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Preface

In the last two decades we have seen the field of digital color imaging
emerging from specialized scientific applications, into being a part of the
daily lives of most people in industrialized countries. Broadcast televi-
sion, computers, newspapers and magazines, are just a few examples of
technologiesrelying on digital color imaging.

Theincreased use of color hasbrought with it new challengesand prob-
lems. Digital color imaging is aresearch field with great prospects, since
many problems are still unsolved.

One typica case that illustrates the problems that needs to be solved
is that of an e-commerce business. Prospective customers use the World
Wide Web to evaluate their products, typically by visualizing them on the
computer monitor or by printing the product images on a desktop printer.
If the customer decidesto buy, and the color of the delivered product is not
what she expected, she might decide to return it.

The book you're holding in your hands (or maybe you'rereading it on
your computer or eBook device) is the second edition of my Ph.D. disser-
tation. 1t is my hope that this book may be of service to the academic and
industrial color imaging community, in many ways:

m Assupport for learning and teaching.

m Through the advances in the state-of-the-art represented by the pro-
posed methods for the acquisition and reproduction of high quality
digital color images.

m By advocating the multispectral approach to color imaging, that isto



use more than three color channels, in order to overcome the prob-
lems of metamerism.

m By giving ideas for further research concerning the technology, sci-
ence, and art of color imaging.

Finally, | have to apologize that there’'s no color in the printed edition
of thisbook. | find it amazing that color printing of a book like thisis still
not found to be cost-effective, even using an on-demand printing model.
The only consolation in this is that | don’t expect to be out of work for
many many years to come!

Redmond, Washington, USA, June 2001

Abstract

The goal of the work reported in this dissertation is to devel op methodsfor
the acquisition and reproduction of high quality digital color images. To
reach this goal it is necessary to understand and control the way in which
the different devices involved in the entire color imaging chain treat col-
ors. Therefore we addressed the problem of colorimetric characterization
of scanners and printers, providing efficient and colorimetrically accurate
means of conversion between a device-independent color space such asthe
CIELAB space, and the device-dependent color spaces of a scanner and a
printer.

First, we propose anew method for the col orimetric characterization of
color scanners. It consists of applying a non-linear correction to the scan-
ner RGB valuesfollowed by a3rd order 3D polynomial regression function
directly to CIELAB space. This method gives very good results in terms
of residual color differences. The method has been successfully applied
to several color image acquisition devices, including digital cameras. To-
gether with other proposed algorithms for image quality enhancements it
has allowed us to obtain very high quality digital color images of fine art
paintings.

An original method for the colorimetric characterization of a printer
is then proposed. The method is based on a computational geometry ap-
proach. It usesa 3D triangulation techniqueto build atetrahedral partition
of the printer color gamut volume and it generates a surrounding structure
enclosing the definition domain. The characterization providesthe inverse



transformation from the device-independent color space CIELAB to the
device-dependent color space CMY, taking into account both colorimetric
properties of the printer, and color gamut mapping.

To further improve the color precision and color fidelity we have per-
formed another study concerning the acquisition of multispectral images
using amonochromedigital cameratogether with aset of K > 3 carefully
selected color filters. Several important issues are addressed in this study.
A first step is to perform a spectral characterization of the image acquisi-
tion system to establish the spectral model. The choice of color chart for
this characterization is found to be very important, and a new method for
the design of an optimized color chart is proposed. Several methodsfor an
optimized selection of color filters are then proposed, based on the spectral
properties of the camera, the illuminant, and a set of color patches repre-
sentative for the given application. To convert the camera output signalsto
device-independent data, several approaches are proposed and tested. One
consists of applying regression methods to convert to a color space such
as CIEXYZ or CIELAB. Another method is based on the spectral model
of the acquisition system. By inverting the model, we can estimate the
spectral reflectance of each pixel of theimaged surface. Finally we present
an application where the acquired multispectral images are used to predict
changes in color due to changes in the viewing illuminant. This method
of illuminant simulation is found to be very accurate, and it works well on
awide range of illuminants having very different spectral properties. The
proposed methods are evaluated by their theoretical properties, by simu-
lations, and by experiments with a multispectral image acquisition system
assembled using a CCD camera and a tunable filter in which the spectral
transmittance can be controlled electronically.

Key words

Color imaging, colorimetry, colorimetric characterization, multispectral
imaging, spectral characterization, filter selection, spectral reconstruction.

