PS861. Effects based adaptation and contrast. which d o w  

colour appearance to remah approximately constant under different illiiminants 

are referred to as colour constanc-y, 

Consider a scenario where an observer looks at a colour patch surrounded by a 

constant background under an arbitrary illuminant. Let the CIE chromaticity (the 

nornialized XYZ tristimulus values) of the coloui- patch be (x. y). Now change the il- 

luminant so that the chomaticity of the colour patch becomes (z'. y'). If the patch 

now has the same coloui- appearance as any colour patches that have chromaticity 

(2'. y') under the old LUi.rminant. the visual system did not adjust to the changes in 

illuminant at d. In such a case. there is no colour constancy- In contrast. if our 

visual system had perfect colour constancy. then the colour appearance of the patch 

under the new iliuminant would be sanie as before: it's colour appearance would 

be the same as that of patches having chromaticity (x-y) under the old Uriminant 

and changes in illrrniinant are completely compensated by the visual system. In 
fact. our visual system exhibits good colour constancy under daylight illumination. 

but colour constancy is imperfect under artificial illumination such as tungsten or 

fluorescent lamps [WS82]. The inconsistency can be explained using Bayesian 

colour constancy theory [BF97]. which states that our visual system compensates 
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for changes of illuminant based on prior probability distributions of natural illumi- 

nants and surfaces that exist in the world. This illuminant compensation functions 

perform poorly for artificial illirminants. 

When the visual system has no colour constancy. algorithms that preserve the 

colour signal reflected from a surface are the best solutions for colour image re- 

production. On the other hand. when the visual system exhibits perfect colour 

cons tancy. then algoriths that preserve surface reflectance are the best general 

solution for colour image reproduction. 

Our visual systems exhibit good. but imperfect. colour constancy. Therefore. a 

colour reproduction algorithm should use information of illuminant and reflectance. 

It is important to investigate colour reproduction based on reflectance. so as to 

provide the basis for futme algorithms related to partial colour constancy. 

2.5 Surface Reflectance Spaces 

To use reflectance data for colour image reproduction. a compact vision-oriented 

representation is needed for reflectance data. Refiectance is a continuous function 

over the visible spectrum. It is normally approximated by values of the function at a 

finite set of wavelengths. evedy sampled across the visible spectrum between 400nm 

to 700nm. A typical spacing is 10n.m. at wluch each reflectance is represented by 

31 values. The amount of data becomes so large that it is irnpractical for a colour 

image reproduction system to handle and equdy-weighted parts of the data are 

not equally salient for human vision. The recent development of linear surface 

reflectance models [MW86. Wan87. IFFDSO. D'Z92. Bok971 showed that much of 

this data is redundant. leading to representations compact enough for colour image 

reproduction. (Even though a good non-linear reflectance model [Fun931 exists? its 

computational cost is high and the model is not considered in this thesis.) Using a 

Luleai. reflectance model. each surface reflectance is approxhated by a linear model 

with a s m d  number of parameters. The reflectances are expressed as the weighted 
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sum of basis b c t i o n s  as foIlows: 

where ri(A). i = 1. - - -  . N .  are the basis spectra. and the a; are the weights of 

the basis spectra that describe a particular reflectance. The vector of the weights 

(cri. a?. - - - aN) can be used to represent the reflectance. 

Singular value decomposition (SVD) is the usnal method for finding the  basis 

spectra of a set of surface reflectances. The resulting basis spectra are then or- 

thonormal. It has been shown that most usefiil sets of surface reflectances are 

effectively approximated by a s m d  number of basis spectra. Maloney showed that 

99% of the variance in the set of reflectances published by Krinov [Kn47] can be 

described by three basis spectra. Dannemailler [Dan921 reported a sinular result 

using ideal-observer analysis for surfaces of naturdy-occurring objects. Vrhel et  al. 

[VGI94] analyzed the errors with ditferent n u b e r  of basis spectra for the spectral 

reflectance of Munsell chips. paints and varions natural materials. and concluded 

tkat fewer than seven basis spectra are sufficient to mode1 the reflectance. 

A linear reflectance space is defined to be the space spanned by the basis spectra. 

With N basis spectra. the reflectance space is a N-dimensional linear space over a 

real field. As the basis spectra rnay have negative values in some regions and values 

above 1 in others. they are not directly related to any physical surface reflectance. 

AU physically valid reflectwces must satisfy the condition: 

for eveïy visible wavelength. The set of points that correspond to the physical 

reflectances defines a region in the space are refenecl as the reflectance solid [Pae94]. 

The ideal white reflectance (where T ( X )  = 1) does not necessarily exist for a 

given basis spectra. and hence some grey reflectances (r(A)  = c )  do not lie in the 

reflectance solid. Thus. neutral colours. which must be preserved in colour image 

reproduction. may not be accurately represented by the basis spectra. To avoid 

this problem. Paeth created a modified S V D  to compute the basis spectra [Pae94]. 
I t  ensures that the ideal white reflectance is the first basis spectrum and that 
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Physical Realizable 
Reflectances 

Reflectance Space 

Wavelength Space 1 
Figure 2.4: Various reflectances sets. They are producible reflectance set R,. phys- 

ical sealizable reflectance set %. reflectance space Roi. and wavelength space W. 

The selationship between these sets is R, c R, c RD; c W 
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orthogonality of the basis is maintained. The ideal neutral colour reflectances are 

then represented in reflectance coordinates as (c .  O. - . O) .  As shown in Chapter 5. 

neutral reflectances are important for describing relationships between a reflectance 

and its colour attributes. Therefore. the reflectance spaces desclibed in the thesis 

are computed using Paeth's modified SVD. 

Throughout the thesis. several important sets of reflectances are encountered. 

They are defined below. 

Wavelength space, W. A Linear space having delta functions. one at each sani- 
ple wavelength. as basis elements and coordinates any element of R. The 

reflectances in the space may or may not be physically realizable. 

Reflectance space, RD. A linear space with basis reflectances derived by modi- 

fied SVD firom the set of reflectances produced by an output device D. and 

weiglits any element of R. The reflectances in the space may or may not be 

physically realizable. 

Physical reflectances in RD, Rp. The set of reflectances in R that are physi- 

c d y  realizable. 

Producible reflectances in RD, R,. The set of refiectances in R, that can ac- 

t u d y  be produced by the colour device D. 

The relationship between these sets (Figure 2.4) can be expressed as 

2.5.1 Geometric Features of Reflectance Solids - 

The geometric properties of reflectance solids were studied extensively by Paeth 
[Pae94]. With the niodXed reflectance basis. the reflectance solid can be visualized 

as two cone-shaped objects with their bases joining together (Figure 2.5). The 
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Figure 2.5: Three Dimensional Reflectance Solid. It contains al l  the physical re- 

alizable reflectances. The black apex (B) corresponds to the reflectance with zero 

reflectivity over the entire visible spectnun. and the white apex (W) corresponds 

to the ideal white reflectuice with unit reaectivity over the entire visible spectrum. 

The points in the belt region correspond to the reflectances having simultaneous 

niinirilum and maximum values in the visible spectrum. 
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left apex B in the figure is the black apex and corresponds to the colou with zero 

reflectivity over the entire visible spectrum. i-e.. r ( X )  = O. It is associated with the 

origin of the reflectance space. The right apex W is the white apex and corresponds 

to the ideal white colour, wliich has unit reflectivity over the entire visible spectrum, 

L e  A )  = 1 The left end of the solid containing the black apex in the fi,gure is 

called dark corle. wlde the rigkt end is c d e d  Zighi cone. The surface of the solid 

defines dl reflectances which have at least one wavelength Xi at which r ( X i )  = O or 

r ( X i  ) = 1. Specifically. for any refiectance on the dark cone surface. there is at least 

one wavelength Xi at which T ( & )  = 0. and for any reflectance on the light cone 

surface there is at least one wavelength Xi at which r ( A i )  = 1. The intersection 

of the dark cone and the light cone is the belt region of a solid. It is a N - 2 
dlmensiond subset of the N dimensional reflectance space. The points in the belt 

region correspond to the reflect ances having simultaneous minimum and maximum 

values in the visible spectnun. i-e.. a t  least two different wavelength A; and Aj at 

which T ( A ; )  = O and r ( A j )  = 1 (Fi,gu.re 2.5). 

The surface geometry of any reflectance solid is described uniquely by the convex 

h d  of the belt region and the two apices. Thus a reflectance solid is f d y  specified 

by the points in the belt region plus the black and white apices in the solid. 

As described in Chapter 5. the above properties are usefid when describing the 

relationship between reflectance and its colour attributes. 

2.6 Conclusion 

A foimalisni for colour image reproduction process was described. The image re- 

production process was defined as the composition of three functions. Two of them 

are obtained from device characterizations. which define the relationship between 

the device control values and the corresponding colour values. and the third one is a 

ganuit mapping. which defines the mapping between the input and output colours. 

Gamut mapping is usually defined for a device independent space so that it can be 

used by all devices characterized for the space. 
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Two gamut mapping approaches have b e n  used. One is d e h e d  as a minimiza- 

tion problem. such as mïnimizing CIELAB colour ditference. The other is defined 

as a perceptual trade-off. such as balankg contrast and saturation. Current tech- 

niques base both approaches on measurements in a device independent space. usu- 

d y  denved fkom CIE tristimulus values. The resulting algorithms are computed 

with respect to a predefined illuminant. so tliat reproduction can be unsatisfactory 

when different illi.rminants are used. Thus. iiliiminant independent colour specifica- 

tion is worth investigating. and colour constancy suggests that sudace reflect ance 

may be an interesting alternative. 

It has been s h o m  that surface reflectances can be adequately approxhated by 

linear models. In a linear model. reflectances are represented by its coordinates 

in a reflectance space. By using modified S M .  a reflectance space with the ideal 

white reflectance as its k s t  basis spectrum can be constructed. It has some nice 

properties that are useful for defining relationships between a reflectance and its 

colour attributes. 



Chapter 3 

Device Characterizat ion 

Successful colour reproduction depends on precise control of the relationship be- 

tween device control values and the corresponding output colours. Device charac- 

terization is the process that determines suck relationships. For devices where the 

transfer function is known. a mathematical model can be created to represent the 

tratisfer function and used for characterization. This appsoach is referred as model- 

based characterization. O thenvise. a colour lookup table (CLUT) generated fkom 

empirical data is used for characterization. This practice is referred as lookup-table 

In model-based chat-acterization. a model is f is t  chosen to represent a device 

transfer function. A few output samples are tken measured to estimate the model 

parameters. The accmacy of this approach depends on how well the chosen model 

agrees with the tsue device transfer function: its efficieiicy depends on how compli- 

cated the model is. 

In lookup-table characterization. output saniples distributed across the entire 

device gamut are measured. The control values used to create the samples and 

the corresponding colorimetric data are used to constnict the CLUT. The output 

value for a aven control value is approximated by interpolating among points in the 

CLUT. The accnracy of approximation depends on the sampling and interpolation 
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techniques being used: its efficiency depends on the searching technique to locate 

target points in the CLUT and on the complexity of the interpolation dgorithm. 

The characterization process defines fomard and backward transformations. 

The folward transformation converts device control values to corresponding output 

colour values. The backward transformation deterniines device control values that  

produce given colour values. The accuracy and computational costs of these colour 

transformations are affected by the calibration approach being used. In this chapter. 

the concepts of different characterization approaches are described. and the costs 

associated with each approach are discussed. 

3.1 Mo del-based Reflect ive Characterizat ions 

Most of the mathematical models of colour printing devices are based on one of two 

colour mking theories: additive mixing for halftone images and subtractive mWng 
for continuous tone ones. Developed decades ago. these models have stood the test 

of time. and still provide colour printing models that are indispensable for digital 

printing. 

3.1.1 Halftone Images 

Numerous models have been proposed for the h a o n e  printing process. Most are 

deiived from the Neugebauer mode1 and Yde-Nielsen refinement of it. Neugebauer 

observed that cyan. magenta and yellow inks printed on white paper produce eight 

different coloours. In addition to the three primary colours. cyan? magenta. and 

yellow. red is produced by combining magenta and yellow. green by cyan and yellow, 

blue by cyan and magenta. black by ail three primaries. and white with no ink 
at all. Each of the eight colours covers a fraction of the printed area. Areas 

combine spatially by additive mixture to form the perceived colour. Analogously, 

Neugebauer suggested that the reflectances in an halftone image c m  be described 

by the weighted suni of the reflectuice of the dominant colours. The weights are 
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associated wit h the areas covered by individual colours. The Neugebauer equation 

is 

where a; and ri(X) are respectively the area coverage and reflectance of the colour i. 

The area coverage can be determined by the Demichel's dot overlap mode1 [Yu167. 

Chap tes 101. which uses a joint probability mode1 to compute the individual areas. 

With pi the &action of a unit area covered by pEimary i. the area coverage of each 

colour is 

The Neugebauer equations provide a relatively easy method to determine the 

kalftone colours. They are derived on the assumption that light emerges fkom 

the paper at the point where it entess. Howeves. some light scatters l a t e rdy  

inside the medium before retu-ning to the surface. an important inaccwacy in the 

model. (Figure 3.1) To correct tliis problem. Yule and Nielsen [YN51] proposed a 

model that takes into consideration light penetration and scattering, and derived 

the halftone equation to compute reflectance of a halftone area r(X) . The equation 

is given as 

where rm(X) is the reflectance of the medium. r,(X) is the surface reflection at  

the air-ink interface. a is the dot area coverage. t i ( X )  is the transmittance of the 
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\ \ Halftone 

Halftone 
Dot 

Paper 

Figure 3.1: Light Path. (a) Neugebauer equations assume that light emerges horn 

the p a p a  at the point where it euters. (b )  In reality. some light scatters around 

before retuming to the surface. 



ink i. and n is the empirical Yule-Nielsen value based on the fitting of sampling 

data. To further improve the halftone modei. Clapper and Yde [GY551 proposed a 

halftone equation that takes into accout the effects of multiple-scattering internal- 

reflection. and ink transmission- 

3.1.2 Cont inuous Tone Images 

Two different models are used to match colours for continuous tone images. The 

Bouguer-Beer Law is used for transparent media snch as colour film and trans- 

parencies. whde the Kubelka-Munk Law is used for translucent and opaque media 

[All8O]. 

The Bouguer-Beer Law states that the transmittance. T(X). of a transparent 

medium of thickness X is given by 

T(A) = I(X)/I,(X) = exp (-K(X)X) . 

where I,(h) is the light intensity entering the medium. and I ( X )  is the light intensity 

leavïng the medium. K(X) is the absorption coefficient of the medium. Since K(X) 
is proportional to the concentration of colorant. it c m  be expressed as K(A) = 

c k ( X ) .  with c the concentration of colorant and k ( X )  be the absorption of a unit 

concentration of the colorant. When multiple colorants are present. K(X) is the 

linear function 

where k(X) is the absorption coefficient of the uncoloured medium. ?&(A) the unit 

absorption coefficient and c; the concentration of the i th  colorant. 

The Bouguer-Beer Law cuinot be used for translucent and opaque media since 

it ignores light scattering witkin the medium. Based on the assumption that light is 

absorbed and scat tered only perpendicularly to the s d a c e  of the medium. K u b e h  

and Munk derived an equation to compute the reflectance of a translucent film. 
Once the absorption coefficient. K(X). the scattering coefficient, S(X). the füm 
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thickness. X. and the reflectance of the background. Rg(X). are knowii. The re- 

flectance of the film c m  be expressed as 

where 

If the medium has infinite tluckness. the above equation can be simplied as 

Since only the single constant ratio of K(X)/S(A) is needed to describe the medium. 

tliis equation is referred as the single-constant KM theory. For multiple colorants. 

the constant K(A)/S(X) is obtained by s u d g  the ratio for each individual col- 

orant weighted by the concentration of the colorant: 

where (k(A)/s(X) ), is the absorption and scattering ratio for the substrate. 

and ( k(X)/s(h) ); is the concentration and the absorption and scattering ratio of 

the colorant i. respectively. When the coloured layw is transparent on an opaque 

medium. i.e.. the scattering coefficient S(A) approackes zero. then Equation 3.1 cari 

be simplified to 

3.1.3 Determining Control Values for a Mode1 

Models like those described above are used to develop the device model. In addition, 

a set of parameters must be nieasured t o  describe the qualities of the particdar 



device. For example. dot area coverages. ink transnùttances. u id  the Yule-Nielsen 

value have to be determined for devices that psoduce halftone images: spectral 

absorptions of the dyes. dye concentrations. and medium refiectance have to be 

determined for continuous tone devices. To complete the model of a device. these 

paranieters are deïived empirically from samples of the device output. 

For purposes of illustration. the steps used to obtain the parameters of the model 

of our dye cliffusion thermal printer are described in this section. First. consider the 

printer model. developed by Berns [Ber93]. which is based on Kubeh-Munk theory. 

Since t lie Kubelka-Munk t heory assumes t here is no refractive index discontinuity 

between the coloured layer and its mediuni. the Saunderson correction for reSractive 

index discontinuity is applied to the measured reflectance before any calculation. 

