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Abstract

In recent years, many imaging systems have been developed, and it became increasingly
important to exchange image data through the computer network. Therefore, it isrequired to
reproduce color independently on each imaging device. In the studies of device independent
color reproduction, colorimetric color reproduction has been done, namely color with same
chromaticity or tristimulus valuesis reproduced. However, even if the trisimulus values are
the same, color appearance is not aways same under different viewing conditions. Therefore
we must introduce color appearance prediction for color reproduction of image.

In this dissertation, a new color reproduction method based on color appearance
prediction is introduced for color reproduction of facia pattern and endoscopic image.

First, spectral reflectance of skin color was analyzed by principal component analysis,
and it was shown that the spectral reflectance of skin can be estimated by three principal
components. On the basis of these experimenta results, spectra reflectances of facid
pattern taken by HDTV camerawas estimated, and computer smulation of colorimetric color
reproduction has been done using those obtained spectral reflectances.

Color appearance models of von Kries, Fairchild, LAB were also introduced to this
color reproduction algorithm. The image calculated by those models were compared with
the color hardcopies under various illuminants (“A”, “Day Light”, “Horizon”, and “Cool
White”) using memory matching technique. It was found that the Fairchild model is most
significant to estimate the color appearance of skin color chart under different illuminants.
However, the model was not significant to apply to estimation of color appearancein facial
pattern. Therefore, modified Fairchild model was introduced to estimate the color
appearance of facial pattern. It was shown in psychophysical experiments that the model can

estimate well the color appearance of facia pattern compared to other models.

Vi



These experiments have been done in the dark environment. However, the practical
image on a CRT is usually watched under the environmental illuminant. We must apply
color appearance models to reproduce image on a CRT under various illuminants, specially
for remote diagnosis of endoscopic images. It is necessary to do a gamut-mapping for
image which cannot be reproduced in gamut of CRT. However, up to thistime, thereis not
any way to quantify how gamut-mapping affects the percelved color appearance. A
psychophysical metric based on Mahalanobis distance was introduced to evauate the
influence of gamut-mapping in the color appearance instead of conventional color difference.
The distance is calculated by covariance matrix of metric lightness, chroma and hue angle

obtained by psychophysica experiments.

Vi
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Chapter 1

CHAPTER 1

INTRODUCTION

Studies of color have been introduced in human life and culture since the beginning of

recorded history. Figure 1 shows adiagram of the history of color research.

Pre-scientific color studies

A@hilosophical :
speculation on color Color representation
500 - 300 B.C | 15th century
Greek and Chinese Search fqr color
speculation on the orgamzatlorj and

nature of color representation

Color Science

Physical Measurement C | E colorimetry Color appearance
17th century 1931 1976-199§
Physical approach Physical relationship | . Pshychophysical
to relate color with between stimulus and re_Iauonshlp between
corresponding stimuli color perception stimulus and color
sensation

Color imaging

Cross-media color New challenge
A@production
Matching tristimulus
Matching tristimulus values and appearance of
% values and appearance original scene with the
of color images between reproduced images and
devices gamut-mapping

Figure 1. History of the color research.

In the pre-scientific color studies, Chinese and Greek philosophers only
speculated on the nature of color. During the 15th century, color organization and
representation were searched.

The color science began with the establishment of a correspondence between

color and its physical stimuli in the 17th century. In the 19th century, the advance of
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sciences such as physics and chemistry® contributed for the development of color
science. The color science also developed with the advances in the study of physiology
and psychophysics.? CIE (Commission Internationale de I’ Eclairage) specified the
colorimetry in 1931 giving aphysical relationship between measured stimulus and color
response based on a standard observer. However, the CIE colorimetry cannot predict
the appearance of color wdl, because it is based on adapted eyes in pre-defined
laboratory conditions, unlike the environment where most colors are seen. The
specification® and prediction of color appearance have been studied in the last 20 years.
The study of color appearance considers the influence of environmental factorsin the
sensation of color.

The increasing speed of computing equipment and devices, scanner, digital
camera, printer and CRT display (CRT), allowed the development of techniques® for
color imaging. The color science is applied to color imaging to produce cross-media
reproductions. It aso gives new tools to the color scientists with which they can
improve the studies of human color vision.

A new challenge in color imaging systemsis to match the color appearance of
original scene with reproduced images. In the area of multimedia where we can access
color images through the world wide network of computers, the WY SIWY G (what you
see iswhat you get) fidelity in the reproduction of color has become very important.
The traditional cross-media reproduction systems™’ does not consider the original scene.
The reproduction of the colorsin the origina scene can be achieved considering original
spectral reflectances.? The reproduction of the skin color appearance is also important to
the cosmetic industry.

The color appearance reproduction of the original sceneisalso very important in
the area of tedlemedicine such as diagnosis of eectronic endoscopic image. The

endoscopic image is not always viewed in adark environment, and viewing condition is
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dependent on the environment of the hospital. In remote diagnosis, however, the
endoscopic images are usually sent to physicians in various illuminated environments.
Therefore, we need to consider the outer illuminant condition in the color reproduction
system. Unfortunately, the processed endoscopic images cannot always be represented
inside the color gamut of CRT particularly due to the saturation in the red channel. In
such cases, gamut mapping isrequired. A new chalenge in the endoscopic image
reproduction system is to evauate the influence of gamut-mapping in the color

appearance of the reproduced image.

1.1 Color reproduction on CRT and hardcopy
The accurate reproduction on CRT and hardcopy has been studied by many
researchers®! In the following subsections some types of color reproduction are

described.

1.1.1 Colorimetric color reproduction

The study of color science developed in the last century with the advance of physics and
physiology.’***  These studies constituted the base of the colorimetry.® The
colorimetry is obtained by measurement of chromatic properties of the objects by
instruments such as spectrophotometer and colorimeter.”

In colorimetric color reproduction, chromaticities and relative luminances of
reproduced color are equal to those of the original.* It is possible to achieve device
independent color reproduction, in matching the chromaticities and relative luminances
of the original with the reproduced images.

1.1.2 Color appearance models
Colorimetric color reproduction works well to reproduce the appearance of colorsif the

reproduction is viewed under the identical viewing condition of the origina image.
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However, the use of colorimetric color reproduction is not enough to predict the
appearance of colors under various environmental conditions. There are many
environmental factors which give the influence upon the appearance of colors such as
theilluminant,?>#’ effect of background and surround,?®*? and the size of the colored
area®. One of the most significant factors affecting color appearance is the change of
visud color sengtivities corresponding to changes of the illumination.  This
phenomenon is known as chromatic adaptation.>*

There are two types of chromatic adaptation mechanisms. sensory and
cognitive®®  Sensory mechanisms are based on the sendtivity control in the
photoreceptors and neurons in the first stages of the visua system and considers
changes in the white point, luminance of illuminant and other aspects of the viewing
conditions. Many models have been proposed to measure the appearance of color.>%°
The first model of sensory chromatic adaptation was proposed by Johaness von
Kries.*”*® Subsequent models of chromatic adaptation proposed by C. J. Bartleson,*
K. Richter® R. W. G. Hunt,>>* Y. Nayatani and coworkers,>>® M. D. Fairchild,®°®
M. R. Luo and coworkers”®. Color spaces such as CIELUV”, CIELAB,”
RLAB,® "2 LLAB"*" are also used to predict color appearance. Thereis also neural
models such asthe ATD model proposed by S. L. Guth.”>"" Another color appearance
model is the Retinex theory proposed by E. Land that considers a spatial distribution of
al pixels in the field of view.®® On the other hand, cognitive mechanisms are
influenced by observers knowledge of image content. The quantification of the
cognitive mechanisms is very complex because its psychological nature. Then, no
model has been proposed for cognitive mechanisms.