Acknowledgements

The work described in this document has been carried out at the Signal
and Image Processing Department at the Ecole Nationale Supérieure des



Télécommunications (ENST) in Paris, France. This endeavor would not
have been completed without the support and help of many people. You
all deserve thanks! Running the risk of forgetting someone important, |
will mention some of you in particular.

First of al, | would liketo thank my advisors Francis Schmitt and Hans
Brettel. Thanksfor showing me the way into the wonderful world of color,
and for guiding and encouraging me throughout my tenure at the ENST. A
big thank you goes then to all my colleagues and friends at the ENST. To
the former and present Ph.D. students with whom | have shared moments
of work and pleasure: Anne, Bert, Dimitri, Florence, Geneviéve, Jean-
Pierre, Jorge, Lars, Maria-Elena, Mehdi, Raouf, Selim, Sophie, Sudha,
Wirawan, Yann, and many others. You have meant a great deal to me, and
| sincerely hope to be able to stay in touch with you! To those of you
who have worked with me on colorful projects: Bahman, Brice, Frédéric,
Henri, Ingeborg, Jean-Pierre. To our relations in the industry, for showing
me that my research could be able to solve some real problems out there.

| thank the members of the jury, Jean-Marc Chassery, Jean-Francois
Le Nest, Khadi Bouatouch, and Roger D. Hersch, for your fruitful ques-
tions, comments and suggestions, and for honoring me by your presence
at my defence. Furthermore, | would like to thank the organizing com-
mittees of the international conferences | have attended, for accepting the
papers | submitted. Not only has this allowed me to present my work, and
learn about the work of other researchers in the field of color imaging, it
has given me the opportunity to meet and discuss with several inspiring
individuals. | have seen that the world of color isasmall one, after all.

Funding has been provided by the Norwegian Research Council (Norges
Forskningsrad). Itsfinancial support is of course gratefully acknowledged.

| am also very grateful to Dan and RanDair at Conexant Systems, Inc.
for giving me a great opportunity to continue to work in this enchanting
field.

Finaly, | cannot imagine doing anything without you, Kristine. Thank
you for giving me areason to move to Paris, thank you for putting up with
me through times of hard pressure, thank you for my two lovely children,
Pauline and Samuel, and most of all, thank you for being you.

Kirkland, Washington, USA, November 1999



About the author

Jon Y. Hardeberg received his sivilingenigr (M.Sc.) degreein signal pro-
cessing from the Norwegian I nstitute of Technology (Trondheim, Norway)
in 1995. He received his Ph.D. from the Ecole Nationale Supérieure des
Télécommunications (Paris, France) in February 1999. His Ph.D. research
concerned color image acquisition and reproduction, with applicationsin
facsimile, fine-art paintings, and multi-spectral imaging. He is currently
employed with Conexant Systems, Inc., where he designs, implements,
and evaluates color imaging system solutions for multifunction peripher-
als and other imaging devices and systems. His professional memberships
include IS& T, SPIE, and ISCC.

About this book

Hardeberg, Jon Y ngve, Acquisition and Reproduction of Color Images:
Colorimetric and Multispectral Approaches. A dissertation submit-
ted in partial fulfillment of the degree of "Docteur de I'Ecole Nationale
Supérieure des Télécommunications’, Paris, France, February 1999.

First edition publishedin 1999 by Ecole Nationale Supérieuredes Télé-
communications, 46, rue Barrault, F-75634 Paris Cedex 13, France, under
the title " Acquisition et reproduction d’ images couleur : approches col-
orimétrique et multispectrale,” Publication ENST 99 E 021.

Second edition published in 2001 by Universal Publishers/ disserta-
tion.com, 7525 NW 61 Terrace, Suite 2603, Parkland, FL 33067-2421.

Changesfrom thefirst edition include layout, adding of aList of Tables
and a List of Figures, correction of miscellaneous typographical errors,
trandation to American English (you know, color instead of colour, etc.),
modificationsto Figures 2.7 on page 21 and 3.11 on page 68, modifications
to the numbering of Figures and Equations, and this preface.



Vi

Further infor mation

More information about the described research can be found at the follow-
ing locations:

m At http://color.hardeberg.com/

m By contacting the author by E-mail: jon.hardeberg@conexant.com,
jon@hardeberg.com

m By contacting Prof. Francis Schmitt or Dr. Hans Brettel by E-mail:
schmitt@tsi.enst.fr, brettel @tsi.enst.fr, or through the following ad-
dress. Ecole Nationale Supérieure des Télécommunications, Dépar-
tement TSI, 46, rue Barrault, F-75634 Paris Cedex 13, France



Contents

Preface

Contents

List of Figures

List of Tables

1 Introduction

1.1 Motivation. . . . . . . . . e
1.2 Dissertationoutline . . . . .. ... ... .. .. .. ...
1.3 Notation used throughout thisdocument . . . . . ... ..