The correction is expressed as 

Rmeasuted ( A )  R(A) = 
(1 - h)(l - k2) + h&eamned(A)  - 

where II1 is the Fresnel reflection coefficient based on the refractive indices of the 

receiver layer and air. and k2 is the difise intemal reflection coefficient. 

Assuniing the paper mediam to be opaque. Equation 3.2 is used to compute 

reflectances. Since the medium thickness is constant. the term K(A)X c a n  be 

combined into a single term K&,, ( A ) .  The equation is rewrit ken as 

Its inverse is 

The spectral absorption of any mixture is assumed to be the sum of the absorp- 

tions of each dye: 

and the relative spectral absorption are independent of concentration: 
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where c; is the concentration for dye i- Thus. the relative spectral absorption can 

be determined once the concentrations are known. c; is deterniined by the device 

control value. Assuming that the channels to be independent of each other. Bems 

sugges ted that the concentrations can be approximated by third-order polynomials 

as 

where 4- is the norxrtalized control value of dye i. Since dye diffuses when heated. 

two phenornena. diffuse back and dye transfer inhibition. affect the actual amount 

of dye being transferred on the medium. Diffuse back occurs when previously 

transferred dye diffuses back ont0 the supply. Transfer inhibition. which reduces 

the amount of dye transferred. depending on the mount  of dye akeady transferred 

onto the print medium. As a result. the estimated concentrations. c;. are different 

from the actual concentrations. ~ . ~ ~ ~ l .  transferred onto the medium. The following 

relationsliips are liypothesized: 

With the above complete model. the rdationship between control value and 

output reflectance is determined by the following procedure: 

1. measure the reflectmces of a set of output samples, 

S. apply the Saunderson correction to the reflectances. 

3. determine the spectral absorption using Equation 3.4, 

4. compute the maximum spectral absorption. Ki,,(X), in Equation 3.5, of 

each dye for the samples with single dye. 



5 .  calculate the concentrations. c;. of single dye saniples. 

6. compute the coefficients. a;,. in Equation 3.6 by applying multiple-hear se- 

gression on the control values and their corresponding concentrations obtained 

h m  ( 5 ) .  

7. using the modified Newton-Raphson iteration method [AIl80]. determine the 

actual concentrations of dyes for each santple. 

8. determine the coefficients. &,. in Equation 3.1. 

Once the coefficients a;j  in Equation 3.6 and ,&, in Equation 3.7 are found. 

reflectances corresponding to any given control value (d,. a. 4 )  can be determined 

by the model. 

Following the above procedure. we obtained the parameters of the model for 

our DuPont 4Cast printer. To estimate the parameters. the reflectances of 216 
( 6  x 6 x 6) evenly spaced samples were measured. The measured reflectances were 

then nomalized by the paper white. As the result. the spectnim of %(A) in 

Equation 3.3 is unity. The normalized spectral absorption of each dye is shown in 

Figure 3.2. 

As expected. the coefficients of ai j  and A., of our printer are quite different 

fkom the ones published by Bems. In out. experiment Equation 3.6 was: 
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Yellow Magenta Cyan 

Figure 3.2: The scaled spectral absorption of the dyes with different concentrations 

for the DuPont printer used in our experiment. The absorptions of different cencen- 

trations for each dye diffes by scallig factors. The assumption of relative spectral 

absorption invariant with concentration is met. 



and Equation 3-7 was 

Ignoring the smder values of the interaction terms (conesponding to coefficients 

f i . 3  to in Equation 3.7 where i referes to the colorant). the above equation 
becomes 

The equations published by Berns were 

and 

The coefficients of a, that describe the relationship between the digital coants 

and concentrations for the printers are similar for both cyan and magenta dyes. 

But. the coefficients are quite different for the yellow dye. The reason for this may 



be  caused by the excess fluorescence of the yellow dye. Berns stated that fluorescent 

emission of the dyes pose no significant problems for their printer: however. it may 

not be true for our printer* 

For the coefficients of f l i j  that describe the interactions between the dyes. pat- 

terns are found in the coeficients in ours and Beins- printers. Firstly. the actual 

concentration of a dye is rnUnly deternllned by its estimated concentration. Sec- 

ondly. the coefficients fis3 and corresponding to direct interactions. are neg- 

ligible for both printers. However. the interaction terms related to the covariance 

of two dyes. which are described by the coefficients fiw5 and /ji&. are very different 

between the two printers. By closely inspecting the coefficients. it seems that there 

was no interaction between the cyan dye and the others in our printer. This sug- 

gests that the f is t  dye transferred by our printer is cyan: whereas. ydow is the 

first dye transferred by the printer used by Berns. Thus. taking into account the 

ciifference in dye transfer order. the equations that described the dye interaction for 

both printers agree qualitatively. Quantitatively. on the other hand. Bems' printer 

model fails to represent our printer since its coefficients do not work for our printer. 

In general. the Berns' printer mode1 can correctly predict the trend of spectral 

changes caused by the changes of digital counts. Unfortunately. even with extensive 

measurement and data fitting we failed to obtain the level of accuracy described 

by Berns. The average A& for oui. model was 7.0 which is quite large compared 

to 3.0. which was obtained by Berns. As mentioned by Berns. a regression method 

with the performance of our result produces images of very low colour quality. Such 

a large error rnay corne from several sources. Possibly. our printer rnay require a 

different model than the one Berns used. Even thoouggh both printers were fkom the 

sanie manufacturer and use dye diffusion thermal transfer technology, the model 

described by Berns may not be compatible with our printer. Other problems such 

as difEerent characteristics of dyes and paper c m  also cause large errors. The 
large. hard-to-explain dismepancies illustrates a serious drawback of model-based 

chztxacterization. 



3.1.4 Problems Associated wit h Models 

A mat hematical mode1 provides a valuable analytical tool for s tudying colour re- 

production. It c m  be used to simulate the psinting process. Unlike real output 

devices. the model always produces consistent output without disturbance from 

environmental factors. Thus. it provides a good platform for testing new ideas 

for reproduction. However. for several reasons such models are no t widely used in 

reproduction applications. 

First. models are very expensive to develop. When a mathematical model is 

developed for a colour device. it is important to veriSr that its assumptions are 

valid for the device. For example. the unmodified Kubeh-Munk model does not 

work for a dye diaiision thermal transfer printer since it assumes there is no refrac- 

tive index discontinuity between the coloured layer and its surrounding medium. 

The Fresnel reflection coefficient must be used to take into account tliis refÎactive 

effect. However. even once the discontinuity in refractive index has been taken into 

consideration. certain assumptions. such as no fluorescence being present . may not 

be accurate. thereby degrading the performance of the model. as was illustrated 

in the previous section. Second. a model developed for a particular device is only 

valid under restricted operating conditions. Changes in the properties of ink or 

paper often change the output results so much that the use of the model would be 

inappropriate. As shown in the experiment that applied Bems' model to a different 

printer. the large AEab value were mainly caused by dye differences. Third, the 

inverse of a model is usually very difficult to define and compute. As a result. the 

backward transformation. which is heavily used in colour reproduction. is effectively 

unusable. The difficulty of determining the inverse is one of the major problems of 

model-based characterization. In fact. even if an inverse model exists, it would not 

be used in practice owing to its high computational cost. For example. consider how 

the inverse of Berns' printer model is used to determine the device control values 

for a given reflectance. The reflectance is f i s t  converted to its spectral absorption 

using the Equation 3.4. Equation 3.5 is then solved to determine the actual con- 

centration of each dye. Next. two sets of nonlinear equations. Equation 3.7 and 

Equation 3.6. must be solved to fhd  the control values. 
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In general. the measurement cost of model-based characterization is s r n d  com- 

pared to lookup-t able characterization. But the development cost is very large since 

it is necessary to understand every feature of a device in developing a model. It 

is possible to obtain an acceptable result with this approach. However. the com- 

putational costs of the colour transformations with t h s  approach are usually very 

high. Thus. it is infeasible to perform the transformations based on a mathematical 

mode1 in any practical applications. Instead. the transformation is often carried 

out with a lookup-table approach. which derives colour values fiom a set of mea- 

snrement data stored in a CLUT. In this case. models can be used to ver* and 

smooth measured CLUT data. 

3.2 Lookup Table Techniques for Colour Charac- 

t erizat ion 

T h e e  steps are needed for colour lookup table (CLUT) characterization. They 

are sampling. extraction. and interpolation. The process begins with measuring 

the coloui. of a large set of samples printed by a device. Sample points may be 

distributecl either unifordy or nonunifordy in the device space. These sample 

points can be thought of as the vertices of compact cells into which the entire 

device gamut is divided. The control values and colour values of the samples are 

used to create the CLUT for the device. Each en- of the CLUT comprises a 

control value and its correspondhg colour value. 

To determine a colour value for a given control value. the forward transforma- 

tion f i s t  identifies the cell that encloses the target control value in the device space 

in an extraction step. the corresponding ceU in the colour space is then used to 

approximate the target colour values by interpolation. For the badrward transfor- 

mation. similar steps can be used to determine the controi value for a gives colour 

value. except that the doniain and range spaces are interchanged. 

Each of these three steps has some impact on the performance of the colour 



reproduction process. This section describes the construction of the CLUT. and 

discusses how the samphg technique affects the accuracy and computational cost 

associated wit h the colour transformations, 

3.2.1 Colour Lookup Table Construction 

Sampling is the fîrst step in CLUT construction. It has large impact on the effec- 

tiveness of a colour reproduction process since both extraction and interpolation 

steps operate on the sample points. 

The simplest way CO construct a CLUT is to sample points that are uniformly 

distnbuted throughout the device coordinate space. This kind of CLUT is easy 

to construct. but accuracy is a problem for this sampling technique. For example. 

interpolation errors from uniformly sampled points can be hÏgh i€ the sampling 

distribution is not dense enough-' To solve this problem. the sampling fkequency can 

be incseased. Howeves. increased sunpling density increases measmement cost since 

the total number of sampling points increases as nd. where n is the sampling density 

in each dimension and d the dimensionality of the colour space. Because reflectance 

spaces often have high diniensionality. rneasurernent cost can easily be too high 

for adequate sampling density. An alternative is to use nonlinear interpolation. 

Higher osder interpolation c m  iiicrease accuracy. but only at the cost of decreased 

performance because nonlineu interpolation hw high computation cost. 

Irnprovement can otherwise be obtained by using nonuniform sampliug: denser 

sunpling for regions with high cmvature. sparser sampling for others. With the 

same number of sample points. this approach generates results tha t  have smaller 

errors compared to those obtained from uniform sampling [Kan96, Chapter 41. 

To use nonuniforni sampling effectively. some knowledge about the transfer func- 

tion of a device must be established prior to choosing sample points. A mathemat- 

ical mode1 of a device c m  be used to estimate the transfer bc t i on .  However. the 

'The relationship between accuracy and sanipling density depends on the curvature of the 

mapping from control values to printed colours. 



reliability and high cost problems discussed in the previous section will hinder the 

effectiveness of this approach. Alternatively. the transfer function can be estiniated 

from empïrical data. 

By sampling each axis in such a way that the resulting L* values lie evedy 

in the destination space. Kang [Kan951 demonstrated that this simple n o n d o r m  

sanipling technique can produce better results compared to those obtained from the 

d o m  sunpling techniques. This technique uses sample points that are nonuni- 

formly distributed across the ganiut in the device space: however. each ceLl defined 

by the sample points is rectangular. which is good for locating an enclosed cell dur- 

ing colour transformation. More sophisticated techniques c m  be used to provide 

better results. For example. iterative refinement was used by Allebach. Chang. and 

Bouman [ACB93]. They repeatedly applied Sequential Scalar Quantization (SSQ) 
and Sequential Linear Interpolation (SLI). which uses a flexible @d of values to 

approxhate the model. and were able to refme the distribution of sample points 

until interpolation errors fell below a certain level. Bell and Cowan [BC94] first 

chwacterized a printer transfer h c t i o n  with tensor product splines. sample points 

for which are selected using SLI. 

3.2.2 Performance Issues wit h Colour Lookup Tables 

Because the performance of colour transformations is important for any colour re- 

production process. the CLUT should be built in a way that allows transformations 

to be performed as quickly as possible. Both extraction and interpolation must be 

done once per pixel. Thus. high speed transformation requires good performance 

in both steps. Linear interpolation is efficient enougk for interpolation. There are 

two methods for extraction. One alternative uses a CLUT with entries uniformly 

distributed in a domain space. With such a CLUT enclosing cells can be located 

directly through indexing. But accuracy is lower with this approach. The other 

alternative uses densex saxnpling in regions where curvature is high. which requires 

a search a lgo f i t h  to identify the enclosing cells. 

To build a CLUT witk d o r m l y  distributed samples for the forward transfor- 
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mation. one can simply measure the sample points with equal spacing in the device 

control space and store them in the CLUT. But. without knowing the transfer h c -  

tion of a device. it is difficdt to construct the CLUT for backward transformation. 

In practice. remeas'uring or rernapping is often used to build the CLUT. 

Renieamring is an iterative process to obtain sunple points with equal spacing. 

The process starts with d o 1 m  sampling iii the device space. After the first mea- 

suement. the process uses the sample points to approximate the transfer function 

of the device. Based on the estimated transfer function. a new set of sample points. 

which are equally spaced in a colour space with respect to the estimated function. 

is chosen for the next measurement. The steps of chosing sample points and re- 

measuring are repeated. terminating only when the set of samples is distributed 

un i fody  enough in the colour space. This approach has been used comniercially 

for producing film editing equipment. and requires as many as six to seven iterations 

to obtain an acceptable distribution in a one dimensional lightness space. Many 
more iterations would be required for data in a high dimensional space. making it 

too expensive for practical applications. 

Remapping is anotlier approach comnionly used in practice. Like remeasuring. 

this approach uses sample points that are uniform in device space to estimate the 

transfer function of a device. Since the function is derived fkom samples with 

measurement errors. botk measmement and sampling errors are present in the 

estimated transfeï function. Using the estiruated transfer function. the control 

values for a set of regularly distributed points are found. A new CLUT is created 

with these colour points. Note that the points in the new CLUT are produced 

fkom the estimated transfes h c t i o n .  not fiom the actual measurements. Since 

resampling uses points that include measurement emor to approximate points not 

in the table. it has double approximation errors. This approach produces results 

that are lower in accuracy thui rnethods without remapping. 

lnstead of rebuilding the CLUT. extraction c m  be imp&ed by using an efficient 

search algorithm to locate the enclosing cell that contains the target point. A 
new extraction algorithm is described in Chapter 6. the performance of which is 

logarithmic in the nuniber of sampling cens. This approach allows fast extraction 



without hi& measurement cost and without sacnficing accuracy. The CLUT is 

usually built with nonunifom samples in device space to improve accaracy. after 

wliich the enclosing cell can be extracted with performance comparable to binary 

search- 

3.2.3 Conclusion 

To determine the relationship be tween device control values and output colours. 

device characterization mus t be done. If the transfer b c t i o u  of a device is known. 

model-based characterization can be used: otherwise. lookuptable characterization 

is needed. 

DifFërent theories are available to model different kinds of output devices. Eow- 

ever. these niodels are expensive to develop. Even when a good model exïsts for a 

particular device. problems stïll exist. such as high computation cost . inflexibility 

and difficulty in finding the inverse. In contrast. the CLUT approach. which pro- 

vides low computation and implementation costs. and dows fast processing speed. 

is widely used in practice. 

The CLUT is created from saniple points that are d o r m l y  or nonuniformly 

distributed. Uniform sampling allows fast extraction because direct indexing can be 

used to locate the enclosing cells. while nonuniform sampling can provide better ac- 

curacy by reducing interpolation errors. For high speed applications. a CLUT with 

d o r m l y  distnbuted saniple points is normdy used. Remeasuring or remapping 

is sometimes used to construct a uniforPily smpled CLUT for backward transfor- 

mation. Unfortunately. high measurement and accuracy cost is always associated 

with rerneasuring and remapping. To maintain accuracy while reducing processing 

time. a nonunifody sunpled CLUT combined with a fast searching technique is 
best. 



Chapter 4 

Gamut Mapping in Reflectance 

Space 

Iuirminant dependence is a serious problern when using the CIE colour specifications 

for colour transformation dgorithms of reflective media. When viewing reflective 

stimuli. the colour signals that enter the eyes. wlüch determine the CIE tristirnu- 

lus values. are afFected by the illuminant. Ths .  colour transformations that use 

the CIE tnstimulus values necessarily assume an i11nminant. When the viewing 

illuminant difFers fiom the reference ïlliiminant the results are hard to predict. By 

reproducing reflectance. an intrinsic surface property that is independent of the 

source of illumination. the problem of illuminant dependence can be eliminated 

fiom gamut mapping. 

As mentioned in the previous cliapter. refiectance can be expressed as a linear 

combination of basis functions. To mininùze representation enors? basis functions 

are developed empirically to fit specific output devices. They vary fkom output 

device to output device. To match colour aaoss devices, it is necessary to map 

reflectances nom one basis to another, 

It is easy to see that two reflectances with similar spectra are likely, when illumi- 

nated. to have sirnilu- tristimulus values- As a result . the colour difference between 
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them is expected to be small under a variety of different sources of illumination. 