Various color appearance models have been applied to color reproduction of

complex images™ and evaluated by RIT group.®®% These experiments show that a
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perfect color appearance model is not available and each model has advantages and

disadvantages.

1.1.3 Limitation of the conventional color reproduction methods

The conventional color reproduction methods have three considerable limitations.

First, these methods cannot reproduce correctly the color appearance of the origina
scene under various illuminants on CRT and hardcopy using only three input channels
due to the occurrence of metameric pairs™ of original and reproduced image. These
metameric pairs are stimuli that are visually identical but spectrally different. A method
to estimate the spectral composition of the color stimulus from the input signals is
required to predict the metamerism in the reproduction on CRT and hardcopy under
variousilluminants.

Second, many reproduction methods using color appearance models have been
proposed. However, none of them has been applied specifically to skin color that is one
of the most important colors for the evaluation of reproduction quality. A comparative
experiment between color patches and complex images is also not available for
reproduction systems using color appearance models.

Third, some of these systems include gamut-mapping to reproduce images inside the
color gamut of CRT displays. However, these methods do not consider yet how gamut-
mapping actually modifies the color appearance of the reproduced image. It isdesirable
to minimize the effect of gamut-mapping in the color appearance reproduction. Then, a
perceptua metric based on psychophysical experimentsis required to quantify the effect

of gamut-mapping on the color appearance of reproduced images.
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1.2 Purpose and approach of thisresearch

The purpose of this dissertation is to match the color appearance of an original scene
under various illuminants with its reproductions on CRT and hardcopy. In this
dissertation, facia pattern and endoscopic image are considered as original scene.
Particularly, this study examines the performance of chromatic adaptation models for
facial pattern image. Thisstudy also investigates the evaluation of gamut mapping
influence on the color appearance of endoscopic image reproduced on a CRT under
environmental illumination. The gamut-mapping is required in endoscopic images
because these images generally have saturation of the red channel on CRT dueto their
reddish nature.

Asafirst approach to this color appearance matching, the spectral reflectance of
original sceneis estimated using the principal component analysis. Then, the estimated
spectral reflectance is used to predict the tristimulus values of the original scene under
various illuminants. The predicted tristimulus values are reproduced on hardcopy by a
printer calibration using a database of spectral reflectance. Chromatic adaptation models
are introduced to reproduce the color appearance of hardcopy on CRT.

Next, reproduction on CRT of skin color patches and facial pattern images using
various color appearance models are compared by psychophysical experiments. The
performance of color appearance models is compared for various illuminants and
differences between reproduction of skin color patches and facia pattern image are
examined to find an effective model for facia pattern reproduction.

A perceptual distance using covariance matrix for CIELUV metric lightness,
chroma and hue angle is defined based on Mahalanobis distance. This distance is
applied to evaluate various gamut-mapping techniques required to reproduce endoscopic

image on CRT under environmental illumination.
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1.3 Organization of this dissertation

In Chapter 2, atechnique for two-dimensional prediction of the spectral reflectance of
facial pattern from the RGB three channel image taken by HDTV camerais proposed
based on principal component analysis. Chapter 3 shows a method to reproduce
colorimetrically facia pattern images under various illuminants on CRT in a dark
environment, and Chapter 4 describes a method to reproduce colorimetricaly facid
pattern images as hardcopy. Chapter 5 presents a color reproduction based on color
appearance models and psychophysical experiments are performed to evaluate various
color appearance models. In Chapter 6, a modified Fairchild chromatic adaptation
model for facid pattern images is introduced. In Chapter 7, a color appearance
reproduction of endoscopic images on a CRT under variousilluminantsis described and
a perceptual color distance based on Mahalanobis distance is introduced to evduate
gamut-mapping. In Chapter 8, the conclusion and the summary of the proposed color

reproduction methods are presented.
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CHAPTER 2

PREDICTION OF SPECTRAL REFLECTANCE OF A FACIAL
PATTERN IMAGE TAKEN BY HDTV CAMERA

2.1 Introduction

Spectra reflectance of the object should be measured to predict the color of object under
variousilluminants. The spectral reflectance can be represented in a multidimensional
space. Generally, we can obtain only three-channel data from input devices. The
estimation from three-dimensional space to multi-dimensional space can be achieved
using principal components of spectra reflectance®® In this chapter, a method to

predict the spectral reflectance of a portrait image taken by aHDTV camerais described.

2.2 Principal component analysis of the spectral reflectances of human skin and
their linear approximation

Ojimaand his coworkers measured one hundred eight spectral reflectances of skinin
human face for 54 Mongolians (Japanese women) who are between 20 and 50 years
old.® The Munsell values of the skins had arange as follows; H=2YR-8YR, V=5-7,
C=2-5, and the distribution of these skin colorsin CIE 1976 L*a*b* color spaceis

shownin Fig. 2.
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Figure 2. Distribution of skin colors used in principal component analysis.

The spectral reflectances were measured at intervals of 5 nm between 400 nm
and 700 nm. Therefore, the spectra reflectance is described as vectors o in 61-
dimensional vector space. Figure 3 shows the averaged spectral reflectance of human

skin, and these values aregivenin Table 1.
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Figure 3. Averaged spectral reflectance of human skin.
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Table 1. Averaged spectral reflectance of the sampled human skin.