Color and imaging

21 Introduction . . . ... .. ... ... ... ...
22 Lightandsurfaces. . . . .. .. ... ... .. ... ..
23 Colorvision . . . ... ... e e
24 Colorimetry . . . . .. ...

241
242
243
244
245
24.6

Grassmann'slaws. . . . ... ... ... ... ..
Tristimulusspace . . . . . .. ... ... .. ...
Colormatching . . . . . ... ...........
Color matchingfunctions. . . . .. .. ... ...
Metamerism . . ... ... ... ... ... ...
CIE standardilluminants . . . . . ... ... ...

xi

XVii

XX



viii CONTENTS
247 ClEstandardobservers .. . . . ... ... ... .. 22
2.4.8 Uniform color spaces and color differences . . .. 26
25 Colorimaging. . . ... ... ... ... ..., 32
251 Colormanagement . . ... . ... ........ 32
252 Digitd imageacquisition . . . . ... ... .. .. 37
253 Digita imagereproduction . . . .. . ... . ... 39
254 Multi-channdlimaging . . .. ........... 44
26 Conclusion . . ... ... .. . ... ... ... 46
3 Colorimetric scanner characterization 47
31 Introduction . . . ... ... ... ... 48
3.2 Characterizationmethodology . . ... ... ... .... 49
321 ReEQression . . . ... .. 50
3.2.2 Linearization of the scanner RGB values . . . . . 53
3.2.3 Choice of the approximationfunction . . . . . .. 59
33 Experimentalresults . . ... ... ... ..., . 61
331 Evauationmeasures . . ... ... ... ..... 61
332 Results . ... ... ... . 62
333 Generdization ... ................ 64

3.3.4 Comparison of results with and without character-
ization. . . .. ... 64
34 Concluson . .. ........ .. . ... ... 68
4 High quality image capture 71
41 Introduction . . . . ... ... 72
4.2 Highresolution digital cameras, areview . . . . . . .. .. 74
421 TheVASARIproject . . . ... ... ....... 74
4.2.2 Further developments under the MARC project . . 75
4.3 Experimental setup and initial calibration . . ... .. .. 76
431 Gengralsetup . . . . ... 77
432 CCDcdibration . ................. 77
4.4 Correctionalgorithms .. . . .. ... ... ... ...... 80
44.1 Lightdistribution correction . . . ... ... ... 80
4.4.2 Inter-channel registration . . . . ... ... .. .. 81
443 Colorimetriccorrection. . . . ... ... ... .. 82
45 POSt-processing . . . . .o e 83
451 Mosaicing. . . . ... 84
452 Visudization and reproduction . . . . . ... . .. 84

453 Colorimetric analysisof fine art paintings . . . . . 85



CONTENTS iX

46 Conclusion . . .. .. .. ... 85
Colorimetric printer characterization 89
51 Introduction . .. ... .. .. . .. .. ... .. 89
5.2 Methodology overview . . .. ... ... ......... 92
53 Innerstructure. . . . . .. 94

5.3.1 Delaunay triangulation of the CMY color gamut . 96
5.3.2 Transport of thetriangulationinto CIELAB space . 97

54 Surroundingstructure . . . . ... 99
5.4.1 Construction of the surrounding structure in CIE-
LABspace . .. ... ... ... ... ..., 101
5.4.2 Determination of the visibility directions . . . . . 102
5.4.3 Determination of thefictive pointsin CIELAB spacel07
5.4.4  Triangulation of the surrounding structure . . . . . 111
55 CIELAB-to-CMY transformation . . ... ... .. ... 114
55.1 Localization of aCIELAB point in the 3D structure 114
55.2 Irregular tetrahedra interpolation . . . .. .. .. 115
553 Colorgamutmapping . ... ........... 117
56 Conclusion . ............ . . . . . . ...... 118
Multispectral image acquisition: Theory and simulations 121
6.1 Introduction . .. ......... ... ... ....... 122
6.2 Spectral characterization of the image acquisition system . 123
6.2.1 Imageacquisitionsystemmodel . . .. ... ... 124
6.2.2  Spectral sensitivity function estimation . . . . . . 126
6.2.3 Discussion on spectral characterization . . . . . . 140
6.3 Spectral reflectance estimation from cameraresponses . . 142
6.3.1 Pseudo-inversesolution . .. ........... 143
6.3.2 Reconstruction exploiting a priori knowledge of
theimagedobjects . . . . ... ... ... .. .. 144
6.3.3 Evaluation of the spectral reflectance reconstruction 145
6.4 Analysisof spectral reflectancedatasets . . . . .. .. .. 145
6.4.1 Principal Component Analysis . . ... ... ... 147
6.4.2 Effectivedimension . ............... 148
6.4.3 Applicationtoreal reflectancedatasets . . . . . . 151
6.44 DisCUSSION . . . . ... 153
6.5 Choiceof theanalysisfilters . . ... ... ........ 157
6.5.1 Filter selectionmethods . . . . ... ... .. .. 157