Based on this observation. any mapping that minimizes spectral error seems a nat- 

ural choice for gamut mapping between reflectance spaces. Orthogonal projective 

transformation is one such mapping. It can be implemented by matrix mdtiplica- 

tion. which makes it inexpensive to cornpute. However. because it does not account 

for the colour sensitivity of the human visual system. it is a poor choice for gamut 

rnapping between reflectance spaces. I t  often fails to map to the reflectance that 

has the smdest tristimulus valne difference. and can produce rather large colour 

differences. This result can be explained in terms of human visual sensitivity space. 

To obtain better performance. a gamut mapping for reflectance. based on the 

fundamental component of reflectance. was developed [CC96]. By using reflectance 

information. this mapping better preserves the original colours for a variety of 

illuminants because it maps to the reflectance witk the smdest  tristimulus value 

difference. 

4.1 Human Visual Sensitivity Space 

To study colorn- reproduction for different i l l e a n t s .  it is essential to understand 

liman visual sensitivity ( W S )  space. H V S  space weights reflectance components 

in proportion to the response of the liglit sensitive cells in the retina. As such it is 

derived from the colotir ma tching functions and is illuminant-dependent . As given 

in Chapter 2. the tristimulus d u e s .  t, of any snrface can be computed using the 

rnatrix equation 

t = Ht Er. 

with H the 3 x N colour matching matrix. E the N x N diagonal matrix of the 

spectrum of an illuminant. and r the N element vector describing the reflectance 

of a surface. With AE = EXt E. the above equation can be rewritten as 



The 3 x N matsix AE is a transformation matrix from the N-dimensional wave- 

length space to the 3-dimensional H V S  space under the illuminant specified in E. 
AE can be thought of as a sensor that incorporates Uiirninant information. 

For a given illuminant. the W dimensional wavelength space R can be expressed 

as a direct sum of the 3 dimensional H V S  space. wliich is spanned by the rows of 

AE. and its N - 3 complement space N ( A E ) .  the null space of AE with respect 

to R. Each surface reflectance can thus be divided into two components. One is 

the fundamental component in the W S  space and another is the metameric black 

component in N ( A E ) .  The metameric black component is invisible to normal 

observers. Two reflectances are metameric when they have identical fundamental 

components and different metameric black components. Since the values of matrix 

AE depend on the illuminant. the fundamental component and the metameric black 

component of the surface reflectance are in general different for Merent  LZ1iiminants. 

Mathematicdy. any surface reflectance r can be expressed as 

whese f, is the fundamental component. and b, is the metameric black component. 

The fundamental component can be obtained by using a projection operator. P f .  
wbch is defined as A~(A&A~)-'A;.  The metameric black component can be 

obtained by using the projection operator Pb = 1 - Pt. The matrix that represents 

the projection operator PI is commonly referred as the R matrix. An extensive 

discussion of its properties can be found in Cohen and Kappauf's paper [CK82. 
Coh881. 

To simplZy the discussion that follows. HVS space is referred as the fundamentai 

subspace. denoted by Fi. and N(Ai,) as the metameric black subspace. denoted by 

13;. each for the illuminant 1;. 

'Under certain specid illuminants, it is possible that the HVS space codd have a dimensionality 

Iess than 3. Since these illuniiiiants are rarely used for viewing colour images, this pathological 

case will not be further conaidered in this thesis. 



4.2 Orthogonal Projective Mapping 

In mapping a reflectance fiom one reflectance space to another. it is natural to 

mininiize the spectral difference between the niapped reflectance and the onginal 

one. With orthogonal projection. a reflectance that has a minimum mean squared 

spectral error in the target space can be readily found. But. unless the s p e c t m  of 

the mapped re%ectance is exactly the same as the oria&al. minimizing the spectral 

error does not necessarily preserve the original colours. Thus. projection does 

not always map reflectmce to one that has the same colour appearance even if one 

exists- 

This section describes how to use orthogonal projection for reflectance map- 

ping. Conditions under which projective mappings maintain colour appearance are 

studied. Unfortunately such conditions are too restrictive for practical applications. 

4.2.1 Steps for Orthogonal Projective Mapping 

Let RD be the reflectance space that is spanned by the orthonormal reflectance basis 

set {cl ( A ) .  c2 ( A ) .  - - . cn(A)). Using the orthonormal basis. any reflectance r E R 
can be projected onto RD by a single rnatrix multiplication. The coordinates of 

the projected results. u,. is given by the matrix equation 

where B is the N x n matrix with c;(X) as its column vecéors. The projected 

reflectance is 

Thus. the orthogonal projection operator for RD can be expressed as a N x N 
mat+: 
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tristim~lus values of the spectral errors. It is shown that the conditions under 

which projective mapping rninimizes tristimulus value error are too restrictive for 

practical appIications. 

Consider projective mapping between two reflectance spaces of RD, and RD,. 
each of wliich is constructed by modified SVD. as discussed in Chapter 2. For 

r E RD, and r' E RD, - to have the same colou. under illuminant 1. the tnstimulus 

values of the spectral error must be zero. The next few paragraphs describe how 

the t r is thdus values are computed. 

Let u, be the coordinates of r with respect to the basis of RD,. GD, be the 

N x n column rnatrix of the orthonormal reflectmce basis vectors with the unity 

reflectance. W. the h s t  basis elernent (see Chapter 2). and PD? be the projec- 

tive operator fkom RD, to Rn,. From the Equation 4.2. the spectral error after 

projective mapping can be written as 

The corresponding tnstimulus values are 

At, = AiAr 

= Ar [ I  - P D ? ] G D ,  UT 

= Ar D U, . 

where Ar is the 3 x N transformation matrix under Z. and D is the N x 7~ mat& 

with values of [1 - PD, ] GD,.  the columns of wkich represent the psojected basis 

elements onto the complenientary space of RD,. RD?. 

Note that for u, representing any real reflectance. the condition of O 5 GD, u, 5 
1 must be satisfied. Thus. u, cannot take on arbitrary values. To study the con- 

ditions under which At, has zero value. a generd formula is needed for computing 

mors  in tris tirnulus values. 

Since w is the &st basis element of RD,. r can be expressed as 
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where v, = (a. 7 ~ 2 . 7 1 3 -  - - - . TL,) and b = ui - a. Equation 4.3 can be rewritten as 

Because the white reflectance. W. is one of the basis elements for RD=. the second 

te- in the equation is zero since w is orthogonal to the complementary space of 

RD,. Thus. the above equation simplifies to 

At, = a A r D v ,  . 

The above formula differs from Equation 4.3 by a scalar value. Since V, can be any 

value. the column vectors of D must be orthogonal to the row vectors of Al for 

the tristimulus values of Ar to be zero. With the col- vectors of D being the 

projected basis of RD, onto the complementary space of 'RD?. the above condition 

states that the basis of RD, projected onto the complementary space of RD? must 

be in the metameric black space for the illuminant Z. 

The necessary condition of colou. preservation for projective mapping can be 

undesstood by examining an arbitrary basis element of RD,. Since the waveleiigth 

space is a direct suni of RD? and RD=. the basis element. c(X) E RD,. can be 

expressed as 

where CD= ( A )  E RD, and CD? ( A )  E RD,. Since the condition states that Co2 ( A )  must 

be in the metameric black space. the visual sensation of c(X) must corne f?om ch (A). 
This condition ensures that all colours associated with any reflectances in RD, must 

be realizable by the reflectances in RD, for the illuminant under consideration. 

Unfortunately. the above requirement for the projective mapping to maintain 

the original colours cannot be satisfied under common viewing illnmiriants. To 
understand this. let us rewrite Equation 4.3 as 
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where H is the colour matching matrix. and E is the diagonal matrix of the spec- 

tnim of an illuminant. If the projective rnapping preserves colour. At, must be a 

zero vector for any u,. Therefore. the resdt of the matrix multiplication of HI E D 
must be a 3 x n. zero matrix. This condition is satisfied only if the spectrum of the 

viewing illuminant. Q A .  is a solution of the homogeneous system 

where x(Xi). y(& ) . r(X;) is value of the colour matching function of f .  y, f .  respec- 

tively. at the waveiength A;. and dj(X;) is the value of the jth basis element of 

RD, at Xi projected onto the complementary space of &, . which is the d u e  of the 

(i. j) th entry of the rnatrix D. 

Given the above equation. we have tested orthogonal projective mapping be- 

tween oiir DuPont and Kodak printers. In the experiment. the reflectance basis 

functions of reflectance spaces for the DuPont and Kodak printers are constnicted. 

The basis construction method is the one proposed in Paeth's thesis [Pae94]. The 

reflectance basis of the Kodak piinter is projected to the complementary reflectance 

space of the DuPont printer to obtain the matrix D. The entries of the matrix for 

the above homogeneous system are computed witli the 1964 CIE Standard ob- 

servers. The system is then solved by the S V D  method. The solutions represents 

a set of illilminarit basis functions which f o m  a space that contains illiiminations 

under which the projection ruapping preserves colour appearance. 

Figure 4.1 shows the spectra of Ulrminants &d th& residual components for 

projective mapping. None of the CIE standard illuminants is inside the illuminant 
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space. In general. colours are not maintained after orthogonal projective mapping 

under normal illuminants. To conserve colour sensation. the mapping that preserves 

the fundamental component of the reflectance provides a better result . 

4.3 Fundamental Component Mapping 

As mentioned in the last chapter. the colour appearance of a reflectance is closely 

related to its fundamental component . Two reflectances that have identical fun- 

damental components under a given illttminuit have the same colour appearance 

under that illuminant. Thus. the problem of h d h g  reflectances that match re- 

fieceance r under illuminant Zi consists of finding reflectances. r'. with the same 

fundamental component as r. This section describes how to use the fundamental 

component for reflectance mapping. Fundamental component mapping is better 

than projective mapping in h o  ways: first. when colour identity is possible within 

the given refiectance guiiuts. it always finds it: second. when colour identity is not 

possible. enipirieal results show that it consistently outperforms projective m a p  

ping . 

4.3.1 Basic Concepts of Fundamental Component Mapping 

Let R be the reflectance space generated by the output of an output device. To de- 

termine the fundamental components of the reflectances in R under l;. we represent 

R as the direct sum of two subspaces .FR; and Ba,: 

Here. Ba, is the intersection between the reflectance space R and the metameric 

black subspace Bi. and FR; is the subspace of 72 orthogonal to Ba; (Figure 4.2). 

Note that .FRi is not the fundamental component space Fi intersected with R. 
The definition ensures that every non-zero reflectance in .FR; is made up of a 

fundamental component and a possibly zero black component. The basis of FRi 
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Fiogu..re 4.2: Each reflectance space R can be represented as the direct sum of two 

subspaces FR,. and BR, illuininant lie Bx, is the intersection between the 

refiectance space R and the metameric black snbspace Bi. and is the subspace 

of R orthogonal to Bai 



is the set of reflectances that always cause some kind of colour sensation. whereas 

that of Bai is the set of reaectances that are invisible to normal observers. (The 

elements in both sets may not be physicdy realizable.) The computation of ;FRi 

and Bn, can be carried out by singular value decomposition (SVD ). which provides 

both bais sets in a single computation [GVL83]. 

Every trichromatic reflectance space. 73.' has a 3-dimensiond subspace .FR,-. 
Now let {f' l .  ff2. ff3) be the basis of Fa,. . Since each ffj  cont ains both a fundamental 

component and a metuneric black component. it can be expressed as 

where fj E Fi and bi E Bi. Because R produces a three dimensional colour 

sensation. the reflectances fj must span at least a three dimensional space. Since 

Fi is a 3-dimensional space. any three linear independent reflectances in it c m  be 

used as its basis. The set {fi. fZ. f3) is chosen here as the basis of Fi. 

Now consider the problem of finding a reflectance r' E R that lias the same 

fundamental component as that of r. Let f, be the fundamental component of r. 

It can be expressed in te~xns of fi: 

Every element r' E FR,. that has the same coefficients ai with respect to the basis 

{ffl. ff2. fJ3} has a fundamental component identical to that of r. To see this 

express r' as 

where b,! E BR,-- Since bErt E Ba. r' has the same fundamental component as r. 
Their colours match under illuminant 1;. In fact any reflectance E E 73 matches the 

'Trichromatic reflectance space refers to a reflectance space generated by the output of a device 

wliicli causes 3-dimensional colour sensation. 



colour appearance of r if E can be expressed as 

for any bi E BR;. Among these reflectances. it is possible that the spectral re- 

flectance of E. niay be different from that of r. A large spectral diEerence is unde- 

sirable because the larger the clifference in spectral reflectance. the more likely it is 

that the two refiectances do not match under other illuminants- The reflectance in 

R that has the same fundamental component with smallest amount of clifference in 

the spectral distribution is the best mapped value of r. 

To f i ~ d  such a reflectance. the residual reflectance. Ar = r - r'. is first com- 

puted. Then a spectral distribution simdar to Ar is added to r'. To maintain the 

fundamental component. the added reflectance must be chosen from Ba,. This can 

be done by orthogonal projection of Ar onto BR,.- The result is the metameric 

black component in R that is closest to Ar in terrm of least squared spectral error. 

4.3.2 Fundamental Component Mapping under Several Il- 

luminant s 

Now let us consider the two-illuminants case fist. which can be easily extended to 

several illuminants. Let s E R be a reflectance that matches the colour of r under 

iUiIminants I l  and 6. Then s can be expressed as 

s = f'., + b,, for illuminant Il . 
and 

where b,; E Bar,. and P.,. E Fai which is same as the fundamental component of r 
under the illuminant k .  By cornbining the above two equations. we have 

f',? - f',, = b., - b,, 

= Pbls - P h s  

= ( P b i - P k ) ~ .  



CHAPTER 4. GAMUT MAPPlNG IN REFLECTANCE SPACE 

where Pa, . Pb. is the projection transformation matrix that maps s to b,, and bs2. 
respectively. Since the values o f f  .,. and Phi are known once the reflectance space R 
and the illunllnants are dehed .  the reflectance s can be found by solving the above 

linear equation. Like the single illuminant case. a nietameric black component for 

both illiimiriants. Le.. b12 E (BR, 9 &). can be added to r to reduce the spectral 

eiror. In fact. R c m  be expressed as 

= 3z11 @ BaL2 - 

where Bal? = (BR, n BR?). FR12 contains refiectances orthogonal to the elements 

in Bal, and which have nonzero fundamental components under at  least one of the 

Uuminants. 

The above approach can be easily extended to several Uiirninants. For instance. 

in the tliree illuminants case. the left hand side of the Equation 4.5 can be defined 

The reflectance r can be obtaïned 

X S .  

as in the two illuniinants case. 

Note that the possibility of b d i n g  a reflectance that matches colours of a given 

reflectance decreases rapidly as the number of iUuminants considered increases. 

Consider the subspace of FR, for Ir illuminants. Since every element x E fi, has 

nonzero fundamental components under at least one of the illumiriants. x must be 

in uiErFi. For R be a trichromatic reflectance space under each dhminant. the 

subspace that contains uiEIFi may have dimension as large as 3k. As a result, 

the dimension of FR, niay be as large as 3k .  Certainly. if the illtiminants in 1 are 

siuiilar to one another. the dimension of FX, is less than 3k. In general. however, 

the possibility of fiuding a reflectance s E R with the same colours as r 6 R under 

illiinlinants in Z decreases as the number of ill.tirninuits in Z increases. 

When no reflectance matches the colour of r under the complete set of illumi- 

nan t~ .  the linear equation has no solution. Kowever. by using SVD to solve the 
equation. it is possible to get the least-squares best approximation of r. Since it  
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is difficult. perhaps impossible. to derive an error mode1 for fundamental compo- 

nent mapping. experiments are used to show the performance of the mapping for 

multiple illiimiriants. 

4.4 Experimental Results 

Bot h orthogonal projection and fundamental component mappings were iniple- 

men ted. Experiments were conducted to test tlieir relative performance empiri- 

cally. This section describes the results. which show that fundamental component 

mapping consistently outpdorms projective mapping. 

To test the effectiveness of fundamental component mapping, two reflectance 

spaces were constructed using Paeth's modified SVD. Two sets of Uiiminants were 

used. One set cornpnsed CIE Standard Illuminant A. F7 fluorescent light. and a 

hi& pressure sodium light. The other comprised CIE Standard Illuminants D50. 

D55. and D65. Two reflectance spaces were constructed. One of the spaces was 

constructed based on the reflectances of 40 real objects. and the other based on a 

set of output colours fiom a Kodak dye sublimation pruiter. Each reflectance space 

serves as a target space in one of our two experiments. The input reflectances 

obtained from the 24 patches of the Macbeth Colorchecker and the 40 real objects 

were tken transformed to the target reflectance spaces. 

For each reflectance space. t h e e  transformations were performed. 

1. Projective Mapping. The original refiectances were mapped to the target re- 

flectance space using projective mapping. The average CIELAB colour differ- 

euce. hEab.  between the original and the mapped refiectances were computed 

for each of the six iUuminants in the two illuminant sets. The resdts are 

listed in Table 4.1 labelled "Proj.' . 

2. Fundamental Component Mapping for the First Illuminant Set. The onginal 

refiectances were mapped to the space using fundamental component map- 

ping for the illuminant set containhg the CIE D50, CIE D55. and CIE D65. 
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1 Reflectance (1 CIE D50 1 CIE D55 ( CIE D65 

1 Macbeth 11 0.000 0.809 1 0.000 0.810 1 0.000 0.810 

S amples 

Real Object 

I e c k m c e I I  CIEA 1 F7 I H P S o d i u m I  

F.M. Proj. 