Wavelength (nm) |  Relative spectral Wavelength (nm) | Relative spectral

reflectance (%) reflectance (%)
400 15.95 555 31.88
405 16.20 560 32.24
410 1o.41 565 32.46
415 10.02 570 32.67
420 16.83 575 33.36
425 17.35 580 34.05
4350 1/.80 585 36.23
435 18.93 590 38.41
440 19.99 595 40.80
445 21.16 600 43.19
450 22.33 605 44.79
455 23.22 610 46.38
400 2411 615 47.32
4605 24.7( 620 48.26
470 2041 625 48.82
475 25.94 630 49.38
480 26.46 635 49.87
455 27.0/ 640 50.35
490 2(.68 645 50.78
495 28.43 650 51.21
500 29.16 655 51.53
505 29.88 660 51.84
510 30.57 665 52.18
515 30.87 670 52.51
520 31.16 675 52.86
525 31.11 680 53.20
530 31.05 685 53.54
535 31.03 690 53.88
540 31.00 695 54.12
545 31.20 700 54.35
550 3151

The covariance matrix of the spectral reflectance was cal culated for the principal

component analysis. The eigenvectors of the covariance matrix are named as principle

component vectors. Then, the spectral reflectance of human skin can be expressed as a

linear combination of the principle component vectors as follows:

81
o=0+gau,
i=1

10

(2-1)
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where O isthe averaged spectral reflectance, u (i=1...61) are the eigenvectorsand a,
(i=1...61) are the eigenvalues corresponding to the egenvectors u (i=1...61)

respectively. The eigenvectors are combined in order of magnitude of the eigenvalues.
The cumulative contribution rates of the principle component vectors are shown

inFig. 4.

100 ~ B/a,,,R
90 - : ,

A0/

80 -
70 -

60
50 -
40 -
30 -
20 - :
10 S

A ~cintriin

A1 Poe

Ccumtiative-controution( 7o

n

\ \ \ \
0 1 2 3 4 5
Order of principal component

Figure 4. Cumulative contribution ratio of principal components of the skin spectral

reflectance.

From this figure, we can see that the cumulative contribution rate from first to third
componentsis about 99.5%. Then, the spectra reflectance of human skin can be

represented approximately 99.5% by using linear combination of three principal

components U, U, , U,. Thethree principal components are shownin Fig. 5.
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Figure5. Thefirst, second and third principal components of the spectral reflectance of

skin.

The values of the principal components are given in Table 2. Therefore the Eq. (2-1)

can be represented approximately as follows:

a0

3
0@+ aa;u=0+(u U u)f,i.
i=1 '

e ;0

12

(2-2)
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Table 2. Thefirst, second and third principal components of the spectral reflectance of

human skin.

Wave engthR @t Principa Amd Principa A @d Principal
(nm) Component | Component | Component
AQAA® ABP58 A@B26 A@514
A QA Ampr32 AGB06 A®506
L TR X
Q@ALB @177 @67 0491
A QLR AR49 A
é@l%@ é@l&m é@mz §@488
D) 18 @234 ©.438
@ASE 326 @198 Q.
A @ANG AmA35 A@1L61 A@510
PAN@Y. 5] ARB627 A@102 A©D533
A QA5 AZ619 A@041 A@557
A QAR AZ665 A @000 AO572
A QA AB711 -0.040 A@538
A0 4B AB735 -0.064 A©D589
A0 ARB758 -0.086 AD592
A0 AB AR767 -0.112 A@590
A QARG AR776 -0.138 A@589
AQARE ABB00 -0.158 ADO572
Z\%@ ,2@824 -0.177 é\@s&
A@878 -0.192 AQ508
Z\Q&g A@ass -0.208 A@Aﬁl
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Figure 6 shows a comparison between measured and predicted relative spectral
reflectance of human skin by principal component analysis. From this figure it is
possible to conclude that the linear approximation of the spectral reflectance using three
principal components works well.

Then, the spectral reflectance of each pixel of image can be predicted from the
tristimulus values of each pixel and the spectra radiance of the illuminant, as is

performed in electronic endoscopic images™.
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Figure 6. Comparison between measured and predicted spectral reflectance of human

skin.

2.3 Estimation of the skin spectral reflectance

Considering the result of above principa component analysis, we can estimate the
spectral reflectance of skin using the tristimulus values. The tristimulus values can be
easily measured by a colorimeter. The spectral reflectance of skin is estimated as
follows. Aswell known, thetristimulusvalues X, Y, Z can be calculated by Eq. (2-3).

X =K & E(1)%()0( ), (2-33)
Y=K &E()y0)0(), (2-30)
Z=K & EQ )21 )0( ), (2-30)
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wherel isthewavelength, O(l ) isthe spectral reflectance, E(l ) isthe spectral radiance

of theilluminant, X(I ), Y(I ), Z(I ) are color matching functions and K is a coefficient
given by Eq. (2-4).

K= - (2-4)
oE()y(l)dl

| =400

By vector notations, Eq. (2-3) can be expressed asfollows:

X= KeXo, (2-5a)
Y=Ke'Yo, (2-5b)
Z= Ke'Zo, (2-50)

where [ .]t represents the transpose of [ ] , the vectors e, o are vector notations of E(l )

and O(l ) respectively, and the matrixes X , Y , Z are represented as follows:

ail(l 1) O o

X(1)® X= E %(l2) . (2-6a)
& 0 o )_;a
@'1(I 1) O 0o

y(l)® Y= E 5a(l <) : (2-6h)
¢ o 7.0 o
6Q1(' 1) ] O 0

A )® zZ= E (1) . (2-6¢)
£ o 7,01 )
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From Eq. (2-2), the Eq. (2-5) can be written as,

e aa,oU

X @Ke X €+ (ul u, u3) 230, (2-78)
g @0
é aalou

Y @KEY & +( ga , (2-7b)
g ea ﬂu
é aal('ju

Z @Ke'Z&+( ga . (2-7¢)
g ea f’u

The Eq. (2-7) can be rewritten asfollows:

&0
X @e'Xo+Ke'(Xy, Xu, )_(Lg)gazj, (2-8a)
éa3ﬂ
&, 0
Y @Ke'Yo+Ke (Yuy Yu Vl%)gazi, (2-8b)
éagﬂ
&, 0
Z @Ke'Zo+ke'(Zu Zuy, us)‘?a2 . (2-8c)
eagﬂ

We can consider the first term of Eq. (2-8) as a contribution of the averaged spectral
reflectance to the tristimulus values, and the second term as a contribution of three
eigenvectors. Then, we can rewrite the EqQ. (2-8) asfollows:

X6 X a&X, X, X,09,06

gY @?Y +8Y Y, Y%a2 , (2-9)
elg eZﬂ ez, Z, Z,%a,9
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where X, Y, Z arethe averaged tristimulus values and XY, Z (i=1,2,3) are the
tristimulus values corresponding to the three eigenvectors of skin spectral reflectance.
Then, theeigenvaluesa |, a, , and a ; aregiven by
@0 ax X xso'léeecc-, aXol
=80 % % &vi- gyl (2-10)
ea.ps ez Z, 2o 870 eZﬂu
The spectral reflectance of human skin can be estimated by above eigenvalues and three

principal components by Eq. (2-2).

2.4 Characterization of HDTV camera
Figure 7 shows the schematic diagram of the image acquisition and the estimation of the
spectral reflectance in each pixel of the image based on the characterization of the
HDTV camera. In the previous sections, it was shown how spectral reflectances of
human face can be estimated from the device independent tristimulus values X, Y, Z
using Egs. (2-2) and (2-10). Inthissection, X, Y, Zin each pixel of original sceneis
calculated from the R, G, B three color channels of the HDTV camera.