6.5.2 Discussion . . . . ... 162



CONTENTS

6.6 Evaluationof theacquisitionsystem . . . . ... ... .. 164
6.7 Multimediaapplication: [lluminant smulation . . . . . . . 167
6.7.1 Illuminant simulation using CIELAB space . . . . 167

6.7.2  Illluminant simulation using multispectral images . 169
6.7.3 Evauation of the two illuminant simulation methods169

6.8 Concluson ... .......... ... . . . ...... 172
Multispectral image acquisition: Experimentation 175
71 Introduction . .. ... ... ... . ... ... ... .. 176
72 Equipment. ... ... ... ... 176
721 CCDcamera . . ... ........uouo... 176
7.22 Tunablefilter . . ... ... ... .. ....... 177
723 llumination. . . .. ... ... .......... 179
724 Colorchart . ... ... ... ... ... .... 180
7.3 Illumination and dark current compensation . . . . . . .. 182
74 Spectral sensitivity estimation . . . . .. ... L. 182
741 Preliminary experiment. . . . ... ... 183
742 Estimationresults. . . . ... ... ... ... .. 185
7.5 Experimental multispectral image acquisition . . . . . .. 186
751 Modd evaluation . . . . ... L 190
7.6 Recovering colorimetric and spectrophotometric image data 192
7.6.1 Model-based spectral reconstruction . . . . . . .. 192
7.6.2 Direct colorimetricregression . . . . . ... ... 198
7.7 Conclusion . ........... . . . . . ... ..., 202
Conclusions and per spectives 205
Bibliography 211
Citation index 235
Appendices
Mathematical background 243
A.1l Least mean square (LMS) error minimization . . . . . . . 243
A.1.1 1D Interpolation Functionsof degreen. . . . . . . 243
A.1.2 3D interpolation function of thefirst degree . . . . 245
A.1.3 3D interpolation function of general degreen . . . 247
A.2 Principal Component Analysis(PCA) . .. ... ... .. 248

A.3 Singular Value Decomposition(SVD) . . .. ... .. .. 252



CONTENTS Xi
A31 SvDof Joliffe(1986) . .. ... ......... 252
A32 SVDofPratt(1978) . . ... ... ........ 253
A.3.3 Applicationof theSYDtoPCA . ... ... ... 254

A.3.4 Application of the SVD to LMS minimization —
pseudoinverse. . . . . ... 256
B Color transformation by 3D interpolation 257
C Scanner characterization data 263
D Someprinter gamuts 277
E Gamut mapping techniques 289
F Bibliography on the dimensionality of spectral reflectances 293



Xii CONTENTS




List of Figures

21
22

2.3

24
25
2.6
27
2.8
29
2.10
211
212

213

214
215

2.16
217

31

Newton’s experiment with sunlight and aprism. . . . . . . 9
A simple spectral mode for the interaction between light

andsurfaces. . . . . ... 11
Normalized spectral sensitivity curves of the three differ-

enttypesofcones.. . . . . .. . ... .. 12
Human vision of areflectiveobject. . . . . .. ... ... 13
(R,G,B)-tristimulusspace. . . .. ... ... ....... 18
Principle of trichromatic color matching. . . . . . . . . .. 19
Two metamericspectra. . . . . . . . ..o 21
Relative spectral power distributions of standard illuminants. 23
CIE XYZ color matching functions. . . . . . ... . ... 25
Chromaticity diagram. . . . . . ... ... ... ..... 27
Munséll loci of constant hueand chroma. . . . . . . . .. 30
Different digital imaging devices connected to a central