0.000 0.364 

Table 4.1: The average CIELAB colour merences for the fundamental mapping 

(F.M.) and directed projection (Proj.) under two set of illuminants. The re- 

flectances of 40 real objects and 24 patches of Macbeth Colourchecker were mapped 

to the reflectance space wlucli constructed based on the reflectances from 40 reaI 

objects. 

S amples 

Real Object 

Macbeth 

The average AEab over the test reflectances were compnted for the three 

illuminants in the set. The results are listed in Table 4.l(a) labelled "F.M." 

F.M. Proj. 

0.000 0.357 

3. Fundamental Component Mapping for the Second Illuminant Set. The orig- 

inal reflectances were mapped to the space using fundamental component 

mapping for the illumliuit set contains the CIE A. F7 fluorescent light. and 

the sodium light. The average AEar between over the test refiectances were 

computed for the three ilLiiminants in the set. The results are listed in Table 
4.l(b) labelled "F.M." 

F.M. Proj 

0.000 0.346 

F.M. Proj. 

0.289 0.352 

0.072 0.700 

F-M. Proj. 

0.011 0.432 

0.054 1.144 

F.M. Proj 

0.023 0.490 

0.054 1.077 
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1 Macbeth 11 0.000 0.942 1 0.000 0.895 1 0.000 0.840 1 

CIE D65 

Samples 

Real Object 

1 HP Sodium 1 

CIE D55 Reflect ance 

ISamples 1IF.M. Proj.1F.M. Proj.1F.M. Proj 1 

CIE D50 

F.M. Proj. 

0.000 2.658 

1 Real Object 11 0.126 2.486 1 0.146 2.072 1 0.038 2.402 1 
1 Macbeth 11 0.187 1.253 1 0.251 1.372 1 0.043 2.005 1 

F.M. Proj. 

0.000 2.627 

Table 4.2: The average CIELAB colour differences for the fundamental mapping 

F.M. Proj 

0.000 2.582 

(F.M.) and directed projection (Proj.) under two set of illtrminants. The re- 

flectances of 40 real objects and 24 patches of Macbeth Colourchecker were mapped 

to the reflectance space which constructed based on the reflectances of the evenly 

sampled printer output colours. 



1st min. angle 

/ 3rd min. angle 11 0.9994 1 0.9961 1 0.9986 1 
2nd min. angle 

D50 vs D55 

0.9998 

1st min. angle 

1 3rd min. angle 11 00.788 1 0.5849 1 0.4765 1 

D50 vs D65 

2nd niin. angle 

Table 1.3: Cosuie of the principal angles between the fundamental component 

D55 vs D65 

1.0000 I 1-0000 

0.9991 

A vs 

F7 

0.9663 

subspaces of the pairs of illuminuits within a set. When the cosine of principal 

1.0000 

0.9997 

0.9039 

angle equals to 1. it meuis two vectors in the two subspaces coincide with each 

i 

A vs 

H.F. Sodium 

0.8945 

O t her 

F? vs 

H.P. Sodium 

0.8832 

0.8643 

4.4.1 Illuminant Differences 

0.7195 

The principal angles between the fundamental component subspaces within each 

set of iUuminants have been computed. The principal angles describe the similarity 

between two subspaces. The computed principal angles provide the qualitative 
measurenient of how Mesent the light source would be with each illuminant set. 

Fsom Table 4.3. which shows the cosine of pincipal angles between two Uiiminants. 

it shows that the fundamental component subspaces for the b s t  set of illuminants 

are very siniilar. whereas the illumiriants of the second set axe qwte different. 

The f i s t  set is daylight illunlinants. ail of each have good coloui. rendering 

index. the largest principd angle is 3". In contrast the first minimum principal 

angles among the secoiid set of illuminants. wlùch contains artificial illuminants. 

lies between 15' atid 27". and the third principal is as large as 62". Thus, it is 
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difficult to reproduce colours with small colour clifferences under the second set of 

illuniinants. 

4.4.2 Mapping Results 

As shown in Tables 4.1 and 4.2. the fundamental component mapping provides 

much better results than simple projective transformation. In our experiments for 

the daylight iuuminants. the fundunental component mapping always identifies the 

reflectances with the same colour as the original. whereas the projective mapping 

does not always map to the ones with the same colours. The average colour M e r -  

ence using the fundamental component mapping less than 0.0005. and using projec- 

tive niapping is 1.17. For the second set of illuminants. the results. as expected. are 

not as good as the &st one. However. the largest average colour difference using 

the fundamental component mapping is 0.289. whereas the projective mapping is 

2.486. In most cases. the average colour ciifferences for the fundamental component 

mapping are ten times smaller tkui those for the projective mapping. The pro- 

jective transfomation sometimes maps to reflectances objectionably Uerent  fiom 

the original. but the fundamental mapping never does. 

The fundamental mapping does well for the following reasons. When the view- 

ing ill&ants are sinular. the fundamental niapping performs effectively because 

of the overlay of large portion of the fuiidamenta1 component subspaces for the illu- 

minant~ (see Tables 4.la Sr 4-21 ). Even when the illuminants are very dinerent, the 

mapping is still able to fhd a suitable reflectance that matches the original colour 

because the fundamental component of the reflectance is similar to the original one 

for the given illuuiinuits. (see Tables 4.lb & 4.2b). 

Since the fundamental component is directly related to the CIE XYZ tnstimulus 

values. the fundamental component niapping in essence is trying to maintain the 

tristimulus values. However. the XYZ values are not commody used to measure 

colour difference since the XYZ space is not perceptudy uniform. Instead. CLELAB 
or CLELW are a better choice for measuring coloui. difference. Mappings that are 

developed to preserve the CIELAB os CIEL W values are believed to produce bet ter 



result S. However . the nonlinearity of these colour spaces subs t antially increases the 

complexity of the algorithms. As a result. their performances is unlikely to be 

suit able for practical applications. Fortunately. the clifferences in t he XYZ values 

obtained from the fundamental component rnapping are usually very s m d  which 

leads to s m d  differences in the CIELAB and CIELUV spaces as well Therefore. 

the fmdamental component mapping is a very useful approach for preserving the 

colour appearance of reflectively defined images. 

4.5 Conclusions 

Reflectance spaces are constructed to provide representations that have uiininial 
errors in spectral reflectance. Thus. it is natural to niinimize spectral errors when 

mapping a reflectance &orn one reflectance space to another. This objective is 

achieved by orthogonal projective mapping. wkch maps the original reflectance 

to the one that lias minimum mean squared spectral errors in the target space. 

However. without taking into account the illuminant and the colour sensitivity of 

the human visual systeni. this simple transformation does not. in general. map 

reflectances to the ones that have the sune colour appearance even when they ex- 

ist in the target space. This problem c m  be avoided by using the fundamental 

component mapping. wlùch tries to preserve the fundamental component of the 

reflectances. Colows are preseïved by the mapping when possible. When an exact 

coloui. match is not possible. our experimental ïesults shows that fundamental com- 

ponent rnapping consistently outperforms projective mapping in t e m s  of perceived 

coloui- Merence. 



Chapter 5 

Colour Attributes in Reflectance 

Space 

As discussed in Chapter 1. there are two different approaches to gamut mapping for 

colour reproduction. One niinimizes an objective hnction. such as AEab- that is a 

CIE measme of perceived colour clifference: anotlier uses models of colour appear- 

ance to maintain the perceptual colour attributes. The previous chapter showed 

that objective functions can be extended to reflectance space using the fundamen- 

t al component niapping. This chap ter discusses how to evaluate perceptual colour 

attributes in reflectance space. In doing so we establish the relationships between 

a reflectance and its colour- attributes. Since the coloui- attributes are always more 

or less affected by the viewing illiimiriant. issues such as how the attributes vary 

due to the change of i l l h a n t .  and kow to choose the reflectances for colour re- 

production under difEerent illumhants are important. Unless stated otherwise. the 

arguments for reflectances in tlùs chapter apply to both physicdy realizable and 

noiirealizable reflect ances. 

AU colour spaces have sinular topological properties for colour attributes. For 

exunple. a circuit around the neutral axk sees hue changing throngh the sequence. 

blue. cyan. green. yellow. orange. red. magenta in all colour spaces. The pattern of 



hues. placed circularly following the above order. is referred as the hue circle. Sim- 

ilarly- lightness changes h m  dark to light dong the neutral axis: and saturation 

increases dong radial lines running fiom the neutral ans  to the most saturated 

colours ( Fiorne 5.1). Furthermore. transformations between colour spaces are con- 

tinuous and .monotonie' in the sense that the relative strengths of colou. attributes 

between nearby coloui. points are preserved in the transformations. By studyirig the 

relationship between a reflectance and its hue. lightness and saturation. we show 

that very similar topological properties can be realized in a high dimensional re- 

flectance space. Based on this fact. relative colour appearance between reflectances 

can be controlled even when it is not possible to specify the exact appearance of 

an Uuminated reflectance. As a result. gamut mapping ideas that were developed 

based on the colour attributes of trichromatic spaces can be extended to reflectance 

spaces. 

5.1 Constant Hue in Reflectance Space 

Because the human visual system is very sensitive to hue changes. it is important 

to preserve the hues of an original image. Deviation of hue from original to re- 

production jeopardizes reproduction quality. Many gamut mapping algori thnis for 

trichromatic colour spaces are implicitly designed to operate within constant hue 

planes to simpMy hue relationships. Thus. it is important for colour reproduction 

processes to identZy all reflectances in a reflectance space that have the same hue. 

Because colour constwcy in the human visual system is incomplete. afFected by 

both illuminant and the viewing context [BW91]. the appearance of a reflectance 

changes when the viewiiig illuminant changes. Thus. there is no definite relationship 

between the reflectance uid hue in general. Fortunately. absolute hue sensation 

is often less important than hue relationships. Specificdy. it is most important 

to know whether or not two reflectances have the same hue for the given set of 
illuniinants. which is the focus of this section. 
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hue 

Blue 

Green 

Fi,-e 5.1: Common topological properties for colour attribut es. (a) Lightness 

changes from dark to liglit dong the neutral axis: and saturation increases dong 

radial lines running fkom the neutral a i s  to the most saturated colour. (b) Hue 

changes from blue. cyan. green. ydow. orange. red. and magenta. 



Figure 5.2: The constant hue lines for Munsell Value 5 are slightly cunred in the 

CIE (x.y) chomaticity diagrun and the CIE (u*.v*) chromaticity diagram. 



Figure 5.3: The dominant wavelength (D) of the colour ( C )  is the wavelength of 

intersected locus fiom a radial line extending out fiom the white point (W) to a 

colour point. The compleiuent wavelength (D') of the colour (C') is the wavelength 

of intessectecl locus Tom a radial line extending out &om C' to W 
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5.1.1 Hue Sensation and Colour Spaces 

Wyszecki and Stiles [WS82] summarize researcli on hue sensation in CIE colour 

spaces by examining the distribution of colours having the same hue. They showed 

that the set of colours of constant hue for any lightness are slightly curved h e s  in 

the chromaticity diagram of C I E L W  and the constant lightness plane of CIELAB 
(Fig~iïe 5.2). S d a r l y .  the lines of constant hue are &O slightly curved in the (x. y)- 

chromaticity diagiram. To simpliS. computatioii. the CIE specifies radial lines in 

the (?L'.v') and (a'.b') plane that approximate the true constant hue h e s  [WS82]. 

Siniilarly. the Geman Standard DIN Colour System [RW86] defmes hue based 

on the dominant (or complementary ) wavelengt h. Dominant and complementary 

waveleiigtks are based on the observation that any colour can be uniquely created 

as the additive mixture of a monochromatic colour and a neutral colour. The 

dominant wavelength of the colour is the wavelength of the monochromatic colour 

(FiDrne 5.3). Thus. all points on a radial line extending out fIom the white point in 

the (x.y )-chrornaticity diagram are defined. in these systems. to have the same hue. 

a close approximation to constant perceived hue. The points on a line of constant 

hue defmed above do not exactly have constant hue perceptudy. Their hues in fact 

vary slightly. But. because the curvatures of the lines of constant hue are s m d .  the 

amount of hue diffesence is less t h w  the hue shift caused by chromatic induction 

and adaptation [WysSô] . 

In tlùs thesis. we aclopt the idea of the DIN Colour System that hue does not 

change wken a colour is niixed additively with ackroniatic colours. As shown in 

Section 5.1.2. this approach allows us to spec8y the set of reflectances with same 

hue under a given set of illr.rrniriants as a linear expression. 

The ideas developed in tkis chaptes are based on the following definitions. 

Definition 1 (Achromatic Hue Set). Th.e set  of reflectances. which. may or m a y  

n o t  be phpical realzzable that have zlniformly distribated spectra. called Ra. 

The ideal white. W. is an element in this set, All elements in RA can be obtained 

by scaling the spectnun of white. They appear as achromatic under most light 

sources. 
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Definition 2 (Constant Hue). Truo reflectarzcez hpaoe th.e same hue i f  th.ey are 

related t o  one nrzoth-er b y  ch.at~gitzg intetmity atid/or 6.y additive m.ixing urith. arzy 

anionnt of ach.rom.atic reflectarzce in 'fia The set of?-efEectancea .with- th.e same  h:ire 

as n reflectance r is defized a s  t he  constant hue set  of r. 7&. 

Using the DIN Colour System definition of hue. the above definition ensures that 

elements in 3F, have the same hue as r under dl illuminants. 

Mathematicdy. the definition states that 

and 

where a. and h are any positive scalars. n is any reflectance in the achromatic set 

NA. m d  + means additive mixture. The above two statements can be combined 

as 

Note that XT does not relate to a single hue sensation: instead. it relates to the set 

of hue sensations associated with r under different Uuminants- 

Constant hue for reflectwce as d e h e d  above is malogous to hue defiiied for 

emit ted lights using dominant wavelength. In fact. when reflectances with a con- 

stant hue are projected on the (x.y ) plane for a given illuminant. they form radial 

h e s  exactly like hue in the DIN Colour system. Since the set R, is closely related 

to lines of constant hue. the hues of reflectances in Rfl, are a lmos t  perceptually 

identical. 

Definition 3 (Complementary Hue). The complementary reflectance I of a given 

reflectatzce r defilied as w - r over  the  visible spectrum. T h e  complementary  hue 

is th.e h.ue associated urith. th,e complementar t~  reflectance of a g iven  reflectance. 

Froni the above two definitious. the following tkeorem must be tme: 



Theorem 1. Whenever two refiectances have th.e same hue. so do the+ cornple- 

metztary reflectaîaces. 

Proof. Let ri and r? be two reflectances with the same hue. By Definition 2. the 
relationship of rl and rz can be expressed as 

where ai are real numbers and n belongs to ?fa. Now consider the complementary 

reflectance of rl: 

- - w - (airr + a2n) . 
= al(w - r2) + [(1- a l ) w  - a2n] - 
= al(w -rr) +nt  for n' = [(l -al)w -am] . 

= ale2 + n' . 
By the definition of achromatic hue. n' belongs to Ra- Thus. il and i.? have the 

sanie hue. 

From the above theorem. it can be seen that complementary hue is uniquely de- 

tesmined by the constant hue set. The above definition of complementary hue for a 

reflectance is based on its spectral distribution. Roughly speaking. the complement 

of green is magenta. and yellow is cyan. Notice that this definition is different 

from the complement of unique hue sometimes used in psychophysical literature. 

where the complement of green is red. and the complement of yellow is blue. The 
complementary hue concept in Definition 2 is analogous to complementary hue as 

defined for lights within the DIN colour system. 

With the concepts of coustant aiid complementaiy hue in place. a constant hue 

space can now be defined: 

Definition 4 (Constant Hue Space) . A constant hue space 'ME is the space that 

contains al1 reflectatzces th.at h.ave the same hue as r or F *under a set of dlumz'nants 



At first. it seems strange that a constant hue space inchdes reflectances associ- 

ated with the complementary hue. As discussed in Section 5.1.3 constant hue spaces 

d e h e d  like this are subspaces of linear reflectance spaces. This greatly simplifies 

our later andysis. 

5.1.2 Matching Hue under an Unknown Illuminant 

Like other colour attributes. the hue sensation of a reflectance is dec t ed  by the 

viewing illuminant. Because of surface metamerism. reflectances with the sarne 

hue for one illiiminuit may appear to have different hues under other illiiminants. 

However. hue difference is not necessary. Bwed on our definition of constant hue. 

it is possible for two reflectances to have identical hue for every illuminant. This 

occurs if they are related to each other in one of the two foilowing ways: their 

spectra difher only by a constant scale factor: or one reflectance can be obtained 

by mixing another with an unifordy distributed reflectance. known as ideal white 

spectnim W. which is achromatic. 

Thus. when r and ri have the same hue under all illuminants. ri can be expressed 

If each reflectance is considered as a vector in the wavelength space. the equation 

indicates that all reflectances in the space spanued by the vectors r and w have 

the same hue as r regardless of the viewing illuminant. A special case occurs when 

bl = O. In this case. ri = b7w is achromatic. 

