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Course Abstract

The introduction of raster graphics technology has made color an integral part of com-
puter graphics. Since color first appeared much practical information has been assembled
by the computer graphics community about how to calibrate color reproduction devices
and use color effectively in computer graphics applications. This tutorial will bring this
information together and present it at an introductory level to SIGGRAPH attendees.

The first third of the tutorial will be an introduction to color perception and color
measurement. Color will be presented as a sensation that depends not only upon the
wavelength composition of the light reaching the eye, but also upon such dimensions
of the stimulus as spatial distribution and time variation. The physiology of the human
color vision system that has evolved to process the light reaching the eye will be reviewed,
and the color naming conventions that have been adopted to describe our response to the
color stimulus will be discussed. Color science will be introduced as a color measurement
system that can be used to solve color reproduction problems.

The second third of the tutorial will be an overview of additive and subtractive color
reproduction techniques. The emphasis will be on practical calibration procedures that
the attendees can use to obtain satisfactory color reproduction on the most commonly
available color reproduction devices. Color television colorimetry will be presented, and
the techniques necessary for basic monitor calibration will be covered. The nonlinear
nature of subtractive color reproduction systems used in film and printing will be dis-
cussed, and recently developed procedures for calibrating these types of media will be
described. The thorny problem of obtaining satisfactory color hard copy from a color
television picture will be addressed.

The final third of the tutorial will take a look at two different ways of generating color
in computer graphics. First, color synthesis as part of realistic image production will be
discussed. The causes of the colors in nature that one might want to synthesize will be
reviewed, and techniques for efficiently computing the spectral energy distributions that
are necessary to create these colors will be described. Second, the selection of color for
user interfaces will be covered. To accomplish this, color appearance issues will be re-
examined, the criteria for selecting colors will be discussed, and techniques for controlling
color will be introduced.



Speaker Biographies

William B. Cowan
Department of Computer Science
University of Waterloo

Waterloo, Ontario N2L 3Gl
CANADA

William Cowan is currently an associate professor in the Computer Science Depart-
ment and director of the Computer Graphics Laboratory at the University of Waterloo.
He received a PhD in statistical physics from McGill Univeristy in 1976, then learned
colour psychophysics while working with the late Gunter Wyszecki at the National Re-
search Council of Canada. He has been at the Univeristy of Waterloo since July 1988.
His research interests lie mainly in areas of colour and computer graphics, colour appear-
ance, colour reproduction, colour design, colour standards and image quality. In addition
he actively works on operating systems and programming principles for multi-processor
real-time systems, one of which is the human brain. His particular interest is the devel-
opment of the architecture of the visual cortex. In his spare time he lives beside a lake
with one wife, three children and no dog.

Gary W. Meyer

Department of Computer and Information Sdence
University of Oregon

Eugene, OR 97403

Gary Meyer is an assistant professor in the department of computer and information
sctence at the University of Oregon. His research interests include color reproduction and
color selection for the human-computer interface, perceptual issues related to synthetic
image generation, and the application of computer graphics to scientific computing.

Meyer has been a member of the technical staff at Bell Telephone Laboratories. He
has received a BS from the University of Michigan, an MS from Stanford University, and
a PhD from Cornell University.



Maureen C. Stone

Xerox Palo Alto Research Center
3333 Coyote Hill Road

Palo Alto, CA 94304

Maureen C. Stone is a member of the research staff in the Electronic Documents
Laboratory at the Xerox Palo Alto Research Center, where she has worked for the last
10 years. Her professional interests are color, color reproduction, spline curves and in-
teractive graphics. She recently spent six months on sabbatical leave at the computer
Graphics Laboratory at the Univeristy of Waterloo.