COMPULES. . . . . . . o o i 33
Different digital imaging devices connectedin acolor man-

agementsystem.. . . . . ... . e 34
A typical Color Management System architecture. . . . . . 35
An example of a color management system for color fac-

simile. . . . ... 36
An ideal subtractive color reproduction system. . . . . . . 411
Comparison of ideal and readl printerinks. . . . .. .. .. 43
The scanner characterizationprocess, . . . .. .. .. .. 50



Xiv LIST OF FIGURES
3.2 Thetransformation from scanner RGB-space to CIEL AB-
space using thefunctiong'(P). . . . . ... .. ... ... 51
3.3 1D example of first and third order polynomial regression
functions. . . . . . .. . ... 52
3.4 Linearization of the scanner output values. . . . . . . . .. 54
3.5 Linearization curve with aglobal approach. . . . . . . .. 56
3.6 llustration of apiecewise linear linearization curve. . . . . 57
3.7 The linearization curves obtained with a piecewise linear
goproach. . . . ... 58
3.8 Error histograms for the FUJI IT8.7/2chart. . . . . . . .. 65
3.9 FError distribution for the FUJI IT8.7/2chart. . . . . . . .. 66
3.10 Visualization of the characterization error using the linear
regressonmethod. . . . ... .. ... ... ... ... 67
3.11 Visualization of the characterization error using the pro-
posed characterizationmethod. . . . . . ... ... .... 68
4.1 Traditional image acquisition process. . . . . . .. .. .. 72
4.2 Entirely digital image acquisitionprocess. . . . . . . . .. 72
4.3 Generd setup and CCD cdlibration. . . . .. ... .. .. 78
4.4 Characterization and correction of the CCD éelectronic gain. 79
45 Flowchart of the main dataprocessing. . . . . . . . .. .. 80
4.6 RGB misalignment by optical color dispersion. . . . . . . 82
4.7 Exampleof inter-channel registration. . . . . .. ... .. 83
4.8 Various post-processing algorithms gpplied to the acquired
CIELABimages. . . . .. ... ... ... .. ...... 84
4.9 Colorimetric analysisof “L e Forum” by Jean-Baptiste Camille
Corot. . . . . . . 86
5.1 PFrinter characterization. . . . . . . ... ... ... .... 92
5.2 Triangulated CMY color gamut cube and its corresponding
geometrically deformed CIELAB color gamut. . . . . . . 93
5.3 Octahedron surrounding the printer color gamut and the
definition domainin CIELAB space. . . . . . . .. . ... 95
5.4 2D illustrations of the no-mirrored-tetrahedron property. . 98
55 A 2D exampleof astructurewithtwo faces. . . . . .. .. 102
56 Gausssphere. . . . .. ... ... 103
5.7 Principal normal directionN ,, associated with a Gaviss sphere

portionGp. . . ... 103



LIST OF FIGURES XV

58

59

510
511
512
513
514
5.15

516
5.17

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

Intersection of the Gauss sphere and the plane defined by
theoutwardnormal. . . . . . . .. .. ... .. .. .... 104
AconecenteredonN,. . . . .. ... ... ... 106
Determination of the visibility directionD. . . . . . . .. 107
Determination of the nearest kernel point. . . . . . .. .. 108
Determination of the final surrounding structure. . . . . . . 110
Triangulation of the surrounding structure. . . . . . . . .. 112
Construction of a surrounding octahedronin CMY space. . 113
Surrounding structurein CMY space. . . . . ... .. .. 113
Tetrahedron division for interpolation. . . . . . ... ... 116
Gamut compression. . . . . . ... 118
Schematic view of the image acquisition process. . . . . . 125
Spectral sensitivities of the acquisitionsystem. . . . . . . . 128
Simulation of the acquisition system and evaluation of the
spectral characterization methods. . . . . . . . .. . ... 128
RMS sensitivity estimation error for different numbers of

bits using the pseudoinverse (Pl) method. . . . . . .. .. 131
Sensitivity estimation for different numbers of bits using

the pseudoinverse (Pl) method. . . . . . ... ....... 131
RM S sensitivity estimation error for different level s of quan-
tizationnoise. . . . . . . .. .. ... .. 133
Optimal number of PE’s for different levels of acquisition

noise and resulting RMS estimation errors. . . . . . . . .. 134
Camera sensitivity estimation using the PE method with
10and 20 PE’s, and quantizing on 10 and 8 bits. . . . . . . 135
Munsell notations and CIELAB coordinates for the chosen
Munsdl patches. . . . . .. ... ... L. 137
Camera sensitivity estimation using the PE method with