The mathematical equations described so far in this chapter apply to both 

physical realizable and nonrealizable reflect ances. Now consider how Equation 5.2 

can be used to restrict the results to physical reflectances. If the values of bl and b2 
are restricted to positive real numbers. reflectances that are more saturated than r 

c a n o t  be expressed even though they have the same hue as r. This problem can 

be solved by using negative values for b2. However. this complicates the process of 

determining whether or not a reflectance is physicdy realizable. Altematively, it 
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O 0  

wavelength (nm) 

waveIength (nrn) 

Figure 5.4: Saturated reflectance corresponding to a reflectance (show in ( a ) )  can 

be obtained by fkst subtracting its neutral component (b)? followed by scaling (c). 
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is possible to use the reflectance with maximum saturation r. to express dl other 

reflectances of sune hue. The variable r in the above equation is then replaced by 

r, (Figure 5.4). 

The spectrum of any maximally saturated reflectance r, has O as its nùnimiuii 

value. and 1 as its maxiniuni value. Le.. minx r , ( X )  = O and ma% r 3 ( A )  = 1. r, is 

thus deterniined by the following two steps: 

and 

Note that the 

are u n i f o d y  

When r is 

above procedure does not work for reftectances with spectra of wlUck 

distributed. In such cases. r, is simply defined as O. 

in a reflectance space 73. the satui-ated reflectmce defined above is 

also in R since it is obtained by adjusting the coefficient of the first basis vector in 

r. followed by scalar multiplication. Evesy r E R c m  be expressed as 

Usiiig this representatiou. auy reflectance that is not physically realizable cm 

easily be identified. Since every satwated reflectance lias the value zero somewheïe 

in its spectrum. any negative value in the resultant reflectance r is contributed by 

the white cornponent . Thus. any reflectance tkat kas negative values in its spectrum 

lias b2 < O .  and every b3 < O has negative values and is therefore unphysical. On 
the other kand. since both r, uid w have the maximum d u e  of 1 in their spectra, 

any ( b ,  + b2)  value larger than 1 results in a spectrum with values higher than 1. 

Consequently. any physically realizable reflectance r, that has the same hue as r. 

can be expressed as 

with O < bl.b2 5 1 and (bl  + b3) < 1. Conversely. when O 5 bl.b2 5 1 and 

(bl + b2) 5 1. the sniallest possible value in the spectrum of r, is 0. and the largest 
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is 1. Thus. r, is physical realizable. In sunuiiary. a reflectance r, is physical 

realizable if and only if it c m  be expressed as Equation 5.3 witk O < bl. b? 5 1 and 
( b l  + b2) <_ 1- 

In fact. r, c m  also be represented in parametric form: 

for O 5 a. f i  5 1. Notice that the complementary reflectance i?, of r,. which is 

defined as Fp = w - r,. also lies in the space spanned by r, md W. Consider the 

followlng equations : 

= c1rs + czw for cl = -bl and C? = 1- b2 . 

Since O < bI. b2 5 1. it follows that -1 5 cl 5 O aud O < cl < 1. Futhermore. 

O 5 cl + C? 5 1. The last equation shows that all reflectances with the same hue as 

the complement of r lie in the space spanned by r, and W. 

With the saturated reflectance r, and the ided white reflectance W. all re- 

flecthnces that c m  be represented as a linear combination of r, and w have the 

sanie hue as r, or as its complement es = w - r,. regardless of the viewing illumi- 

nant. By simple linex algebra. the constant hue space of r, is a 2-diniensional linear 

subspace in the wavelength space. The achromatic reflectance. W. is an exception. 

Its constant hue space is a one dimensional space aligned with the achromatic axis. 

As discussed above. the constant hue space is a Zdimensional subspace. In fact. 

tlus is the most restricted case in the sense that the reflectances in the subspace 

match in hue under al1 viewing illuminants. This 2 dimensional space is called the 

universal hue plane to emphasize that it is illuniinant independent. In the following 

sections. we will investigate what happens to the constant hue space for a specific 

set of illuminants. 
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5.1.3 Matching Hue with a Single Light Source 

Most conuiiody used device independent colour spaces are 3-dimensional. all colours 

being specified with respect to a given viewing illuniliant. Colours with the sanie 

hue as defined by Definition 3 are a 2-diniensional subset of the colour space. As 

shown in the following paragaph. tlie manifold of constant hue lies on a plane in 

any colour space that is a linear transformation of the CIEXYZ space: whereas. the 

manifoId Lies on a curved surface in nonlinear spaces. such as the CIELAB space. 

In any 3-dimensional linear colour space. the set of reflectances identical in hue. 

with respect to the Defmition 2. can be easily identified. Consider the colour point 

Pr. in CIEXYZ colour space. the colour of reflectance r under an illuminant 1;. Any 

reflectance that has the same hue as r is a linear- combination of r and the ideal 

white reflectance W. Because tristimulus value computation is linear. the set of 

colour points with the same hue as PT can be expressed as a linear combination of 

P, and the white point P,,,. In other words. tkey lie in the plane defined by the 

achromatic axis and tlie line segment connecting the colour point Pr and the ideal 

black point Pb in the colour space. Thus. the colours produced by Unrninating a 

constant hue space ~ f l f  are a bdimensional subspace of CEXYZ space spamed by 

the vectors Pb Pr a d  Pb P,. In effect. an illuminant imposes a single linear equation 

of constraint that defines the colours in a constant hue space. 

Now consider the constant hue space generated by a given reflectance r, in a N 
dimensional linear reflectance space R. Let li be the illuminuit under consideration. 

As descilbed in Chapter 4. r, can be divided into two components: a pseudo funda- 

mental component fLi E FR,. and a metanieric black component bZi E BK,.. RecaU 

that FR, is a 3-dimensiorid subspace that contains reflectance components that 

always cause non-zero colour sensation. and Bai is a N - 3 dimensional subspace 

that contains the components invisible to normal observers. For any reflectance 

r, E R that has the sanie hue as r, under li. the pseudo fundamental component 

fbi E FR; can be expressed as 
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where fy,. is the pseudo fundamental component for the ided white reflectance. and 

a, and a,  are real numbers. m e n  r, is not an acltromatic colour. f:; is Lineatly 

independent off&. The pseudo fundamental components of the set of reflectances 

with the same hue as r, thus make up a 2-diniensional subspace in FR,- Auy 
reflectance that can be expressed as a Iineiu- combination of f:;. f&  and the basis 

of Bai. bG. is in the constant hue space ?Ifc. 

Since BR, is a N - 3  dimensional subspace and botk fLi and f:; are orthogonal to 

BR; by definition. it follows that the constant hue space in R under the illuminant 

1; is a IV - 1 dimensional subspace spanned by fii. fyi and bij- 

To determine the constant hue space Hz, for a refiectance r E R under an il- 

luminant li- the following procedure can be used: (1) partition 7Z into the pseudo 

fundamental subspace .FR; and the metameric black subspace Uni using the meth- 

ods discussed in Chapter 2. (2)  compute the pseudo fundamental components of r 

and ideal white reflectance W. (3) use the pseudo fundamental components of r. W. 

and the basis of BR; as a basis to construct the constant hue space Ki. 

5.1.4 Matching Hue with Multiple Light Sources 

With a method for constructing a constant hue space for a single illuminant. the 

constant hue space for multiple illuminants c m  be easiIy found. Consider finding 

the constant hue space of r for ïüumiiiaiits li and 12. Let ' ~ f  be the constant hue 

space of r under illuminant 1;. Then the set of intersection of 3~: and 3t: contains 

ail reBectances that have the sanie hue as r for both and 12. 

The suue idea c m  be extended to several ïüuminants. In that case. the constant 

hue space ~ f l E  is defined as 

where E represents the illuminant set under consideration. Since the intersection 

of subspaces is always a subspace [FIS89]. is a subspace of R. 
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Iu general. as the number of illuminants inmeases. the dimension of 31; de- 

creases. However. when a constant hue space is constructed fiom the basis of 

a illuminant space. the diniensionality of the constant hue space is not reduced 

for any additional illuminant fkom the illuminant space. As shown by Wyszecki 

[WS82]. daylight is well approxkated as a linear combination of t h e e  spectral 

distributions. As a result. the constant hue space in R for these basis spectra 

lias diniension N - 3. whïch is invariant with respect to the number of daylight 

illuniinants. In fact. when a new illuminant is added ody  the part of it that is 

linearly independent of illuminants aLeady taken into account affects the constant 

hue space. Since artficial Uuminants often have components independent of the 

daylight basis. the dimension of a constant hue space is usually decreased when 

artificial illuminants are added. This is one of the reasons why -daylightW is so 

commonly used as reference in graphie arts applications [AFRN]. Note that the 

lowest dimension of a constant hue space is two since both r and W. which are 

linearly independent of each other. are always in every subspace of 3tf. 

5.1.5 Summary 

We have found a way to to determine whether two reflectances have the same hue 

under a gïven set of illuminants. Given the definition of constant hue space. the set 

of reflectances with same hue can be found by intersecting the constant hue space 

for each illuminant. Thus. it is possible for a reproduction process to retain the 

original hue for a set of illuniinants by using reflectances from the same constant 

hue space. 

5.2 Lightness in Reflectance Space 

Lightness is a second important attnbute that dec t s  the colour appearance of an 

object. As discussed in Ckapter 1. many gamut mapping algorithms try to preserve 

the lightness of original colours. while others change lightness depending on the 
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sat mat ion of original colours. To acconunodate these different requii-enients for 

reflective data. it is important to understand how lightness fits into a reflectance 

space. In tliis section. the subspace of constant Iightness in a reflectance space 

is discussed. 1 show that chornatic w d  achromatic colours do not. in general- 

retain relative lightness under different illuminants. In fact. the rate of of lightness 

change due to illuminant change depends on how far a reflectance is away from 

the achromatic a i s  iu the reflectance space. whick is a measure of its saturation 

(Section 5.3). 

5.2.1 Constant Lightness in Reflectance Space 

The usual equations for computing the lightness of a reflectance r are restated 

below: 

Y Y 
Ln = 116.0 x (-1; for - > 0.008856 . 

Yn Yn 
Y 

L = 903.3 x ( - ) f  
Y 

for - < 0.008856 . 
yn y* 

Tlie luuiinôlice. Y. aiid the refaence white luminance. Y,. are computed using 

Equntion 2.1: 

Y = r ( k ) @ A , - g ~ ;  and Yn = C w(Xi)OAigAi  

Tlie above equations state that the lightness of a given reflectance is proportional 

to the cube root of its luminance divided by tlie luminance of reference white. Since 

each reflectance is obtained by normalizing tlie measured spectrum with respect to 

the spectrum of reference white. the normalized reference white reflectance is unity 

across the visible spectium. and its luminance value is constant for any given illumi- 

nant. L' can thus be rewritten as a x yf with a = 116.0 x ( l / ~ , ) f  or 903.3 x (l/~,)f. 

depending on the ratio of Y and Y,. As a consequence. two reflectances that have 

the same luminance always have equal lightness. Since constant luminance implies 

constant lightness. and since luminance can be calculated linearly. luminance is 

used for discussing constant lightness. 
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The computation of luminance can be expressed in matrix form. Let k;- be 

the luminuice of a reflectance r under illuminant <Pi. As in Chapter 2. Y: c m  be 

expressed as 

wkere y is a vector of the luniinance function. Y ( X j ) .  and Ei is the N x N diagonal 

matrix with @;Aj in its (j. j) entry. and g, = yE; is the Iuminous vector of <Bi. 

When gi is considered as the generator of a one diniensional subspace Çi in a 

wavelength space. the wavelength space W is the direct sum of gi and the nulI 

space of gi. i-e.. W = Çi N(gi). Equation 5 -6 c m  be considered as the projection 

of r on the subspace E;. Clearly. N(gi)  is a N - 1 dimensional subspace of W that 

contains ail reflectances with zero luminance under illuminant Qi.  The following 

theorem shows that the coset of r + N(gi)  dehes  d reflectances that have the 

s m e  luminous values as r. 

Theorem 2 (Equal Luminance). A reflectance ri has the same luminance as r 

under <Pi if and only i f  q is in th.e coset of r + N ( g i ) .  

Proof. Suppose r; E r + N(gi) .  Then. there exists a Ar E N(gi )  such that ri = 

r+Ar. The luniinance Merence between ri and r is: AK = &- (ri-r) = gi*Ar = 0. 

Conversely. let ri be any reflectance that has the sanie luminance as r. Le.. 

AY;- = O. For Ar = r; - r. Ar must be in the n d  space N(g,) since A:. = 

gi - Ar = O. Thus. ri must be in the coset of r +N(g, ) .  

In follows from t h  above theorem that a reflectance rx equal in luminance to r 

for n different illwninants must be in every coset of r + N ( g j )  for j = 1. . . . . n. 

That is r' E nj (r + N ( g j ) )  = r + N ( g j ) .  The elements in the the subspace of 

n N ( g j )  are those that have zero luminous values for the n illuminants. Consider 

the d t i p l e  Uuniinaiits version of Equation 5.6: 



whese L is the n. x N mat& obtained by stacking the 71. row vectors of 1;. and 

G = L A, is the luminous rnatrix of the illuniinants. As mentioned before. any r 

that is mapped to O value of Y associates with a reflectance in nj N ( g j ) -  Therefore. 

N ( G ) .  the n d  space of G.  corresponds to the set of ni N(gj) Once N ( G )  is 
determined. reflectances that have the sanie luniinance as r can be obtained by 

adding r with u i y  reflectance clifference Ar E N ( G ) .  

The dimension of N ( G )  depends on the rank of row space of G .  rank(G) .  It 

is equal to N - ran.li(G). If. for example. the sources of Lutirninations for viewing 

are naturd dayliglit. which can be effectively represented by a linear combination 

of t h e e  spectra [WS82]. N ( G )  is a N - 3 beiisional  space. Generally speakiug. 

the more illuminants used. the smdler the dimension of N(G) .  As a resdt. there 

are fewer reaectances that preserve luminance under all the illuminants. 

5.2.2 Changes of Lightness Due to Illuminant Changes 

Unless the spectral Merence between two reflectances belongs to N ( G ) .  the Iight- 

ness relationship between two reflectances can vary with changes of illuminant. How 

this happens can be understood by inspecting Figure 5.5. ki the figure. the lumi- 

nous vectors. g, and g2. for two i l l d m t s  QI and 9? are show. These vectors 

make up a 2-dinieusional projection space. Each point in the space corresponds to 

a unique luminance pair. For example. the luminance pair for r is (&. Y,?). which 

corresponds to the projectknr of r on the luminous vector g, and g,. respectively. 

As shown in the figure- the projection space for the two illiiminants is divided 

into four regions by the projection lines. Any reflectance that has a projected value 

lying below the projection line for g, is smaller in luminance than r under ai: any 

reflectance that has a projected value lying on the left side of the projection line 

for g, is smaller in luminance tlim r undes QI. Thus. the region marked as B 
in the figure contains alI projected reflectances that are smaller in luminance than 

r for both i l l dnan t s .  S idar ly .  region C contains all reflectances with higher 

luniinance t h w  r for both illuminants. Reflectances in region A are higher in 

luminance than r under @1. but iower than r uader G2. Reflectances associated 



Figure 5.5: The projection space for two illumiriants. gi and 92. is divided into four 

regions wliich associated witk certain luminance relationship with the reflectance r. 

For reflectances associated with regions B and C. the luminance relationship with 

r rernains the same under both illuminants. For refiectances in regions A and D. 

the relative illuminance depeuds on the illuminant. 
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Fiopse 5.6: The sizes of regions A and D determine the numbes of useful reflectances 

available for colour reproduction. The two luminous vectors are very close to each 

other (a) .  which corresponds to the much smaller regions of A and D compared to 

those have luniinous vectors separated wide apart (b). 

with the region D are the reverse. In sumniary- for reflectances associated with 

regions B and C. the luruinance relationship with r remains the sune under both 

illuniinants. However. for reflectances in regions A and D. the relative illuminance 

depends on the Luiiriiiriant. 

Changes of lightness relationships when the illuruinant changes cause problems 

for colour reproduction. Imagine. for example. that an original has two colours. 

one darker than the othes. The relative lightness should be pseserved in the repre  

duction. If the lighter reproduced colour lies in region A. as defined by the darker 

colour. it is lighter under <Pl. However. if the illuminant is changed to a2, it is 

darker. which is not desired. To avoid unexpected changes of lightness, reproduc- 

tion algoritluns should use only those reflectances that have consistent lightness 

relationships for ail relevant illuminants. Specifically. only reflectances that corre- 

spond to regions of B and C should be used. 
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Table 5.1: Angles between luminous vectors of h o  light sources 

A 

D50 

D65 

F7 

HP Sodium 

The sizes of regions A and D. compared to the size of B and C. determine 

the number of useful reflectances available for colour reproduction- The more sim- 

ilar the spectra of two illriminants. the smaller the sizes of regions A and D. The 

measmement of closeness can b e  done by computing the angle between the cor- 

responding luminous vectors. Figure 5.6(a) shows two vectors that are very close 

to each other. producing small regions A and D. %y contrast Figure 5.6(b) shows 

lumuious vectors widely separated. As shown in Table 5.1. luminous vectors of nat- 

mal ihminants. such as D50 and D65. are close together: whereas. the luminous 

vectors among the  artificial illunllnants are far apart . Ths.  when the reproduction 

is to be viewed under astificial lighthg. great care must be taken in selecting the 

reproduction reflectances. 