Brian A. Wandell
Department of Psychology

Stanford University
Stanford, CA

Brian Wandell is a Professor in the Psychology Department at Stanford University,
where he has taught for the last ten years. He is an editor of Vision Research, a member
of the Association for Research in Vision and Opthalmology, the IEEE, and the Optical
Society of America. He has worked on theoretical topics regarding the estimation of
surface and light wavelength functions in computer vision, and he has done a variety of
empirical investigations in spatial pattern vision, color discrimination, and color appear-
ance. He shared the 1986 Troland Research Award from the U.S. National Academy of
Sciences for his work in color vision.

iv



Table of Contents

Color Perception (Wandell) ............cooiiiiiiiiiiiiiiiiiiiiii i 1-1
1. Foundations of Color Science ........cvoiieiiiiirniiiiiirereereninriesvenncnns 1-3
1.1 The Character of Light .......ccoiviiiiiiiiiiiiiiiiii i 1-3
1.2 Color Matching ........covviiiiiniiiieiosrnaiiiiiiiieiioresinninarnesns 1-5
1.3 The Physiology of Color Matching ..........coiiviiiiiiiiiiiineiiinnnen, 1-9
1.4 Color APpPearance ........c.cvueiierarneeonsronieesrneosaronsonssencaanens 1-11
1.5 Classical Theories of Color Appearance .............cccovivnveanenennnn. 1-14
1.6 References ........ooiiiiiiiii ittt et 1-17
Color Constancy and the Natural Image ...............coiiiiiiiiiiiinnennn.. 1-21
(reprinted from Physica Scripta)
Color Rendering of Color Camera Data ...................... e eeieereeaaes 1-27
(reprinted from Color Research and Application)

Color Measurement (Stone) .............ooiiiiiiiiiiiiiiiiirieraiaicieannen. 2-1
2. Color Measurement ..........cc.ioeiminieniirrienioenerasencneenenncnnrennns 2-3
2.1 Introduction ........covviiiiiinrien it it e i 2-3
2.2 The Color Stimulus ........ ..o it iiiriearaeiareneanens 2-3
2.3 Trichromatic Generalization ...........c.ciiiiiiiiiiiiiiiiiiiiiiienieannns 2-3
2.4 Color Matching Functions .............coooiiiiiiiiiiiiiiiiiiiiiiinnn, 2-5
2.5 Chromaticity Coordinates ...........ccovvvviieninarnanianns R 2-5
26 CIE Standards .........c.cviiiiierieniiietanneannnennnenneenarecnncsonss 2-6
2.7 CIE Color Difference Formulas ...........ccoiiiiiiiiiiiiiiiiiiiiiinninns 2-7

P B 511 7 A 2-9
2.9 ConcluSIOnS .......c.vevieiiiiiiiieeiieteetiartasneariataranararararaas 2-9
2.10 Acknowledgements ...l 2-10
Color Reproduction (Stone) ........c.coiiiiiiiiiiiiiiiivrernrerenrearannnans 3-1
3. Color Representation and Reproduction ............c.coiiiiiiiiiiiiiiienen 3-3
3.1 Introduction ......ccoviiiiiiriiii it ittt ittt e 3-3
3.2 Colorimetric Color Reproduction ...........cocovieniiriiiiiniaiiinennes 34
3.3 Device Characterization ...........cooiioiiieniarvnrnceneaneaneneantoenns 3-5
3.4 Gamut Mapping ......ccveiiiiiiiriieiinieiriiieiiraiiisicrareiearenens 3-6
3.0 DISCUSSION ......cciiiiiir it iiiiiittteiitentiean e et aanns 3-7
3.6 Conclusion .....oovvviieireereerearniarecetonissetoansnresensnrncnssosnss 3-8
3.7 Acknowledgments ...........cccoiiiiiiiiiiiiii i e 3-8
3.8 References ......coovvvvviivrenieie e ietenenrrnsaaracanrenreaoares 3-9