10 and 20 principal eigenvectors, with different sets of 20
reflectances. . . . . . . .. 138
PCA analysis of different sets of 20 reflectances. . . . . . 139
Reconstruction of the spectral reflectance of two pigments

from the cameraresponses using seven filters. . . . . . . . 146
An example of the singular values of the reflectance spec-

tra of the pigments of the National Gallery chart. . . . . . 149
The mean and maximal spectral reconstruction error com-

pared to the energy contained inthefirst PCs. . . . . . . . 150
Examples of reflectance spectra from the different databases.152



XVi LIST OF FIGURES
6.16 Comparison of singular values of the 5 different databases
inlogarithmicscale. . . . . .. ... ... ... ...... 155
6.17 Comparison of the accumulated energy of the different da-
tabases. . . . . . ... 156
6.18 Illustration of the computational complexity involved when
comparing all possiblefilter combinations. . . . ... .. 159
6.19 The complete chain of multi-channel image acquisition sys-
tem with the final spectral reconstructionstep. . . . . . . . 164
6.20 Anacquisition system using sevenfilters, . . ... .. .. 165
6.21 Evaluation of an acquisition system using seven filters. . . 166
6.22 Relative spectral radiances of the five illuminants used in
theexperiment. . . . . ... ... ... ... ... ... . 171
6.23 Histograms of simulation errors for the CIELAB method
and the multispectral methods using 5, 7, and 10 filters. . 172
6.24 Simulation results for a seven-channel acquisition system
with theilluminants A, F2, D50andaLPSlamp. . . . . . 173
7.1 Typical spectral sensitivity of PCO SensiCam CCD camera
asgiven by the manufacturer. . . . . . . ... ... .... 177
7.2 Spectral transmittances of the LTCF filter. . . . . . . ... 179
7.3 TheMacbeth ColorChecker Color Rendition Chart usedin
our eXperiments. . . . .. ... 181
7.4 Verification of linearity of the SensiCam CCD cameraafter
normalization for black current and lighting distribution. . 183
7.5 Comparison of real experimental camera response to the
predicted response using linear acquisition models. . . . . 184
7.6 lllustration of error induced when using awavel ength range
of400to 700nm. . . . . . . ... 185
7.7 Spectral sensitivity estimation of theimage acquisition sys-
tem consisting of a PCO SVGA SensiCam CCD camera
and atungsten halogenilluminant. . . . . . ... ... .. 187
7.8 Comparison of estimated and observed camera responses
using the different estimations . . . . . . ... ... ... 188
7.9 Nine channels of a multispectral image of the Macbeth co-
lorchecker. . . . ... .. .. ... ... .. . . .. ... 189
7.10 RMS camera response estimation errors over the 24 Mac-
beth patches using the 17 different filters. . . . . . . . .. 191
7.11 Observed and predicted camera responses for the 24 Mac-

beth patches using the 17 different filters. . . . . . . . .. 193



LIST OF FIGURES XVii

7.12
7.13
7.14
7.15

7.16

Al
A.2
A3
A4

B.1
B.2

B.3
B.4

C1l

D1

D.2

D.3

D.4

D.5

D.6

E.l
E.2

Observed and predicted camera responses using seperate

ay foreachchanndl. . . .. ... ... ... ....... 194
Spectral reconstruction with the original mode!. . . . . . . 196
Spectral reconstruction with the modified model. . . . . . 197
Spectral reconstruction of three patches from the camera

responses, with the parameter r varyingfrom1to9. . .. 198
Examples of colorimetric reconstructions using three and

seven channel images and linear regression. . . . . . . . . 200
Hlustrationof PCA. . . . . . . . . . . . ... 250
SVD according to Jolliffe. . . ... ... ... ...... 252
SVD accordingtoPratt. . . . . ... .. ... ...... 253
The matrix W containing the singular valuesof X . . . . 253
Partition of the RGB-space into cubic sub-spaces. . . . . . 259
The two possible schemes for dividing a cube into five

tetrahedrons.. . . . . . . ... ... . . 260
The division of atetrahedron into four sub-tetrahedra. . . . 261
3D tetrahedron interpolation color transformation al gorithm. 262