5.2 -3 Light ness Changes for Chromatic Colours 

A 

- 

12" 

16" 

22" 

42' 

From Equation 5.6. it is easy to see that the ratio of Y/Y, for d o r m l y  distributed 

reflectances remains constant when the illuminant clianges. As a resdt. the light- 

ness of these reflectances are constant for all illnminants. However. the lightnesses 

of other reflectances vaiy with iiIu&ant. 

The rate of change of ligktness depends on its relative position with respect to 

D50 I D65 F7 

22" 

17" 

18" 

- 

5 O" 

12O 

- 

3" 

H.P. 

Sodium 

42" 

49" 

5 1" 

50" 

- 

16" 

3" 

- 

17 '1  18" 

49" 5 1" 
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Figure 5.7: The changing of illuminant lias different impact on luniinance for cliffer- 

ent reflectances depending on tlieir relative location in its universal hue plane. The 

luminance of the most saturated refiectance (a -+ 1) in a constant hue plane is more 

sensitive to illuninant change. wliile the luniinance of the desaturated reflectances 

(a + 0)  are less sensitive to iUuminant change. 
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the ideal white w and the most satwated reflectance r, in the universal hue plane. 

whch was defined in the Section 5.1.2. Now consider the change of luminance of a 

refiectance r, Assume the lunririaace of r, to be Yil and Y,:! under illiiniinants @l 

uid respectively. r can be expressed as a hear  combination of r, and W. Its 

l d n o u s  values. and Y,?. are the same h e a r  combination of Y,1 and Ynl under 

al. and of Y,? and x2 under When r is expressed as r = fi(ar, + (1 - a)w). 

for O 5 /3. a 5 1 (Figure 5.7). the change of luminous value is 

The above equation shows that changing the illuminant has different impacts on 

the luminance of diffesent reflectances. and that the clifference depends on relative 

location in the universal hue plane. For a h e d  a value. AYT increases as the d u e  

of p iucreases. Thus. larger changes in luniinance are expected for reflectances 

witli larger /3 values. In otiier words. larges changes in lightness are expected for 

reflect ances with larger /3 values. 

For a fixed ,B value. the a value can be viewed as varying the ratio of luminance 

change of the satwated reflectance and of the ideal white reflectance. The value 

of AY, reflects the difference in luminance between the two illitminants. We want 

to factor out this effect because it is cornmon to the whole image. We adjust the 

brightness of the second illuminant until AY, = O. Then the change of lightness due 

to the change of illuminant is larger for reflectances with larger a values. in whick 

the satu-ated reflectarice has larger infLuence. Iri sunimary. the most saturated 

reflectance in a constant hue plme always has the largest lightness change owing 

to the change of illuminant. 
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5.2.4 Summary 

In brief. it is possible to retain the luminance of a reflectance in the reproduction 

process. However. if niaintainhg luniinance is not wanted. care must be taken 

to ensure the relationship between the original and reproduction luminances is 

consistent under the possible viewing illuminants. As shown in the previous section. 

luminance changes due to change of illuniinant are d e d  across a constant hue 

plane. This may explain why maintainhg lightness is not as important as hue. 

which is changed in the sanie direction as illuminuit changes. 

5.3 Saturation in Reflectance Space 

Saturation is the last colour attribute that affects colour appearance. Even though 

saturation is not as important as hue or lightness for colour reproduction. it still 
has a major impact on the quality of a reproduction. This section describes the 

relationship between the spectriuii of a reflectance and its saturation. and studies 

how saturation changes within a hue plane. 

5.3.1 Reflectance and Sat  mat ion 

Saturation describes the color.fulriess of a colour. Basically the more achromatic 

component a reflectance lias the less satwated it is. The Commission Internationale 

de l'Éclairage defines an objective fimction for saturation in the CIELUV space as 

follows : 

s, = 13 [(d - un)' + ( V I  - TC)'] ' 
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Figure 5.8: The chromaticity diagram of CIELUV. Saturation increases as colour 

points are located h t h e r  away f?om the lightiiess &S. 



with X. Y. Z the tristimulus values of the target colour. and u; and a; the value 

of uf and a' of the reference white. respectively. As shown in Figure 5 -8. saturation 

incseases as colour points are located farther away hom the lightness axis. 

To deternune how the position of a reflectance r on a constant hue plane re- 

lates to its saturation. s u , .  we express r as a linear combination of the ideal white 

reffectarice w and the urost saturated reflectance r, of the plane (Equation 5.3). 

Now consider the set of reflectances with a fixed a value. Let (s, .  s , - .  s,) and (TU,. 

ILI,-. zu, ) be the CIE XYZ values for r, and W. respectively. For any reflectance 

r = /3 ( ar, + ( 1  - CI) w). the tristimulus values (rx. r,-. r,) are 

Let rx,-, = T, + 15 r,- + 3 r ,  and TU,,-, = î u ,  + 15 TU,- + 3 w,. The value of ( 71: - TL; ) 

is 

I f -  

I L ,  - 71, - 

- - 

and the value of ( 71: - v: ) is 

The above equations show that the values of (TL:  - T L ; )  and (O: -vk) are independent 

of the value. Consequently. saturation of a reflectance is not affected by the 

changes of value. In other woïds. the points tkat lie on a line emergïng from 

the uull point in a reflectance space. which all have a constant a value. always 

define a set of reflectances liaving constant saturation (Figure 5.7). As skown in 

the equations. reflectance saturation is determined by the value of a. 
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Equation 5.5 and Equation 5.11 can be viewed as a projection honi CIEXYZ 
to C I E L W  spaces. The projection is rnonotonic in the sense that the values of 

(11: - TL:)  and (v: - V A )  increase as a increases. This feature is often found in a 

trichornatic colour space [Hun95]. 

Summary 

Saturation varies with o. but remains constant as 0 changes. As the result. re- 

tlectance has high saturation when it is located fartlier away from the ideal white 

a x i s  witliin a constant hue plane. This topological properQ for saturation is com- 

mody found in other colour spaces. Thus. ideas about how to handle saturation 

for conventional colour space can be adopted easily in a reflectance space. 

5.4 Possible Mapping Met hods 

From the discussion of sections 5.1 to 5.3. we see that developing a satisfactory 

gamut mapping algorithm for reflectance data is possible. but nontrivial. In this 

section. two mapping methods are discussed to illustrate how reflectance data can 

be used in the colour reproduction process. Botk methods maintain hue. which is 

the most critical coloui- attïibute for coloui. reproduction. 

5.4.1 Hue Mapping t hat Minimizes Surface Met amerism 

The basic idea of this approach is to choose the refiectance that most closely matches 

the original reflectance spectruni while maintainkg its hue. 

As shown in Section 5.1. those reflectances that have the s a e  hue under a 

set of given iuuminants are a subspace of the reflectance space. This subspace is 

easily found once the fiindamental component of the original reflectance for each 

illuniiiiant is h o m .  The original reflectance is then projected orthogonally to the 
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subspace. The result of projection is the reflectance tkat has the minimum mean 

squared spectral errors. This reflectance should be used to reproduce the orib.-inaI 

reflectance. 

This approach preserves hue. However. the relative lightness and saturation 

among the reflectances may not be rnaintaïned since closeness of spectral reflectance 

does not parantee identity of lightness and saturation. 

5.4.2 Barycentric Mapping on the Universal Hue Plane 

An alternative approach that better preserves the relative lightness and saturation 

uses barycentric coordinates. To niap a given reflectance into a reflectance space. 

the barycentric coordinates of the reflectance are defined with respect to a triangle. 

the vertices of which are defined by the ideal white and black points and the point 

of the most saturated reflectance in the corresponding hue plane. A corresponding 

taxget triaigle Iyïng on the hue plane with the same hue as the original in the 

output refiectance space is also found. The sanie barycentric coordinates define a 

point in the target triangle to reproduce the original reflectance. 

This mapping is s d a r  to the triuigular gamut mapping defined by Morovic 

and Luo [ML971 except that the mapping is applied in reflectance space instead 

of a trichromatic space. This approach is able to maintain relative lightness and 

saturation. and also to maxiniize luminance contrat since the whole luminance 

output range is used. In addition. saturation is rnaximized in the reproduction 

since reflectances lying on the ganurt boundasy are mapped onto the boundary of 

the output gamut. Howeves. the possibility that liglitness will be altered excessively. 

noted by Mosovic and Luo. exists when the shapes of input and output gamuts are 

very different. 
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5.5 Conclusion 

To develop a colour reproduction process based on perceptual colou attributes in 

reflectance space. the relationskips between reflectance and colour at tributes must 

be understood. Since colou attributes are affected by the viewhg illtlminuit. the 

coloui- attribute of a reflectance viewed under several illrimiliants is not unique. 

Fortunately. in most cases tlie absolute values of the colour attributes are less 

important for the colour reproduction process than are relative valnes. For example. 

the exact perceived hue of a reflectance does not have to be known in order to find 
reflectances with the surie hue under several diffesent Uiiminants: the hue subspace 

in refiectance space identifies them easily. 

This chapter identifies how to determine the constant hue subspace. and tlie 

coset space for reflectances tliat are identical in lightness. Thus. reproduction 

algorithms that preserve hue and lightness are possible in reflectance space. Fur- 
tliermose. the distribution of saturation w i t h  cons tant hue planes in reflectance 

space is similar to that of otker colour spaces. Since the topological properties of . 

the colom attributes axe veiy siniilar in reflectance spaces and in illuminant depen- 

dent colour spaces. conventional algorithms that operate on a constant hue plane 

in trichornatic spaces are easily extended to reflectwce space. 



Chapter 6 

Device Control Values for 

Reflective Images 

Once the output colours are determined. a backward transformation is needed to 

calculate conesponding device control values. For reflective images. pixels are rep- 

sesented in reflectance coorchates. The domain of the backward transformation is 

a reflectance space rather than the usual CIE colour space. Except for operating 

in a different space. backward transformations for reflective images and for normal 

colour images are very similar. T h .  curent  techiques for backward transforma- 

tion are expected to pesforni well for reflective images. 

As mentioned in Ckapter 2. e i t k  model based or colour lookup table (CLUT) 
approaclies c m  be used to determine the relationship between control values and 

output colours. If a mathematical model is a d a b l e  for a device. it may be possible 

to determine control values fkom the inverse of the model: otherwise. control values 

are approximated by interpolaking data in a CLUT. 

Since the backward transformation has to be performed for every pixel while 

printing. it nius t be efficient for any practical application. Because of its high com- 

plexity. the model-based approach is seldom used for the backward transformation 

in practice: instead. the CLUT approach. wkich provides high speed performance, 
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is the most comnioli choice. 

Speed and accuracy axe the two most important factors for developing an ef- 

fective backward transfoimation. Unfortunately. these two factors are in c o a c t  

witli one another. This conflict is exacerbated further for reflective image reproduc- 

tion because images are represented in a higher dimensional space. For reflective 

image reproduction to be possible in practice. further improvements in backward 

transformation teclinique axe needed. To address this problem. a new cell-finding 

algorithm based on a divide-and-conquer strategy is developed in this section. It 

finds the correct cell using an amount of processiug that is logarithmic in tlie nuni- 

ber of CLUT cells. This performance does not depend on evenly spaced samples in 

a reflectance space. Given tliis performance. tlie size of the CLUT can be increased. 

As a result. higher accuracy conversion using this search algorithm is possible. 

Ln t h s  cliapter. 1 describe the concepts of backward transformation using a 

CLUT. The relationship between accuracy and speed is examined. In the later 

sections. the newly developed algonthm is described. An analysis of its performance 

is also presented. 

6.1 Backward Transformatioris Using Colour Lookup 

Tables 

As for the forward tsansfolmation. CLUT-based backward transformations deter- 

mine the device contsol values of a given colour by fkst locating the cell that encloses 

the colour point. The corresponding ceU in the device space. identified through the 

CLUT. is then used to approximate the target control values. The operation that 

locates the enclosing cell is referred to as extraction: approximation is done by 

interpolation. 

Extraction and interpolation are the two critical operations that determine the 

performance of a backward transfoimation. Specificdy. extraction most influences 

speed. while interpolation most influences accuracy. However. the two operations 



are related in the sense that they are both affected by the size of the CLUT. A large 
CLUT dows data to be approximated more accurately by the interpolation step. 

but a longer time is needed to locate the cell during extraction. In contrast. a s u i d  

CLUT allows fast extraction but poor interpolation. Backward trwsfoïniation can 

be improved by increasing the speed of extraction or the accuracy of interpolation. 

This section compares different ways of dohg these two operatiom. emphasizirig 

their effect on the performance of backward transformation. 

6.1.1 Extraction 

The sole purpose of extraction is identification of the vertices of an enclosing c d  in 

a CLUT. Thus. speed is paramount for extraction. Data can be found in a CLUT 
by searching or indexing. The performance of eitker process depends strongly the 

structure of the suriphg distribution used to construct the CLUT. In general. 

locating an individual point f?om a well stnictured sampling distribution is much 

easier than from an unstructured one. 

CLUT sampling distributions with N sample points in a d-dimensional colou 

space can be classified into the folIowing five categories. 

Uniform Sample points are equally spaced in each dimension of a colour space. 

N = n.1 x a? x - x n,d ;r nd. where ni is the number of sanipling points in 

dimension i. and n is the average nurnber of saniphg points in each dimen- 

sion. 

Orthogonal Sampling locations are the cartesian products of the nonevenly dis- 

tnbuted spacing in each dimension of a colour space. The distribution can be 

visualized as a set of parallel planes orthogonal to each axis of a colour space. 

As for the uniforni distribution. N % nd. 

Pseudo-uniforrn S~unple points are obtained from a i~ izz fom.  sampling in device 

coordinates. The correspondiiig distribution in the colour space is not regular. 

but systematicdy deviates fi-om a set of parallel planes. With n the average 

number of sampling points in each dimension. N z nd. 
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Pseudo-orthogonal Sample points are obtalied kom an orth.ogorin1 snn~pling in 

device coordinates. The corresponding distribution in the colour space is not 

regular. but systematically deviates honi a set of pardel  planes. S i d a r  to 

a pseudo-uniforni distribution. N nd. 

Random Sample poizlts are not structured. either in device coordinates or in 

colour space. The average number of sampling points in each dimension. 
d r  n. is approximately equal to v N. 

For d o r m  CLUT. indexhg locates the entry of a given data point. By strip- 

ping off the low order bits of the data values in each dimension. the position of the 

corresponding entry is identified directly. Since no searcking is done. the process- 

ing time is independent of the size of the CLUT. The computational cost. which 

depends only on the dimensionality of the colour space. is O(d). With tliis re-gdar 

structure. a large CLUT c m  be used to improve accuracy of interpolation without 

affecting the speed of extraction. 

For orthogonal CLUTs. a series of comparisons is performed. one series per di- 

mension. to determine the range in which a given point lies. The set of comparisons 

identifies the cell. With binary semch. the total number of cornparisons needed is 

d log (n). Since the nuniber of cornparisons increases with the number sample points 

in each dimension. the peiformauce decreases as the size of CLUT increases. 

For p s e u d o - d o m  and pseud+ortliogonal distributions. the CLUT is created 

by measurining a set of sample data regularly spaced in device coordinates. Thus 

forward transfornmtions are easily made efficient. As for the random CLUTs. how- 

ever. the corresponding distribution in colour space is unstructured. Thus. it is dif- 

ficult to obtain high speed extraction for backward transformations. To solve this 

problem. remapping is usually performed to constnict a more structured CLUT. 
However. the accuracy of this approach is limited by cumulative approximation 

errors: one £rom nieasurement errors when constructing the CLUT. the other fkom 

inteipolating colour values within a cell. Thus. a fast searching algorit hm that does 

not compromise accwacy is often needed. 
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Several techniques have been proposed to speed up extraction. One widely used 

aiethod is bounding box detection. the same idea that speeds up ray tracing in 

cornputer graphies. The idea is to enclose each cell by a regularly shaped polyhedron 

for fast detection of enclosure [NKP92. Hun931. For example. when a rectangdar 

bounding box is used. points that are not located between t h e e  sets of pardel 

planes associated with the bounding box of a ceU are simply rejected. after wliicli 

a furthes test for cell enclosure is perfornied. Because most bounding boxes do not 

contain the target point. the simplified enclosure test provides better performance 

by reducing the number of costly operations needed to determine point enclosure in 

an irreoular?y shaped ceU. However. the need to check every individual bounding 

box for every pixel is s tiU very expensive. 

Improvement is possible if each ce11 is a simplex. an (m+l)-vertex polytope in 

a m. diniensional space. Using Delaunay tetraliedrization. Bell and Cowan [BC93] 

developed a walking algori thm that can h d  the enclosing tetrahedron much faster. 