The output color channel values R, G, B, of an ideal HDTV camera can be

given by the Eq. (2-11),

R = _51E(| ()00 ), (2-11a)
G = _’éEU )a(1)o(), (2-11b)
B, = 5‘31 E(1)b(1)O( ), (2-11¢)

whereF(l ),g(l),b(l) arethe spectral sensitivities of the camera, E(| ) is the spectral

radiance of the illuminant and O(l ) is the spectra reflectance of the object.
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HDTV
camera

(R, G,B)
.
v

(X, Y,2)

O(1 )=0(1 )+a,u,(l y+a,u,(l )+auy( )

L

First, second and third principal components
of the spectral reflectance of human skin

Figure 7. Diagram of the portrait image acquisition and the prediction of the spectral

reflectance of each pixd of the image.

However, the actual output color channel values R, G, B’ of aHDTV camerais given

by Eq. (2-12);
Re=K,.f(R), (2-12a)
Ge= K,.1,(G,), (2-12b)
Bt= K,.f,(B), (2-12c)
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where f, f,, f,arenon-linear functions, and K, K, K, are white balance constants.
The non-linearity between R, G, B levd and luminance was linearized using the

following quadratic equations;”

Rt=-550+4.26" 10'R +2.04" 10°R, (2-13a)
G¢=-6.06"10"+290" 10"'G,+266  10°G, (2-13b)
B¢=-7.37"10"'+231" 10'B, +3.11" 10°B:. (2-130)

Generaly the F(I ), g(l), b(l) are different from visuad color matching
functions. Then, it is necessary to find a color transformation function that gives the
device independent tristimulus values X, Y, Z from the HDTV camera output channels
R, G, B'. Ojimaand his coworkers showed that a color transformation matrix M,

shown in Eq. (2-14) gives sufficient accuracy for the HDTV camera calibration,*

g &%

cGe-
SYi: M, : (2-149)
ezo g -

elg

Thismatrix M, can be determined by the following technique. The tristimulus values of
a series of color patches are measured by a colorimeter and are digitized by HDTV
camera. Thevauesof R, G’, B’ channelsin Eq. (2-13) are calculated from the output
valuesR, G, B of theHDTV camera. Thematrix M, can be determined by the multiple
regression analysis of measured X, Y, Z tristimulusvauesand calculated R, G’, B’
color channel values of digitized color patches.

Thetristimulus values X, Y, Z of thirty-nine selected patches of Japanese skin
color were measured by a spectrophotometer (Minolta CM 1000). The Munsell values
of the patches have arange asfollows, H=0YR-10YR, V=5-8, C=2-5.
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The skin color patches were digitized under Metal halide lamp (RDS, with color

temperature of 5,700 K) illumination at 2° field of view by aHDTV camera (Nikon

HQ1500C). The calculated color transform matrix M, isshown in Eq. (2-15).

®09° 10 537710 509  10° -2416
M, :81.17’ 10" 207" 10" -480" 10° -205% (2-15)
€7.69° 10* 7.67°10° 365 10" -0.827g
The accuracy of this color transformation is verified by DE ab color
difference®** between the tristimulusvalues X , Y, Z ,and X, Y, Z. XY, Z are
measured using a spectrophotometer (Minolta CM1000) and X,, Y,, Z,, are estimated
using thematrix M, in Eq. (2-15). The color differenceis calculated as shown in Eq.

(2-16)

DE ab=(L,- L) + (g, - &) + (0, - b))’ (2-16)
where (L, a,,, b,) and (L., &, b,) are the CIELAB 1976 metric lightness and the

coordinates calculated from X, Y., Z,,and X,, Y,, Z,, respectively.

The averaged color difference DE ab was 1.0 and the maximum color difference

DE ab,, was2.3. Thisresult showsthat the color transformation by matrix M, in Eq.

(2-14) has sufficient accuracy to calculate the X, Y, Z necessary to estimate the spectral

reflectance.
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2.5 Conclusion

In this chapter, a method to predict the spectral reflectance of a portrait image digitized
by aHDTV camerais described. Spectral reflectance of Japanese women’s skin was
estimated with 99.5% accuracy using the first, second and third principal components of
the spectral reflectance of skin. The obtained color difference less than 2.30 indicates
that the camera calibration was performed with sufficient accuracy to caculate the

tristimulus values.
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CHAPTER 3

COLORIMETRIC COLOR REPRODUCTION OF FACIAL PATTERN
IMAGE ON CRT

3.1 Introduction
Figure 8 shows a schematic diagram of colorimetric color reproduction for facia pattern

image on CRT in adark environment. A facial pattern image istaken by a HDTV

camera under illuminant with spectral radiance E (1 ).

1(' ) E)

HDTV AW
cameraa O(I )

Q (XLY', Z")

R G B) oM

R, G,

iMl (R.,G BC)
X,Y,Z)
o(l)

CRT display
Figure 8. Diagram of the proposed colorimetric color reproduction method to predict
the tristimulus values of facial pattern image under variousilluminantson aCRT in a

dark environment.
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Thetristimulusvalues X, Y, Z of the portrait image is caculated from three
channelsR, G, B values of the HDTV camera using transformation matrix M; as shown
in the previous chapter. In the proposed method, the two-dimensional spectral
reflectance of the object in the scene is calculated using the tristimulus values of the
digitized image based on the principal component analysis of the spectral reflectance of

human skin. Then, the tristimulus values of the image under a new illuminant with

spectral radiance E (1 ) can be predicted from the estimated spectral reflectance. The R,

G,, B, input values of CRT is calculated by color transform matrix M, obtained by the

colorimetric calibration of the CRT.

3.2 Tristimulus values of facial pattern image

Thetristimulusvalues X', Y', Z' of skin color under a selected illuminant can be easily

calculated from the estimated spectra reflectance O(l ) and the spectral radiance Ex(l )

of theilluminant.® ThetristimulusvaluesX', Y, Z arecalculated asfollows:

X' =K & )E 1 )x( )d (3-1a)
Y'=K &0)E( y( )d (3-1b)
Z=K & )E,( )z(1 )d (3-1¢)

| =400

3.3 Calibration of CRT

Many methods to calibrate a computer controlled color monitor have been proposed.”
9% |In general cases, it is possible to define a two-stage model for CRT to transform R,
G,, B input valuesto thetristimulusvaues X', Y', Z' .*9%*% Thefirst stageis anonlinear

transformation from R, G, B, values to phosphor [uminances produced by digital-to-
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analog converter. The second stage is a linear transformation where the monitor
phosphor luminances are transformed to the X', Y, Z' values. The calculation of the
transformation M, in the schematic diagram of Fig. 8 was performed as follows.