The AGFA 1T8.7/2 target scanned using an AGFA Arcus2
flatbedscanner. . . . . . ... ... ... ... ... ... 266
Theregular color chart used for the printer characterization
and for defining the color gamuts. . . . . . . . ... ... 278
Two views of the color gamut of the Mitsubishi S340-10
sublimationprinter. . . . . ... ... ... L. 279
Two views of the color gamut of the Epson Stylus 2 ink jet
printer using coated paper. . . . . .. ... ... .. 280
Two views of the color gamut of the Epson Stylus 2 ink jet
printer usedonglossy paper. . . . .. .. ... ... ... 281
Two views of the color gamut of the Epson Stylus 2 ink jet
printer usingnormal paper. . . . . .. . ... ... ... 282
Two views of the color gamut of the Kodak sublimation
printer . . ... 283
Gamut clippingmethods. . . . . . .. ... ... ... .. 291
Gamut compression. . . . . . ... e 292



XViii LIST OF FIGURES




List of Tables

21

31

32

3.3

6.1

6.2

6.3

6.4

6.5
6.6

Rule of thumb for the practical interpretationof AE ¥, mea-
suring the color difference between two col or patches viewed
Sidebyside. . .. ... ... .. ... ... 31

Results of the characterization methods for the AGFA Ar-
cus Il scanner, with the AGFA IT8.7/2 color chart. . . . . . 63
Results of the different characterization methods for the
AGFA Arcus |l scanner, with the FUJI IT8.7/2 color chart. 63
Results for the (p=1/3, T3, LAB) method and the AGFA
1T8.7/2 color chart using different numbers of patches for
traningandtesting. . . . . ... ... .. ... ...... 66

Signal-to-noise ratio (SNR) for different number of bits
used for quantization. . . . . . .. ... ... ... ... 130
Comparison of the results of a PCA analysis of the op-
timal/heuristic selections of Munsell patches and of the
Macbeth ColorChecker. . . . .. ... ... ....... 139
Root-mean-square spectral sensitivity estimation errorsus-
ing the different methods. . . . . . . .. ... ... .... 141
Estimation errors for the optimal/heuristic data sets rela-
tive to the results obtained when using the compl ete set of
1269Munsell chips. . . . . . . ... o 141
Accumulated energy of the different databases. . . . . . . 154
Effectivedimensions D for the different databases. . . . . 155



XX

LIST OF TABLES

6.7

6.8

6.9

7.1

7.2

7.3

7.4

Cl1

C2

D1

Comparison of key properties of the proposed filter selec-
tionmethods. . . . . ... .. ... .. .. .. ... ... 163
Comparison of the RMS spectral reconstruction error for
varying number of filters using the reconstruction operator
Q (cf. Section6.3). . . ... ... 166
Mean and maximal AE§, errors obtained for the smula-
tions of five illuminants with four different methods: CIE-
LAB space used as a color appearance model and the three
multispectral approaches using 5, 7 and 10 filters, respec-
tively. . . 170

Integration times t;, and normalization factors k, for the
17 channels of our experimental multispectral image ac-
quisition of the Macbethchart. . . . . . ... ... .... 190
Mean and maximal errors for different filter sets and dif-
ferent spectral reconstruction methods. . . . . .. .. .. 199
Resulting colorimetric reconstruction errors (using CIE il-
luminant A) using regression methods and different num-
bersoffilters, . . . . . ... ... ... ... 201
Resulting reconstruction errors (illuminant A) using com-
binatorial search to select the best set of filters among the
17 compared to the heuristic selections of Table 7.3. . . . 201

Regression polynomial coefficients for the scanner charac-
terization. . . . . . . .. 265
Scanner characterizationdata. . . . . ... ... .. ... 267

Printer RGB values and CIELAB values measured using a
SpectraScan spectrophotometer for the5 x 5 x 5 regular
color chart printed on a Mitsubishi S340-10 sublimation
printer . . ... 284



Chapter

| ntroduction

1.1 Motivation

The use of color in imaging continues to grow at an ever-increasing pace.
Every day, most peoplein the industrialized parts of the world are users of
color images that come from a wide range of imaging devices, for exam-
ple color photographs, magazines, and television at home, computerswith
color displays, and color printersin the office.

Aslong as the colors are found to be approximately as expected, peo-
ple are generally happy with their images. However, with the increased use
of color images, people’s quality requirements also have increased consid-
erably. Just afew years ago, a computer graphics system capable of pro-
ducing 256 different colors was more than enough for most users, while
today, most computersthat are sold have true colorcapabilities, being able
to produce 16.7 million?* colors.