Any point outside a given tetrahedron has at least one negative barycentric coor- 

dinate when represented in ternis of the four vertices. Based on this observation. 

after finding the point is not inside the curent  tetrahedron. the algorithni checks 

the tetraliedron that shares the facet with the most negative coordinate. The pro- 

cess finds tlie enclosing tetrahedron by wallcinp though the tetrahedra until ail 
barycentric coordhates are positive. Bell and Cowan showed that on average it 

needs to traverse O(n-) tetrahedra. where n is the n u b e r  sample points on each 

axis. They also discussed using a binary space-partitionhg dgorithm to locate the 

enclosing tetrahedron. but tlie computation cost was higher than for the walking 

dgorithm. Even with these fast algorithms. the computationù cost for extraction 

fi-om an unstructured saiiiple distribution is too kigh. 

6.1.2 Interpolation 

After the cell that contains the target point is located. interpolation is performed 

to approximate the desired control values. Interpolation approximates between 

the swiple points. Speed and accuracy are the two major criterion for evaluating 
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interpolation technique in a colour reproduction process. Of lineu- and iionlinear 

interpolation. linear interpolation provides fas ter performance. whereas nonhem 

interpolation provides bettes accuracy. 

Because of its simple implement ation and excellent performance. linear kt erpo- 

lation is widely used. Many researchers have developed linex interpolation tech- 

niques specifically for colour reproduction. All algoritluiis are multiple applications 

of one dimensional linear interpolation. These techniques can be differentiated by 

the way the saniple points are chosen for computing a target value. i-e.. Iiow cells 

are constructed for interpolation. 

When the entire 3D device gamut is made up of cubic cells. the eight cornes 

points are used as input for tiilinear interpolation [Kan96]. Fou. linear interpola- 

tions are n s t  applied to deterniine four interpolated points dong the pardel  edges 

of the cube. theii two h e u .  interpolations are applied on these. using two pairs of 

edge points to Iocate another two points on the opposite faces of the cube. The tar- 

get point is then approximated by linearly interpolation of the last two interpolated 

points (Figure 6.l(a)).  

Other interpolation techniques [Pyg74. SI78. FIa82. KFK921 use cells of prisms 

or tetrahedra. Six and four lattice points form a cell for prismatic and tetrahedral 

interpolation. respectively. The cells are created by slicing a cubic ceU into sev- 

eral polyhedra. For plisniatic interpolation. a cube is fkst sliced into two halves 

to obtain two trianodular prisms. interpolation is then applied to whichever prism 

contains the target point. Linear interpolations are performed dong two axes to 

obtain a point on each triang~lar face. The target point is obtained by the linear 

interpolation of these two points (Figure 6.1(b)). 

Fos tetrahedral interpolation. a cubic cell is sliced into six tetrahedra. Since the 

tetraliedron is the 3-D simplex. its interpolation scheme unounts to determining 

barycentric coordinates of the target point within the tetrahedron. Using the fol- 

lowing equation the target point Pt is represented by a linear combination of the 

four vertices: 
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Figure 6.1: (a) Triluiear interpolation: (b)  prism interpolation: and (c) tetrahedral 

interpolation are showu in the fibgure. Sample points are represented in dark circles. 

the intermediate interpolated points are in white circles. aiid the source points are 

in shaded circles. 
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wliere ai are positive coefficients. with Ci ai = 1. Compared to other geometric 

interpolations. tetrahedral interpolation is the least expensive to compute (Fio;uire 

&l (c ) ) -  

The major challenge for linear interpolation is ensuring that interpolation errors 

are low enough to produce satisfactory accuracy. The success of linear interpolation 

relies heavily on the assumption that surfaces in a device gamut are weU approx- 

imated by linear surfaces. Wheri this condition is not met. interpolation errors 

can be liigh. When non-lineaiity is present. the saniple points in the CLUT must 

be dense to avoid excessive errors. Usually this is not possible without excessive 

measurement cost. To solve this problem. nonlinear interpolation c m  be used. 

As discussed in Chapter 3. nonlinex interpolation generally perfoniis much bet- 

ter for colour devices with nonlinear transfer functions. To irnprove efficiency. how- 

ever. nonlinear interpolation is not applied directly to sample data during printing. 

Instead. a CLUT large enough for linear interpolation is consmicted by interpolat- 

inp the sample points nonlinearly. 

The procedure is the following. 

1. Measwe a s m d  nuniber of sample points. usually evedy distributed in the 

device space. 

2. Choose a suitable nodinear function to mode1 the transfer function of a de- 

vice. 

3. Determine the parameters of the function fiom the sample point values. 

1. Use the function to compute the values of extra points that lie between the 

sample points. 

5. Use these extra points to build the large CLUT. 

Step (3)  is a data fitting process that determines a set of parameters of the 

function chosen in step (2). Muiy nonlinear functions have been used to approx- 

h a t e  the transfer function. induding Bell functions [RK93], thld-order polyno- 

ruials [Hun93]. and cubic spline functions [BC94]. These nonlinear functions can 
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produce better results than simple linear interpolation methods. However. there 

are no ,&delines for determining which nonlinear function should be used for a 

given device. Furthes research is needed in this mea. 

6.2 A Fast Extraction Algorithm for the Back- 

ward Transformation 

Except uniform CLUTs. the processing tirne required for the backward truisfor- 

mation is often directly proportional to the size of a CLUT. With a large CLUT. 
better accwacy can be obtained from linear interpolation. but the time required 

for extraction is longer: with a s m d e r  CLUT. extraction time decreases at the cost 

of worse accuracy. This tradeoff poses a constraint for the speed of extraction a6 

a given level of accuracy. For hi& dimensional colour reproduction to be practi- 

cal. t h s  constraint must be loosened. To achieve this. a new searching algorithm 

was developed [CC97]. This algorithm provides liigh speed searching. with cost 

rougldy logaritliniic in the size of CLUT. As a result. high speed performance c m  

be ob tained without sacïificing accuracy. 

6.2.1 Basic Idea 

The proposed algorithm provides a fast colour transformation method for ail colour 

reproduction processes. For illustration purpose. a CMY device space and the 

CIELAB colour space are used to describe it. The problem is to determine the 

CMY value corresponding to a given Lta*b* value within the printer gamut. It 

assumes only that the forward transformation from a CMY value to its L*a*b* 
value is cheap to evaluate. As discussed earlier. this is easily accomplished by using 

a uniform CLUT followed by interpolation. 

The proposed extraction algorithm uses a divide-and-conquer approach, a n a b  

gously to binary subdivision. Initially. the a l g o r i t h  uses the minimum and max- 
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Figure 6.2: Regions d e h e d  by the contour c w e s  of Co and Mo. Each region has 

a weU-determined relationslup on one of the CMY coordinates. The c u ~ e n t  point 

(C M Y ) o  advances to the next point ( C M Y ) i  based on the region in which the 

tu.@ L*a*b* value locates. 
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imum colour values as the lower and upper bound for the colour components of 

the target CMY value. It starts with an initial CMY value. (CMY)O. for which 

L*a*b* has been nieasured to have the value (Lab)O. In the neighbourhood of 

.( Lab)O the eiitire L*a*b* space is partitioned into regions. with each region having 

a well-determined relationship to one of the CMY coordinates. For exaniple. one 

region lias C > Co. anottier has M > Mo. and so on (Figure 6.2). The colour 

space is completely ftlled by the partition. which is approximated using o d y  local 

information so that partitionhg c m  be performed in constant time. Depending on 

which partition contains the desired L*a*bs value. one of the colour components of 

becomes the new lower or upper bound for the target CMY value. For 

instance. if the desired L*a*b* value lies in a region that has a s m d e r  C value. then 

Co is the new upper bound for the C cornponent while the bounds on the M and Y 

components do not change. The mid-point of the current lower and upper bounds 

of each colour component is chosen to be the updated CMY value. ( C M Y ) i .  This 

value has an hproved estimate for whichever of the C M Y  values was indicated 

by the partition. This process continues until the point that has the closest CMY 
value related to the desired Lta*b* colour has been identified. Interpolation is then 

used to find the corr-ect ChW value within the ceU, 

As described above. there are three basic operations in each iteration. namely. 

ganuit partition. segion detection. and point advancement. These operations are 

discussed in detail in the next few sections- 

6.2.2 Gamut Partition 

Since fast convergence depends on effective region subdivision. a robus t partition 

method is essential. The folIowing partition method is based on geometric features 

of printer gamuts in the CIELAB space. 

Consider the set of CMY values having a specified value of a particular colour 

component. say C. These colour values define a plane in CMY space. which cor- 

responds to a smootli continuous surface (iseC-surface) in the CIELAB space. As 
the values of the M and Y components change across this surface: their L*a*b* 
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Figure 6.3: Partition of 2D printer gamut. Four boundary iines divide the SD 

printer gunut into four regions. Each region is d e h e d  such that it corresponds to 

a portion of the gamut tkat kas either a s m d e s  or a larger amount of one of the 

colour components than does Pz. 

values vaxy continuously. The curvatures of such suifaces are usudy small but not 

negligible. This assump tion. which holds for well-behaved printers . underpins the 

partition nietliod described below. 

To s inipw the description of the partition procedure. let us f i s t  consider the 

2 dimensional case. Imagine that there is a 2D device independent colour space. 

s i d a  to the CIELAB space. covering all the colours generated by the two inks. 
for exarnple cyan (C)  and yellow (Y). Any printer ushg only these two inks has 

a gamut that is a closed region in the colour space. Figure 6.3 shows a possible 

psinter gamut. Each curve in the figure is a contour curve for a constant C or Y 
value. Now consider a point P, inside the psinter ganiut. with C, and Y, its C and 

Y components. The psinter guuut can be divided into four regions based on the 

location of Pz. Each region contains points that have a fixed relationship with one 

of the colour components of Pz. One such partition is shown in Figure 6.3- in which 
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the regions are defined by four boundary Iines c-y-. c - ~ + .  ciy-. and C'Y*. The 

points inside the region bounded by the lines c-y- and c-y' have C snialler than 

C,. while the points inside the region bounded by the c+y+ and c- y+ have Y larger 

than Y,. and so on. In general. each region corresponds to a portion of the ganiut 

that has either a smder  or a larger amount of one of the colour components than 

does Pz. A partition is not unique. but eveiy partition must meet the following two 

conditions: (1) the boundary lines do not cross the contours defined by C = C, and 

Y = Y,. ( 2 )  only two boundary lines lie on the same side of the region separated 

by the C, or Y, contour curves. The fkst condition ensures that  all points kom 

the sanie side of a boundary luie have the sune relationship with one of the colour 

components of Pz. and the second condition ensures that each one of four gamut 

regions bounded by the two contour cuves has one and only one boundary line in 

it. As a result. the segment of contour line that nuis fiom Pz to the gamut border 

is inside a single region. 

Applying the above criteria stnctly. it is potentially costly to define a suitable 

set of bouudary lines. A better alternative approxiniates the boundary lines on 

local values of Pz. Because printers use inks with ch-omaticities tliat are far apart 

in the colour space. the contour curves of different inks are a l m o s t  perpendicdar 

tu each other in the region close to Pz. If the lines that evenly divide the cross 

contour angles are chosen to be the b o u n d q  lines. the criteria are met locally. The 

local region is very large if the cunrature of the contours is s m d .  as it normdy is. 

(Figure 6.4) 

To obtain the angles of two cross contour curves. the tangents of the contours 

a t  the cross point have to be computed. When a precise mathematical model of the 

printer is not available. it is impossible to compute the tangents in general. And 

even w h n  a model is available precise tangent computation is costly. However, 

tangent-defined boundary lines are not the only way to partition the gamut: close 

approxhations to them serve equally well. One workable solution uses the four 

lines that counect the ciment Px point to the point (C,  - AU. Y, - AU): (C, - 
Au-  + AU). (C, + AU. Y,  - AU) and (C, + AU. Y, - AU). respectively. where 

AU is a fixed value. 
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Figure 6.4: Boundary lines that partition the 2D printer gamut. Lines (thick solid 

h e )  that evenly divide the cross contour angles are good candidates for bonndary 

lines. Tkese lines are inexpensively approximated by joining the current point with 

a point offset by a fixed m o u n t  for each component (dash line). The thin solid 

and dotted lines represent the lines for iso-surfaces. 
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Fimwe 6.5: Boundary planes of gamut partition in 3D colour space. Similar to the 

2D case. the bouirdary planes defiued by two neiglibouring lines which comecting 

the current point Pz to any two points in the set {(C, I AU. MM, I AU. Y, I AU)) 

that clifFer by only one component. 
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Partitioning the printer ganiut in the 3D CIELAB space is analogo~is to the 

2D case descsibed above. Instead of four bonndary lines. twelve boundary planes 

are using to partition the gamut. Each region in the gamut is confilied by foiu- 

planes (Figure 6.5). The criteria for choosing these planes is the following: (1) 

the boundary planes do not cross any is~surface of the colour components of Pz. 
and (2)  fow and o d y  four planes lie on the sanie side of the region separated by 

each iso-surfaces. As for the 2D case. one possible way to partition the gamut is to 

use the boundary planes defined by two neighbouring lines whicli comecting the 

curent point Px to pair of points in the set {(C, f ACT. M .  i AU. Y, f AU)) that 

diEer by only one component. For example. one boundary plane is deftied by the 

line coniiecting Pz to (C, - AU- Mr - AU. Y= - AU) and the line comecting Pz 
to (C, - AU. M, - AKY, i AU). With the set of eight points {(C, I AU. M, + 
AU. Y, & AU)). twelve planes are defined to partition the gamut in the CIELAB 
space. If Pz lies on the boundary of gamut. the outside garnut boundary planes can 

be obtained by extrapolating the inside gamut planes through Pz- 

The value ckosen for AU is not critical. In practice. we choose for AU the 

interval used to build the CLUT. The boundary planes defmed based on this AU 
value accwately partition the gunut for any colour point Pz. 

6.2.3 Region Detection 

Once the regions are defined it  is necessiuy to find out which region contains the 

target point Pt. Based on this infommtion. the direction for point advancement 

can be determined. Since each region is bounded by four planes and each plane 

divides tlie coloui. space into two lialf spaces. the region detection problem amounts 

to calculating which half space Pt occupies for each boundary plane. Using a fked 

normal vector convention. and computing tlie dot product of the normal vector 

of a plane and the vector. defmed by the merence of the points Pz and Pt, the 

half space containing tlie target point is cheaply identified. For example. if the dot 

product is positive. then Pt lies on the same side as the normal vector; otherwise, 

Pt is on the opposite side. Repeating this calculation for each boundary plane, the 
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partition region containhg Pt is found. 

6.2.4 Point Advancement 

Knowing which region contains Pt. the components of Pz c m  be updated. If. for 

instance. the Pt is in the region in which all points have less magenta component. 

M,. than the Pz. then the magenta component of Pz should be reduced and the cyan 

and yellow components maintained to define the new P,. Note that. in this case. the 

current magenta component can be used to defme the upper bound of the magenta 

cornponent for Pt. Conversely. if the magenta component is too s m d .  it should be 

inaeased to define the new P,. The current level of the magenta component is the 

lower bound for Pt. The amount of change to the colour component is calculated 

based on the current upper and lower bound values of the colour component. The 

new colour component value is niost dectively placed at the mid-point of the 

bounding values. Wken the colour relationship between the CMY and L*a*b* 

spaces is d e h e d  by the CLUT. the L*a*b* value of the mid-point may not be 

available without interpolation. IR this case. the nearest sarnple point is used as the 

new Pz. Notice that the region in wlricli the new P, is centered is necessarily s m d e r  

after point advancement. The operations of ganiut partition. region detection and 

point advancement are repeated until the point that has the closest CMY value 
related to the desired L*a*b* colour has been identified. Interpolation is then used 

to find the correct CMY value within the ceU. 

6.2 -5 Performance Analysis of the Algorit hm 

Table 6.1 shows pseudocode of the a lgor i th .  Steps 2 to 10 are performed for 

each iteration. The total nuniber of iterations depends on the precision required. 

As mentioned in ther previous subsection. the new colour component value is the 

mid-point of its upper and lower bound. This approach is similar to binary search 

which has ninning time the oïder of log( M) . where M is the number of points being 

searclied. To determine the b a l  CMY value. this algorithm requires O(dlog(n)) 
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1. Set up the initial point of Pz and compute its Lab values 

2 .  If Pz = Pt. go tto step (11) 

3. Determine 12 boundary planes based on the 8 neighbour 

points of Pz 

4. Compute the nonual vector of each plane 

5 .  Compute the dot products of the vector (Pt - Pz) with 

the normal vector of each plane 

6 -  Detexmine the region in which Pt lies 

7. If Pt lies in the outside gamut region. go to step (12) 

8. Adjust the lower or upper bound of Pt based on the result 

of (6) 

9. Update the colour component of Pz based on the bound- 

ing values of (8) 

10. Go to step (2)  

Il. Retiil-n the CMY d u e  of Pz 

12. Retuiii out of gamut status 

Table 6.1: Pseudocode of the extraction algorithm 

I 1 Expected Cost 1 Worst-Case Cost 1 

1 Tetrahedral BSP 1 0(n8I2) 1 I 0(d310gn) 1 
1 Iterative Extraction 1 O(dlog(n)) 1 O(dlog(n) )  1 

Table 6.2: Compare the expected and worst-case costs of extraction for the tetra- 

liedral walking and binary space partitioning tree algorithms with the iterative 

extraction algorithni. 



iterations. where n is the number of sample points for each colour component. and 

d is the dimension of the colûur space. For printer with S3 entries in a CLUT. the 

muùmuni number of iteratioiis needed to find the CMY value is 3 log(8) = 9. The 

expected uid worst-case costs of this algoritkm cornpared to the walking algorithni 

and binary space partitioning tree appsoaches [Be931 are skown in Table 6.2. The 

algorithm is fast enough that colonr transformation in high dimensional spaces is 

possible for practical applications. 