A steady CRT with fixed luminance, contrast, white point, and gammais used.
Color patches are displayed on the CRT in adark environment to avoid interference with
externd light sources. The luminance L and the tristimulus values X, Y, Z were
measured at the displayed color patches in each channel. The luminance colorimeter is
adjusted at the position of the observer eyes because the angle of incidence of the beams
can influence the measurements.***

The relationship between the input level and luminance is plotted and the Eq. (3-

2) can be derived from curve fitting for quadratic curves.

L. =aR’+aR +a, (3-2a)
Lo =BG, +1G, +b, (3-20)
LB = CO Bc2 + Cch + CZ (3'2C)

These equations show the relationship between the luminance and input levels, where
Ls, L, Lg arethe luminance of red, green, and blue phosphors respectively, and a,, b,
C (i=oto?2) arecoefficients.

Thetrisimulusvaues X, Y, Z on CRT can be decomposed as follows:

aXp B+ X+ X0

%YiZEYRH(G +Yy I, (3-3)

eZ8 eZ.+Z,+Z,0
where X, Y, Z (i =R G, B) are the tristimulus values corresponding to the emission of
red, green, blue phosphor, respectively. A theoretical relationship between X-Y, Z-Y for
each phosphor is given by

X, =22V, (3-4a)
Yr
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X, =2¢y,, (3-4b)
Yo

X, =2y, (3-4c)
Ye

z. =2y, (3-4d)
Yr

z, =2y, (3-4e)
Yo

z,= 22y, (3-4f)
Ve

However the linear curve fitting introduces an offset error in the Eq. (3-4). Thiserroris

considered in the following linear equations:

X =agYs thg (3-5b)
Xg=agYs by (3-5¢)
Zp =Cplrtdg (3-5d)
Z; =CcZg+dg (3-5¢)
Zy =CgZg+dg (3-5f)

wherea, b, ¢, d (i=R G, B) are coefficients.

From Egs. (3-3) and (3-5), the following equation is obtained;
Xy PRYR +agYg +agyg by +bg +bg0

gYz=¢ Y, + Y5 + Y * (3-6)
€78 eCYp*tCgYg +CYg tdy +dg +dga

The Eq. (3-6) can be rewrited asfollows,

Xp WO Ay+bg +bg0
&Yz= AT+ 00 T, (3-7)
ezZo éYBﬂ édR + dG + dBﬂ
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where

&, g ago
A=£0 10 107 (3-8)
ez Cg Czo

The luminance can be calculated from the Eq. (3-9) asfollows,

@6 @O  &X-by- by - by

Cler=i=A"e v r 39
éLBﬂ éYBﬂ éz' dR' dG - dBZ

Then, using the Egs. (3-3) and (3-8), the transformation from the tristimulus values X, Y,
Ztotheinput levelsR,, G, B, can be achieved.

3.4 Experiments and their results

Two CRTs (Nanao Flex Scan56T Monitor and AppleColor High-Resolution RGB
Monitor Model MO401) with fixed luminance, contrast, white point, and gamma were
calibrated. These CRTswill also be used in the experiments of Chapter 7. The setting
of the CRTsisshownin Table 3.

Table 3. Experimental setting of the CRTSs.

CRT Luminance (cd/m?) _ Contrast _ White point _gamma
Nanao Flex Scan56T 93.3 Maximu D65 1.80
m
Apple MO401 715 Maximu D65 1.80
m

Twenty-six color patches were displayed on each CRT in adark environment.
Theluminance L and the tristimulus values X, Y, Z of the displayed color patchesin

each channel were measured by aluminance colorimeter (TOPCOM BM-7).
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Figures 9(a) and 9(b) show the relationship between input levels of CRT and
luminance of phosphor for Nanao Flex Scan56T CRT and AppleColor MO401 CRT
respectively. From Figs. 9(a) and 9(b) it is possible to determine the coefficients shown
in Table 4 of the quadratic equation (3-2).

70

igt‘tr

60

/
50 G
40 J%

30 > /
20 L
10 JJ/‘ HW

L
G

Y

Luminance of phosphor (cd/m?3)

.‘-‘ _%

0 50 100 150 200 250 300
Input Level (8 bits)

Figure 9(a). The relationship between input levels of CRT (Nanao Flex Scan56T) and

luminance of phosphor.

Figures 10(a) and 10(b) show the X-Y and Z-Y relationship for each RGB
channel of Nanao Flex Scan56T CRT and AppleColor MO401 CRT respectively.
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Figure 9(b). The relationship between input levels of CRT (AppleColor MO401) and

luminance of phosphor.

Table 4. Coefficients obtained by quadratic curve fitting for CRTs (Nanao FlexScan
56T and AppleColor MO401) in adark environment.

Monitor Nanao Flex Scanb6T Apple MO401
EN 1.216° 10°™* 1.536" 10°*
& 6.212° 10°° 1.482° 10°°
a, - 55927 10" -1.745" 10"
by 3.270° 10" 4.339° 10"
b, 1.863" 10™ 9.552" 10°°
b, -1.714" 10° -7.855" 107"
Co 6.138" 10°° 5.225° 10°°
C1 6.782° 10°° 8.492" 10°°
C, - 11227 10" -9.007" 10°°
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Figure 10(a). X-Y and Z-Y relationship for each RGB channel of the CRT (Nanao Flex

Scans6T).
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Figure 10(b). X-Y and Z-Y reationship for each RGB channed of the CRT
(AppleColor MO401).
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From Figs. 10(a) and 10(b) it is possible to determine the coefficients shownin

Table5for linear Eq. (3-7).

Table 5. Coefficients obtained by linear curvefitting for CRTs (Nanao FlexScan 56T

and AppleColor MO401) in adark environment.

Monitor Nanao Flex Scanb6 1 AppleColor MO401
aR 1.773" 10° 1.791" 10°
aG 4882 10" 4.867° 10"
ap 2.429° 10° 2420 10°
br 1.372° 10" 4909 10°°
bs 3.714° 10°? 1.020" 102
by -2.258° 107 2.220° 10°°
Cr 7.242° 1072 7.719° 10°
Co 1.934° 10°° 1.967° 10*
Cg 1.314° 10" 1.293" 10
dr 6.663" 10°° 2.238" 107
de -5.807° 10°° -4.334° 1077
dg -1.391" 10" 3.079" 10°?

Five facial pattern images with 1920 by 1035 pixels were taken by aHDTV
camera under the same conditions used for camera calibration. The model is a Japanese

young woman. Thetristimulusvalues X', Y’, Z' were calculated using the estimated
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spectral reflectance under four illuminants; “Day Light”, “A”, “Cool White”, and
“Horizon”. Those spectral radiances and chromaticities are shown in Fig. 11. The
calculated tristimulus values were converted to R, G, B, values and they are displayed

on CRT.

"Horizon"
x=0.50 y=0.42

— Tra
“ x=0.46 y=0.42

radiant power

"Day Light"
x=0.32 y=0.34

Wavelength (nm)

Figure 11. Relative spectral radiant power and chromaticities of four illuminantsused in

the experiment.