Furthermore, several professions have particular needsfor high-quality
color images. Artists are very concerned about colors in their works, and
so are the art historians and curators studying their works. The printing,
graphic arts, and photography industries have been concerned about color
imaging for along time. Most of the color imaging standards and equip-

INote that this number represents only the number of different colors that can be specified
to the monitor (28 - 28 . 28 = 16777216); the actual number of distinguishable resulting
colors is much lower, approximately on the order of 1 million (Pointer and Attridge, 1998).
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ment used today have their roots in these industries. But the past twenty
years have seen the field of digital color imaging emerging from special-
ized scientific applicationsinto the mainstream of computing. Color isalso
extremely important in several other fields, such as the textile and clothing
industry, automotive industry, decoration and architecture.

Digital color imaging systems process el ectronic information from var-
ious sources: images may come from the I nternet, aremote sensing device,
alocal scanner, etc. After processing, a document is usually compressed
and transmitted to several places viaacomputer network for viewing, edit-
ing or printing. To achieve color consistency throughout such awidely dis-
tributed system, it is necessary to understand and control the way in which
the different devices involved in the entire color imaging chain treat col-
ors. Each scanner, monitor, printer, or other color imaging device, senses
or displays color in a different, device-dependent, way. One approach to
exchanging images between these devicesis to calibrate each color image
acquisition and reproduction device to a device-independent color space.
The exchange of images can then be donein this color space, which should
conform to international standards.

However, colors represent an important but neverthelesslimited aspect
of the objects that surround us. They correspond to the human perception
of its surface under given light conditions. For the needs of, for example,
an art curator wanting to control any changes or ageing of the materialsin
afine arts painting, or a publisher wanting extra high-fidelity color repro-
duction, it becomes necessary to provide amore complete spectral analysis
of the objects. This requires technology and devices capable of acquiring
multispectral images. A multispectral image may also be used to reproduce
animage of the object, asit would have appeared under agiven illuminant.

In this research, we have investigated severa of the aspects mentioned
above. We have developed novel algorithms for the colorimetric charac-
terization of scanners and printers providing efficient and colorimetrically
accurate means of conversion between a device-independent color space
such as CIELAB, and the device-dependent color spaces of a scanner and
a printer. Furthermore, we have developed algorithms for multispectral
image capture using a CCD camera with carefully selected optical filters.
The developed a gorithms have been used for several applications, such as
fine-arts archiving and color facsimile.
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1.2 Dissertation outline

This thesis is organized as follows. Chapter 2 provides an introduction to
light, objects, human color vision, and the interaction between them, gives
an introduction to important elements of colorimetry, and finally presents
the subject of color imaging.

In Chapter 3, a methodology for the colorimetric characterization of
color scanners is proposed. It consists of applying a non-linear correc-
tion to the scanner RGB values followed by a 3rd order 3D polynomial
regression function directly to CIELAB space. This method gives very
good results in terms of residual color differences. This is partly due to
the fact that the RM S error that is minimized in the regression corresponds
to AE,,, which iswell correlated to visual color differences. The method
has been successfully applied to several color image acquisition devices.

In Chapter 4, varioustechniquesfor the digital acquisition and process-
ing of high quality and high definition color images using a CCD camera
are developed. The techniques have been applied to fine arts paintings on
several occasions, e.g.for the making of a CDROM on the French painter
Jean-Baptiste Camille Corot (1796-1876).

A novel method for the colorimetric characterization of a printer is
proposed in Chapter 5. The method is based on a computational geom-
etry approach. It uses a 3D triangulation technique to build a tetrahedral
partition of the printer color gamut volume and it generates a surrounding
structure enclosing the definition domain. The characterization provides
the inverse transformation from the device-independent color space CIE-
LAB to the device-dependent color space CMY, taking into account both
colorimetric properties of the printer, and color gamut mapping.

We construct two 3D structures which provide us with a partition of
the space into two sets of non-intersecting tetrahedra, an inner structure
covering the printer gamut (i.e. the full set of the printable colors), and a
surrounding structure, the union of these two structures covering the entire
definition domain of the CIELAB space. These 3D structures allow usto
easily determine if a CIELAB point is inside or outside the printer color
gamut, to apply a gamut mapping technique when necessary, and then to
compute by irregular tetrahedral interpolation the corresponding CMY val-
ues. We establish thus an empirical inverse printer model. This algorithm
has been protected by a patent, and is now transferred to industry and used
in commercial color management software.

In Chapter 6, we describe a system for the acquisition of multispectral