Color Television (Meyer) .......ccciiiiiiiiiiiriritesinsrienerieeieaeneracans 4-1
4. Additive Color Systems: Television ...........c.ccciiiiiiiiiiiiiiiiinennnnnn. 4-3
4.1 Introduction ..................lll e eretreeariesttesiia i 4-3
4.2 Monitor Colorimetry ......coiveieiiiiiiieiiiaiaeiecirerisnssnsarocnennns 4-3
4.3 Monitor Calibration .........cciiiiiieiiieiierinioeinreneiossrnnseennnens 4-9
4.4 Comparison of Calibration Techniques .................c...ciiiiiiiiie. 4-12
4.6 Acknowledgements .......... ... i 4-13
4.T References .......c.iiiiiiiiiioniiiineniseceasenosaneronsnorsnssonconnos 4-13
Tutorial on Color Science .........civiiviiinienniniieiiiiie it 4-15
(reprinted from The Visual Computer)
Methods of Colorimetric Calibration ............cocvviiiiiiiiiiiiiiiiiinnen, 4-30
(notes from Optical Society of America short course)
Setting Chromaticity and Luminance for White .................cooiiiiinat, 4-51
(SMPTE recommended practice)
Color Hardcopy (Stone) ........c.ciuiiiiiiiiiiiiii i iariieiaisiearoaaesss 5-1
5. Subtractive Color Systems: Printand Film ...............c.iiiiiiiiiiiaen, 5-3
5.1 Introduction ........ooiuiiiiiiiiiiii it i i 53
5.2 Introduction to Subtractive Color Systems ..................... ..ol 5-3
5.3 Subtractive Colorimetry .........c.cciiiiiriiiiieiiineerinencnanrnerncnss 5-4
5.4 Subtractive Color Reproduction ...........cccciiiiiiiiiiiiiiiininnsn. vee. o4
5.5 Color Printing for Computer Graphics ............coviviviiiiiiiniinan 5-6
Color Printing for Computer Graphics ........c.coviiiiiiiiiiiiiiiininnnian... 57
(Xerox PARC technical report)
Color Synthesis (Meyer) .........c.ooiiiiiiiiiiii it aiaa e i e reaararanasns 6-1
6. Spectral Phenomena for Realistic Imaging ..............cooviiiiiinn.n. 6-3
6.1 Introduction ......... ...t ittt 6-3
6.2 EMission ......c.ciuiiiiniiiiiiiiiii et aeriree et ataaaaaas 6-3
6.3 Refraction ........coiiiiiiiiiiiiiiiii it et e et 6-5
6.4 Scattering .....cooviiiiiiiiiiiiiei ittt ettt e et raerraraaes 6-7
6.5 Interference .............cciiiiiiiiiiiiiiiiiiiaa B P 6-8
6.6 Diffraction ...ttt e et 6-9
6.7 Wavelength Selection ............coiiiiiiiiiiiii e 6-9
6.8 Conclusions ......coviiieiiiiiiiiiiiiiiei ittt i 6-10
6.9 References .......ccoiiiuiiiiiiiiiiiiiiiiiiiiiii et i it caeiiiaeaas 6-11
Wavelength Selection for Synthetic Image Generation ......................... 6-13

(reprinted from Computer Vision, Graphics, and Image Processing)

vi



Color Selection (Cowan) .......c..vvviiiiiiiiiiniiiiiieieetieiiirienrrorsennans 7-1

7. Colour Selection for User Interfaces ..............vvvvurinneeninineaiannnnnn. 7-3
T1Introduction ...... ... iiiiiii ittt 7-3
7.2 Printing (Reflective Hard Copy Medja) .................................. 7-4
7.3 Soft Copy Media (the CRT) .......coimiiiriiiiii i iecieenenens 7-6
7.4 Novel Display Surfaces ..........ccooiiiiiiiiiiiii it iienenes 7-8
7.5 INclusions ..ottt i i i i e ettt 7-8
7.6 References ... ...ooiiiiieniiiiiieiiiiiiieeeienieeiaernanaaens e 7-8

Adding Colour to the Workstation Environment ..............coiveiviviennnnn.. 7-9

(Graphics Interface conference paper)
Using Colour and Colour Design ...........ccooiviiiiiiiniiiiiriinanenenn.n. 7-23

(notes from University of Waterloo graphics class)