Figure 12 shows the hardcopy of the predicted facial pattern printed directly
fromtheinput levels R, G, B, without any preprocessing or color correction. Actually,
these images should be observed on CRT. We can see that the portrait images under
"A" and "Horizon" illuminants seem reddish, because longer wavelength components

are predominant in these illuminants as shown in Fig. 11.
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()“Horizon” (b)*A”

(c)“ Cool White” (d)“Day Light”

Figure 12. A facid pattern image reproduced colorimetrically on CRT under four
illuminants; (a) “Horizon,” (b) “A,” (c) “Cool White,” (d) “Day Light” illuminants.
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3.5 Conclusion

In this chapter, a colorimetric color reproduction method for portrait image on CRT in a
dark environment was proposed. In this method, the tristimulus values of each pixel of
the image were calculated using the estimated spectral reflectance, the spectral radiance
of the illuminant and the color matching functions. The calculated tristimulus values
weretransformed to R, G, B values of CRT. A portrait image under various illuminants
was reproduced on CRT. The portrait images under “Horizon” and illuminant “A”
seem very reddish because the predominance of the long-wavelength components in
such illuminants. However, the portrait images under “Horizon” and illuminant “A”
do not seem actualy so reddish when viewed under such illuminants because the

chromatic adaptation is not considered yet in this reproduction method.
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CHAPTER 4

COLORIMETRIC COLOR REPRODUCTION OF FACIAL
PATTERN IMAGE ON HARDCOPY

4.1 Introduction

Color correction is necessary to match the tristimulus values of hardcopies with thosein
the originad scene. The colorimetric calibration of printers for color correction is
difficult because this calibration depends on the observing environment and specially on
the illuminants. Various color transform corrections have been proposed for
colorimetric calibration.®'%'% |n this chapter, the printer calibration is achieved by
making color transformation function during the printing process, using the data base of

input valuesto printer and spectral reflectances, measured before the printing.

4.2 Color reproduction method for hardcopy under variousilluminants
Figure 13 shows the schematic diagram of the colorimetric color reproduction of facial
pattern image on hardcopy under various illuminants. In this reproduction method, the

tristimulus values X", Y"', Z" of a printed skin color image under an illuminant with

spectral radiance E (I ) were matched to the tristimulus values X', ', Z' calculated using

principal components of the spectral reflectance of the skin. To achieve the matching,

the matrix M3 was used to transform the CRT input levels R, G,, B, to printer input

levels R,, G,, B,. Thematrix Mz isafunction of the spectral radiance E_(I ) of the

illuminant for viewing of hardcopy and this matrix is calculated by multiple regression

analysis using a data base of input values to the printer and measured spectra
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reflectances. It is noted that we do not need to measure the tristimulus values of the

color patches under each illuminant for calibration.

N

m EJ ) G_E()
, \ l /\
HDTV - O(|) l
l ardcopy
XY, Z') = (X', Y, 2") IP,
M2 rinter
(R G, B) ' Rp, Gp, B
|\/| (Re, Ge, Be) (Rp, Gp, Bp )
: ! ML(E(1 )
(X, Y, Z2)
! igaes
D
CRT display

Figure 13. Diagram of the color reproduction method for hardcopy of skin color image

under various illuminants.

4.3 Multipleregression analysis using skin spectral reflectances
Figure 14 shows a schematic diagram of the multiple regression analysis using the

database. One hundred eight skin color patches were printed using a laser therma
development and transfer printer (Fujix Pictrography 3000) with printer input level RS
G,, B). The spectra reflectance O"(I ) of each patch was measured by a
spectrophotometer (Datacolor Spectraflash 500).

In the on-line caibration, the tristimulus values X™ ,Y"", Z"" were calculated

under aselected illuminant E (I ) using the database. The tristimulus values X™, Y""
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Z"" for each patch were transformed to R, G, B! CRT input levels using the
transformation matrix M. The coefficients (g ) (i=1...3, j=1...11) of matrix Mz in the

Eq. (4-1) were determined by multiple regression analysis'®’.

Input: Spectral radiance E;()

e ) N
CRT display Hardcopy Measured once
( N
(X" y",z™) <x"",v"".z""><-04n<' ) |-
M2 Database * Printed
+ / off-line
(R;,vaBS)-s\ . o N //
~ / . L|FRILGLBY
" S LA
Multiple regression analysis
~———On-line J=Off-line—
(n=1to 108)

Output: Ms(E; (1))

Figure 14. Diagram of the multiple regression analysis.

The accuracy of this colorimetric color reproduction was evaluated by averaged
color differences of fifty-five skin color patches used in the multiple regression analysis.
The color difference was calculated between CRT and hardcopy, with and without color

transformation.
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As shown in Fig. 15, the averaged color difference DE ab was 19.9 without the color
transformation, and 4.5 with the color transformation. Thereafter, fifty-five skin color

patches, not used in multiple regression anaysis, were printed with color transformation

by M3 The averaged color difference DE ab was 4.9. We can conclude that the
proposed color transformation is effective to match the skin color between displayed

image and hardcopy. The matrix M3 was caculated using a workstation (SPARC

station 11; Sun micro system Inc.) in an average time of 25 seconds.
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Figure 15. Averaged color differences DE,, between skin color patches displayed on

CRT and the corresponding hardcopies under four illuminants.

4.4 Experimental results

The portraits used in Chapter 3 was reproduced under four kinds of illuminants,
“Horizon”, “A”, “Cool White”, and “Day Light” in a standard illumination booth
(Macbeth Spectralight I1). The spectral radiance of each illuminant isshownin Fig. 11.

The portrait images printed using transformation matrix Mz is shown in Fig. 16.
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(8)“Horizon” (b)“A”
(c)“Cool white” (d)“Day Light”

Figure 16. Printed facial pattern image under four different illuminants, (a) “Horizon”,

(b) “A”, (c) “Cool White", (d) “Day Light” illuminants.

It is noted that the printed images under "A" and "Horizon" illuminants are not
reddish as the corresponding portrait images on CRT as shown in Fig. 12 because each
image will not be observed under the illuminant used in the calibration. Here, itisaso
noted that colors of printed portrait images under different illuminantsin Fig. 16 are
dightly different. If the spectral reflectance of print is as same as the spectral reflectance
of human face, thereisno difference in the printed images due to the illuminants.
Averaged spectral reflectance of printed skinisshown in Fig. 17. Itisclear that the

spectral reflectance of human skin and printed skin color are different.
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Figure 17. Comparison between averaged spectral reflectance of human skin and
printed skin color.

4.5 Conclusion

In this chapter, skin color images are reproduced colorimetrically on hardcopy under
various illuminants. The averaged color difference of 4.9 between the measured and
predicted tristimulus values shows sufficient accuracy of the proposed col orimetric color
reproduction.