6.2.6 Applying the Extraction Algorit hm in Refiect ance 

Space 

As discussed in the previous section. the success of the extraction a lgo r i th  relies 

on the iso-surfaces of the device gamut being smooth. It works weU as long as 

the smoothness criterion is met. Thus. the algorithm works for a high kens iona l  

reflectance space with little modification. In such a case. (d-l)D planes. hyperplanes 

are used to partition the regîons. However. the complexity of gamut partition and 

region detection increases. and performance decreases. It is bettes to project a 

printer gamut into a space with diniension equal to the number of colour cliannels. 

The algorithm then works for any t h e e  Ïnk piinter with the performance described 

above. The latter approaclz is used in ou- studies and is described below. 

In a reflectance space. a tkree-ink printer gamut is a 3-dimensional manifold in 

a high dimensional space. To use the extraction algorithm. the manifold should 

be projected into a space such that the smoothness property of the iso-surfaces is 

maintained. This can be acliieved by projecting each is-surface onto its tangent 

plane. The projection plane can be obtained by averaging the tangent planes of the 

iso-surfaces for differeiit component values. Unfortunately. unless a mathematical 

mode1 of the printer is known. the tangent planes camot be computed. However. 

any dose approximation of the pplaues serves equally well. The planes are defined 

by the gradient vectors of the iso-surfaces. which are computed by averaging the 

spectral differences between two reflectances. one of a colour with fuU amount of 

ink x. and the other with no ink x. The other two inks are kept constant. These 
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Fibure 6.6: To maintain the smootlness property of an iso-surface, the surface is 

projected onto a tangent plane. However. since the printer mode1 is not known in 

most cases. it may not be possible to compute the tangent plane. An approximation 

of the tangent plane is obtained by using gradient vectors. 
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- 
Proj. Y \ 

Proj. M 

Fi,gure 6.7: Projection of printer gamut in a reflectance space. Each projection 

direction is determined from the average gradients for the corresponding ink. 

gradient vectors serve as the axes of a projection space. Any h o  axes defbe a 

projection plane in the reflectance space (Figure 6.6). 

Once a projection space is dehed.  reflectances are projected into the space. 

The control value of any given reflectance is detenuined by the extraction algonthm 

operating as it does in CIELAB space. 

The above procedure has been inipiemeiited and tested for the DuPont printer 

mode1 cliscussed in Chapter 1. Fi0we 6.7 shows the printer gamut in the projection 

skape. The smoothness of the iswmrfaces is maiutained by the projection. Each 
plot of Figure 6.8 is the orthogonal projection of an iso-surface for a given C value 

onto the projected plme defined by the gradient vectors of M and Y components. 

It shows that the points with constant C component are distributed in an orderly 

fashion. For testing purpose. the algorithm was applied to the 1000 randomly 

distnbuted colour samples of our DuPont printer. All results were converged to the 

target points. Thus. the extraction algori th c m  be applied to the garnut in the 

projection space without any problerns. 
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Fiopre 6.8: Orthogonal projection of printer gamut onto a plane. The smoothness 

of the iso-surfaces is maint ained after projection. 
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6.3 Conclusion 

The backward transformation is needed to compute the control values for a given 

output colour or reflectance. The CLUT method is conunonly used for the trans- 

formation. To determine the control values. extraction f i s t  identifies the cell that 

contaius the tas@ point. after whick the target control value is approxhated by 

interpolation. Since the backward transformation lias CO be performed on every 

pixel. speed is important. 

A fast extraction a lgo r i th  for backward transformation was developed. Its 

computation cost is logaritliniic in the nnmber of cells in the CLUT. and its perfor- 

mance is robust provided that the printer gamut in the colour space is sufficiently 

smooth. It was shown experimentdy that printer models currently in use are 

adequately smooth. Measurement error can upset this condition. of course. and 

the gamut fitting techniques previously investigated in our laboratory [Bel961 can 

be used to condition mewured data so that the new algorithm is guaranteed to 

converge. As shown in Section 6.2.6. the algonthm also works for refiective images. 

The speed of the new algorithm makes it possible to increase the size of pseudo- 

uniform and pseudo-orthogonal CLUTs. Thus. liiglier accuracy conversion can be 

cibtained. 



Chapter 7 

Conclusion 

7.1 Summary of the Thesis 

Digital colour image reproduction is one of the most active research areas in the 

printing industry. Those reproduction problems that are most difficult to solve 

occur because of differences in colour g m t  hom one device to another. This thesis 

studies how the gamut difference problem c m  be handed for colours specified as 

spectral reflectances. The folIowing reproduction mode1 is used. Devices are f i s t  

chai-acterized with respect to a device independent colour space. Input colours are 

then transformed to output colours by a garnut mapping defined in the device- 

independent space. Finally. output colours are converted to the device control 

sipals t hough a backward transformation. 

The two most coninion strategies for ganiut mapping are discussed in Chapter 

2. Based on the idea that colours with s r m i l a r  tristimulus values invoke s idar  

colour sensations. one strategy seeks to minimize differences between reproduction 

and original in a colour space based on tristimulus values. The other is to match in 

the reproduction the colou- relationships of the original image. Whichever strategy 

is used. most curent algoritluns perform the guuut mapping step on data specified 

directly or indirectly by CIE t r is thdus  co lo t~  values. which are derived from 



emitted Light. and depend on the source of illumination. If the human visual 

system has no colour constancy. perceived colours are soleiy based on the tristimulus 

values. Matclùng tristimulus values then provide a generd solution for colour image 

reproduction. But the results are likely to be upset by changes in illumination. 

particulai-ly when the spectral conipositions of illuminants are significantly different . 

On the other hand. if the visud system exhibits perfect colour co~stancy. then 

matching appropriate aspects of surface reflectance is the best general solution for 

colour image reproduction. The human visual system exhibits good. but imperfect. 

colour constancy. Thus. gamut mapping techniques that take into account both 

reflectance and Luumination may be expected to produce better results. 

As au initial step towards niaking this possible the thesis develops the basic 

concepts of colour image reproduction in reflectance space. Both model-based and 

lookup-table methods for reflective characterization are descrïbed in Chapter 3. 
Compared to lookup-table methods. model-bwed characterization has lower mea- 

surement cost. However. the development cost of a device model is very high. 

Furthexmore. the complexity of the model is usudy  too high to d o w  efficient 

colour transformation. Lastly. as demonstrated by the results of applying Berns' 

dye diffusion thermal transfer printer model to a similar printer. a general device 

model is veiy liard to find. Nevertheless. a device mode1 that produces consistent 

output without disturbance by environmental factors is a valuable tool for study- 

ing colour image reproduction. In particular. even an incomplete device model c m  

verify and smooth data ueasured for lookup tables. 

Despite its larger measurernent cost. a colour lookup-table (CLUT) characteri- 

zation is most often used in practice because it provides very fast colour transfor- 

mation. To coiistnict a CLUT. samples c m  be chosen uniformly or nonuniformly 

thougliout the device ganiut. Uuifonn sauipling allows fast data access witk lower 

accuracy for nonlinear devices: nonuniform sampling provides higher accuracy with 

slower data access because of the high cost of extracting the cell within which 

interpolation is done. 

After a CLUT is coiistructed. interpolation and extraction are used to iden- 

tiSr tnrget colours for colour transformation. a process that must be fast for both 



forwa-d and backward characterizatioli transformations. A CLUT with unifordy 

sampled data is an intuitive choice. However. for the backward transformation it 

is clifficult to obtained a CLUS with uniformly distnbuted data since the transfer 

function of the device is u s u d y  not known. RenieasuIng or remapping can be 

used to build the CLUT. Remeasuring often needs several iterations before a final 

CLUT is built. wlrich is too expensive to use witk higk dimensional colour spaces. 

On the other kand. remapping increases measurement errors that are present in the 

estimated control values because extensive resanipling is required. Thus. a CLUT 
with nonunifomdy distributed samples is likely to be preferred for colour spaces 

based on reflectance. In this case. fast interpolation and extraction are needed to 

provide good performance. Linear interpolation handles interpolation efficiently. 

The new iterative searching algorithni for extraction proposed in Chapter 6 can be 

used to improve extraction performance. 

Once the input and output devices have been characterized. gamut mapping can 

be applied. The two conunon strategies for ganint mapping. matching trichromatic 

colour specifications and matchhg colour appearance. are studied for reflective data 

in Cliapter 4 and Chapter 5. Since the reflectance spaces of colour devices are usu- 

d y  consti-ucted to miiiimize spectral enors in the representation of reflectances. 

orthogonal projective mapping. which mininiizes spectral errors. is a natural choice 

for ganiut mapping between reflectance spaces. Cliapter 4 shows tliat projective 

inapping produces perfect colorinietsic matches ody  under restricted sets of illumi- 

nan t~ .  It does not always map to the reflectance that lias the smallest trichromatic 

difference. Sonietirues. it c m  produce ratker large colour Merences. 

By taking account of the colour sensitivity of the human visual system. a gamut 

mapping based on the fundamental component of a reflectance was developed. This 

mapping preserves the fundamental component of a reflectance whenever possible. 

If no reproducible reflectance has the same fundamental component as the original. 

it h d s  the one that has minimal spectral elors as weighted by human visual sensi- 

tivity. This mapping is extended to multiple'illuminants. Experimcnts to study its 

performance were conducted for two sets of illuminants. each having three different 

illuniinants. The results show that fundamental component mapping consistently 



outperforms projective mapping in t e m s  of CIEL AB colour differeiices. 

To develop g m u t  mapping for matching appeu-ance. the relationship between 

a reflectance and its perceived colour attributes must be known. Since coloiu- 

at tributes vary somewhat with illunuilant while reflectance does not. there is not a 

fixed relationship between a reflectance and its colour attributes. Nevertheless. it 

turned out to be possible to develop useful concepts for colour attributes of different 

reflec t ances. 

Most gamtrt mapping algoritluüs based on colour attributes reproduced colour 

lightness. hue and saturation. This thesis defined methods for identif+g sets of 

reflectances that are constant in these attributes. To begin. it defines a procedure 

to identïfy constant hue spaces within a reflectance coloui. space. A constant hue 

space is a linear subspace that contains the set of reflectances that are identical in 

hue under a given set of illuniinants. To retain the hue of an original reflectance. 

the reproduced reflectance is chosen from the subspace. 

Similady. luniinance c m  be maintained by choosing the reproduced reflectwce 

from cosets of spaces of constant luminance. However. when reproducing relative 

lightness care must be taken because relative luminance varies with illuniinuit. 

Our results show that lirniinances of colours far from the achromatic axis are more 

sensitive to illuminant change. making it important to ensure that lnminances of 

saturated colours are mapped correctly. 

B y examininp relative saturations of reflectances in a constant hue plane. we see 

that the distributio~l of saturation iii a reflectance space is sinular to the distribution 

of saturation in colour spaces based on tristimulus values. The further away a 

reflectance is from the achromatic a ï s .  the higher saturation it has. although there 

is a variable monotonie scaling factor. In fact . the topological properties of lightness 

and saturation in a constant hue plane of a colour space based on reflectance are 

s i d a r  to those of trichornatic colour. spaces. 

As a result. many current gauiut mapping algoritluns can be easily adopted for 

reflectance space. As a proof of this concept. two basic mapping algorithms based 

on colow attributes have been defined for reflective images. Both methods ensure 
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tliat the hues of the orï,&al reflectances are maiutained. 

Once the desired reflectance is known. the control values of an output device 

con-esponding to the reflectance must be found usiug the backward transformation. 

As mentioued previously. transformations using a CLUT created with nonuniform 

sampling are preferred for colour spaces based on reflectance. However. algoritlunic 

inefficiencies associated witk nonuniformly sampled CLUTs must be overcome to 

ob tain acceptable performance. For this reason. a general ceU-finding algorithm 

based on the divide-and-conques concept of biiiary subdivision has been developed 

for extraction. Its computation cost is logarithmic in the number of cells in the 

CLUT. The algorithm identifies cells for extraction fkom any smooth printer gamut. 

The procedue for using the algosithni in a reflectance space was s v e n  in Chapter 

6. 

7.2 Future Work 

Research in colour image reproduction has expanded rapidly because of recent 

advwces iri desktop teclinology. It was not possible to investigate ail aspects of 

image reproduction in reflective colour spaces during this research. A cornplete 

reflective image reproduction solution wiU not be possible until further research 

has been done. Here are some of the importait issues that need further study. 

1. Device gamuts in reflectance space. The gamut niapping algorithms developed 

in this thesis focus on the physically realizable reflectances. which may or may 

not be producible by a specific output device. A mapping fiom reflectances to 

printable colours should be defined. Thus. it is important to find a compact 

representation for device gamuts in a high dimensional reflectance spaces. 

2. Gray component replacement. Gray component replacement. which replaces 

mixtures of cyan (C). magenta (M). and yellow (Y) inks with appropriate 

amounts of bIack (K) ink. has been widely used for enhancing reproduction 

quality. It is often done in two steps [HPK89. Hun94a, Say871. First, the 



required amount of C. M. and Y inks are detennined. Then the amount of 

black ink to replace part of the C. M. Y inks is calculated. Gray component 

replacement is complicated by there being more than one possible mixture 

of inks for a given colour in a trichromatic colour space. Because reflective 

colour specifications ase more resistant to nietamerisni there aie fewer mix- 

tures that match reflectuice components. Future research may able to h d  

gray component replacement solution that improve resistance to nietamerisni. 

3. Additional inks for better colour image reproduction. Colou. image repro- 

duction process using more than four inks have been studied [Ost93. Bo194j. 

As more inks are used, the printer gamut becomes larger. However. part of 

the extra gamut is hidden in a trichromatic space because some colours can 

be psoduced by more than one possible mixture of inks. This hidden gamut 

is revealed in reflectwce space. Future study would able to provide multiple 

iUuminant solutions for extra inks using concepts developed in Chapter 4. 

Even after such issues have been resolved. image reproduction using C O ~ O U ~  

spaces based on reflectance fails to guarantee a general solution of colour image 

reproduction. Better understanding of the working of the human visual system. 

and paticularly of colom- constancy. is essential for future advance in colour image 

reproduction. With this knowledge- algorithm for colour reproduction can take 

into account botk illuminant and reflectance inforniation to produce bet ter results. 

7.3 Final Conclusions 

This researcli developed the basic concepts of colour image reproduction in colour 

spaces based on reflectance. It exaniiiied each of the major image reproduction steps 

for reflective images. including device characterization. gamut mapping. and back- 

ward colow transformation. The hd ings  of this research provide a basic framework 

for developing future coloui. image reproduction in reflectance space. 



By studying model-based and colour CLUT ckaracterization metkods. this re- 

search concludes that device chu-acterization based on a CLUT is preferred to 

model-based charac terization. SpecScally. CLUT wit h nonunifo~m sanipling skould 

be used since it provides better accuracy without incuning the Lgk measiu-emeut 

cost of uniform sampling. 

Reflect ance space gamut mapping a lgor i ths  based on objective measmement . 
such as the colour difference between the orie&ml and reproduced colours in the 

CIELAB colour space. and ones based on subjective criterion. matching colour 

appeai-ance. were iuvestigated. For niinimizing colou difference. this research 

shows that the seeniingly neutrd choice of orthogonal projective mapping should 

be avoided. By taking into account the human visual system. a novel algorithm 

that preserves fundamental component was developed. It was proven to exhibit con- 

sis tently smder  colou Merences for multiple illuminant s. For mat ching colour 

appearance. useful concepts. such as constant hue space. relative luminance and 

saturation for reflectances. were developed in this thesis. These concepts are essen- 

tial for developing appearance matchhg g a n t  mapping algorithus in colour spaces 

based on reflectance. As demonstrated in this thesis. gamut mapping algorithnis 

based on perceived colour attributes in the CIE tristirnulus colom spaces can be 

easily adapted for reflectance colou spaces because of lirminance and saturation 

distributions aire siqdar in constant hue planes of both kinds of colour spaces. 

Since nonunifody sampled CLUTs. which increase the cost of extracting colour 

cells for the backwwd tramformation. are reconiniended for reflectance coloui- 

spaces. it is essential for practical applications to have a f a t  backward transforma- 

tion. A novel algosithni for cell-hding was developed. This algorithm improves 

the speed of extraction. wLich must be done once per image pixel. As a result. 

better perfol-mance of the backward transformation can be obtained. 

As mentioned in the previous section. a general colour image reproduction sys- 

tem based on reflectance is far fiom coniplete. However. this research provides the 

stmting point for developing reproduction systenis for reflective images. The basic 

concepts and the novel algoritlius for ganiut mappiiig and backward transforma- 

tion developed in this thesis set up the groundwork for future development of colour 
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reproduction for reflective images. 
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