It is noticed that the color reproduction of portrait on CRT is different from the
hardcopy under various illuminants because the chromatic adaptation is not considered
yet in the reproduction on CRT.

The color reproduction described in this paper is not applicable to the lips, hair,
eyes and so on, because only the spectral reflectance of human skin was considered

here.
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CHAPTER 5

COLOR REPRODUCTION OF FACIAL PATTERN IMAGE BASED ON
COLOR APPEARANCE MODELS

5.1 Introduction

Experimental methods to predict the tristimulus values of skin color under various
illuminants on CRT and hardcopy were described in Chapters 3 and 4. In this chapter a
method of color reproduction based on color appearance models is described. This
reproduction can be made matching the appearance of CRT with the reproduction on
hardcopy under various illuminants.

Some color appearance models are introduced in the colorimetric color
reproduction on CRT. However, thereis not a standard color appearance model to
match the skin color appearance. Then, a comparison between color appearance models
isrequired to select a suitable model for skin color appearance reproduction. In this
chapter an outline of some color appearance models and viewing techniques for

psychophysical experiments are also presented.

5.1.1 Chromatic adaptation models

A) von Kries model

The von Kries coefficient law is based on the complete adaptation of human color visua
system to the white point of theilluminant. The cone fundamental tristimulus values L,
M, S are simply multiplicated by constant values, respectively. The constant values are

taken to be the inverses of the respective cone responses for the maximum signal of the
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illuminant. Then, the responses at new adapting field, L,, My, and S, can be written as

follows:
L, =k L, kL:ﬁ, (5-1a)
I‘No
M
My =kyM, ky, =—22, (5-1b)
Ileo
Sa:kSS’ kszﬁl (5'1C)
HNo

where, L, M, and Sare the excitations of cones on retina at original adapting field, Kk,
K. and kg are multiplicative factors, Ly,, My,. and S, are cone excitations for the

white point of new adapting illuminant, and L, My,,and §, are the cone excitations

for the white point of original illuminant.

B) CIELAB (LAB) color space
In 1976, CIE recommended CIELAB color space for color-difference metric which also

incorporates a modified form of the von Kriesmodel, X/ X, , Y/, and Z/ Z; as shown

in Eq. (5-2),

* xY 0}/3

L =116¢6—~+ - 16, (5-29)
eYy o
e W .J5U

* x 0

a :500@(\,‘19 - gei— d, (5-2b)
EXy2  eYyo 0
S WA

* Coy §° @z 6

b =200&—+ - ¢ L2 a, (5-2c)

eYyyg eZyo .
g" N N0

where X, Yy, and Z, arethetristimulus values of the illumination white point.
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Thetristimulusvalues X, Y,, Z, at the new adapting field can be calculated as

follows:

3
Fa' R +160

Xo = G +G = X (5-39)
500 & 116 g

3

R* 4160

Y, = = Yg¢, 5-3b
A g 116 4 ¢ (5-3b)

3
. _®q7 1160 p O
a_gfé 116 g 2004 -

(5-3¢c)

where Xf, V¢, and Zf are the tristimulus values of the white point of the adapting

illuminant. CIELAB was not standardized to be a color appearance model. However it

provides a good approximation for color appearance in near-daylight conditions.

C) Fairchild color appearance model

The Fairchild color appearance model uses incomplete chromatic adaptation of conesto
the white point. This model is based on von Kries coefficient law, with an introduction
of afunctional expression proposed by Hunt* for incomplete levels of adaptation as

shown in Eqg. (5-4).

Le=r L/L , (5-4a)
L N

M¢=r,, MIM,, (5-4b)

St=r,9§, (5-4¢)

whereL’, M’, and S are the cone excitations considering a certain degree of chromatic

adaptation, F T andrg are parameters to represent degree of chromatic adaptation of

cones, respectively. LN, My, § arerespectively theL, M, S cone responses to the white
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point of the illuminant. Equation (5-4) can be expressed in matrix form as shown in Eq.

(5-5).
éL'u  éLc
éM'U= AEMU, (5-5)
sl EsH

Thematrix A is
@ 0 ou
é U
eo ay Oq, (5-6)
g0 0 agd
where
a_=r/L,, (5-79)
a, = r,/M,, (5-7b)
as = rdS,. (5-7¢)

The degree of chromatic adaptation can be calculated as follows:

(v

r. —m, (5-8a9)
_ LYy +m)

'y = (1+ o 1/mE), (5-8b)

r = (1+ Wt SE) (5-8c)

1+ +1s)’
where Y|, isthe luminance of theilluminant, u is an exponent that defines the shape of

the degree of the adaptation function and /., m., and s. are the fundamenta
chromaticity coordinates of the adapting stimulus. Origindly, Farchild used the

exponent u equal to 0.22 as suggested for a dark environment. This exponent value
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was set equa to 0.29 in the refinement of RLAB model by Fairchild.”” The ¢, m., and

s valuesare calculated as follows:

3L,

LS e
- SMy !
rnE_LN+MN+S\I’ (59b)
- 35 :
SE_l-N"'IVIN"'St\I, (590)

From the Egs. (5-4) to (5-9), we can see that the adaptation will be less complete
for increasing values of the saturation of the adapting stimulus. The equations above
aso show that the adaptation will be more complete for increasing vaues of the
luminance of the adapting stimulus.

Thefinal step in the calculation of adaptation cone signals is atransformation
considering interaction among cones given by Eq. (5-10). Thistransformation allows
the model to predict increases of the perceived colorfulness called Hunt effect. This
transformation also allows the prediction of the increases of contrast with increasing
luminance, caled Stevens effect.'*®

éLLu é c cuelLdy

eMU=& 1 cleMmd, (5-10)

g8sH & c sl
where C is caculated as follows:

¢ =0.2190- 0.0784log_(Y,). (5-11)

The entire model! to predict the tristimulus values X,, Y,, Z, in a second adapting
condition from the tristimulus values X, Y, Z in a first adapting condition can be

expressed by a single matrix equation as follows,
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§XA@ exu

U_ pp-1p-1~-1 ey U
e'Al~ M “AC, ClAlMéYQ, (5-12)
&8 ezt

wherematrix M is the transformation from tristimulus values to cone fundamental
primaries. Matrix A, and C, respectively the matrices of Egs. (5-6) and (5-10) for
adapting condition 1. Matrix A, and C, are respectively the matrices of Egs. (5-6) and
(5-10) for adapting condition 2.

Fairchild and Berns incorporate this chromatic adaptation model into CIE 1976
(L*, a*, b*) color space in the RLAB color appearance model.® This color space can
determine the required colors for reproduction across changes in mediaand viewing
conditions. Thismodel can aso be used for calculating metrics of lightness, chroma,

hue and color difference.

D) LLAB color appearance mode.
In the mode!l proposed by Luo and coworkers,”*™ the R, G, ,B cone responses at new
adapting field is caculated from the R, G,, B cone at original adapting field using the

following equations;

R = gD(%;)ﬂ- Dg&, (5139
G =g (g‘”)+1 DHG (5-13b)
B =g (:—)+1 DHQ for B.3 0 (5-130)

€ B U
Br =- "D(i)-'-l_ Da sb
& B,

, for B,<0 (5-13d)
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where b = (S—“f"’““, Ry, G,

S !

B, are the cone responses for the white point under

original adapting field; R, , G, B, arethe cone responses for the white point in the

environment in which the image will be reproduced; D valueis 1.0 for hardcopies and

0.7 for CRT in dim surround.

5.1.2 Viewing techniques for cross-media comparison

The comparison of color appearance modelsis based on the recommendations of many
technicdl committees such as CIE Technical Committee 1-34, “Testing Colour-
Appearance Models in order to establish standard guideline for coordinated research on
evaluation of color appearance models for hardcopy and image on CRT”. %" The
recommended methods use psychophysical experiments to select a suitable color
appearance model for cross-media reproduction. The psychophysical experiments for
the comparison of color appearance models are based on many viewing techniques such
as successive-binocular, simultaneous-binocular, simultaneous-hapl oscopic, successive-
Ganzfeld haploscopic, and memory matching technique. In the memory matching
technique, the illumination booth with the hardcopy and the CRT are placed at 90
degrees from each other ensuring that observers can not see both images on CRT and
the hardcopy at the same time. In this technique observers are asked to observe the
image in the booth before observing the image on CRT to compare images under
different conditions. In this technique observers are allowed to look at both hardcopy
and CRT only once. The successive-binocular viewing is equal to the memory
technique except that observers are allowed to look at both hardcopy and CRT as much
time as necessary to compare images. In the simultaneous-binocular technique, the
hardcopy in the illumination booth and the image on CRT are place side by side and the

observer isinstructed to see the hardcopy and image on CRT with both eyes. In the

49



Chapter 5

simultaneous-hapl oscopic technique observers are instructed to observe the hardcopy
with one eye and the image on CRT with the other eye. Thistechnique allows that each
eye adapts to a different white point while comparing the images. The successive-
Ganzfeld haploscopic viewing technique™? is similar to the simultaneous-hapl oscopic
viewing technique except that observers are not alowed to view both the hardcopy and
image on CRT at the same time. In this technique covers with aneutral field switches
over each eye alowing adaptation while the other eye is observing the image.

These viewing techniques have been compared by psychophysical methodol ogy
such as the experiments performed by Braun and Fairchild.**®* The binocular
matching™** was more preferred than haploscopic matching. It happens because the
binocular viewing is more natural way of viewing, and it is easier (it is accomplished
without the necessity of any special device) and more comfortable for the observer than
haploscopic viewing. These experiments also show that a successive color viewing was
preferred than a simultaneous color viewing because successive matching yielded the
shorter matching times™® and interocular interactions can be controlled™*®. Based on the
considerations above, the memory matching that combines easiness, successive color
matching and binocular color matching is preferred than other viewing techniques™’ to
compare reproduced images using various color appearance models. Therefore,

memory matching technique will be used in the psychophysical experiments.

5.2 Color appear ance matching method

Figure 18 shows a schematic diagram of the skin color reproduction method based on
color appearance model. Using color appearance models, the tristimulus values
X, Y., and Z, after the chromatic adaptation can be calculated from the tristimulus

values X', Y', Z' obtained by colorimetric color reproduction. At first, X', Y’, Z' are

transformed to cone fundamental tristimulusvalues L, M, and S The Hunt-Pointer-
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Estévez transformation are used to calculate L, M, Svalues, as shown in Egs. (5-14) and

(5-15).% Thistransformation is normalized to CIE Illuminant D65.

Color appearance
— —
(L’ M’S) mOde|S (La1 Ma: Sa)
M M
. w1 -1y Colorimetric
X, ¥, 2') prediction (Xa Ya, Za)
E(l ) —» I
Color Transform
O# ) Matrix
Principal l
Components
| »
(X, Y, Z) @'
Calculated 7 X
tristimulus values CRT display

Figure 18. Diagram of color reproduction of facia patternimages on CRT based on

color appearance models.

Ly &g
&M= M &Y d (5-14)
s éz¢

€040 0.71 -0.08U
Mzg- 023 117 005 (5-15)
€0.00 0.00 0.920
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Theresfter, the calculated L, M, and Svalues are used to estimate fundamental

tristimulus values L, M,, and S, corresponding to the cone responses after the
chromatic adaptation using color appearance models. The predicted values L,, M,, and

S, were caculated using von Kries, and Fairchild models. Next, X, Y,, and Z,
considering chromatic adaptation are calculated by theinverse of matrix M . Finally, the
predicted tristimulus valuesX,, Y,, and Z, are reproduced on CRT using color

transform matrix.

5.3 Psychophysical experiments

Psychophysical experiments were performed to select a suitable color appearance model
for the reproduction of skin color images on CRT in adark environment. The images
on CRT were compared with a hardcopy illuminated in a standard illumination booth
(Macbeth Spectralight I1). The booth contains four illuminants;, “Horizon”, “A”,
“Cool White”, and “Day Light”. The spectra radiances of these illuminants are
shown in Fig. 11. We reproduced five facial pattern images of a Japanese woman and
six skin color patches. The chromaticities of skin color patches are extracted from the
facial pattern images and the tristimulus values of the six color patches under “A”

illuminant are shown in Table 6.
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Table 6. Thetristimulus values of the six skin color patches under illuminant “A”.

Patch X Y Z
1 105 90 20
2 72 66 18
3 75 70 19
4 38 37 12
5 47 45 13
6 72 61 14

Four images were generated on CRT for each illuminant; an image generated by

X', Y and Z without considering chromatic adaptation, named XYZ image; an image

generated by von Kries color appearance model, von Kriesimage; an image generated

by Fairchild moded, Fairchild image; and an image generated by CIELAB modd,

CIELAB image. Figure 19 shows an example of predicted color appearance for the skin

color patches under various illuminants. The reproduction for each color appearance

model is shown in Figs. 20, 21, 22 and 23 respectively, under illuminant “A”,

“Horizon”, “Cool white”, and “Day Light”.
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XYZ CIELAB XYZ CIELAB
von Kries Fairchild von Kries Fairchild
(@) illuminant “A” (b) “Horizon”
CIELAB CIELAB
von Kries Fairchild von Kries Fairchild
(c) “Cool White” (d) “Day Light”

Figure 19. Predicted color appearance of skin color patches under various
illuminants; (a) illuminant “A”, (b) “Horizon”, (c) “Cool White”, (d) “Day Light”.
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@ XYZ (c) CIELAB

(c) vonKries (d) Fairchild

Figure 20. Color appearance predictions of a faciad pattern image under
illuminant “A”; (8) XYZ, (b) CIELAB, (c) von Kries, (d) Fairchild.

55



