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Afterword

In the present book, we have provided detailed introductions to the nature,
acquisition, representation, and characterization of color images. We have
included discussions on not only images of naturally colored real-life entities,
but also images of artificially colored objects and pseudocolor images. Pre-
processing techniques to calibrate, standardize, and prepare color images for
further processing have also been described.

We have given substantial attention to the development of image-processing
methods for the removal of noise and artifacts, as well as to enhance color
images for many different purposes and towards various goals. We have also
devoted a chapter to the important topic of segmentation of color images for
the purpose of detection of specific regions or objects of interest.

In order to maintain the present book as an introductory textbook to the
fascinating subject of color image processing, we have started each chapter
with fairly simple methods that are easy to comprehend and implement; how-
ever, the results achieved by such methods can be of limited accuracy and
use. Indeed, to assist in the learning process, we have intentionally included
a few examples where some methods have not led to good results. We have
also provided details of advanced methods for each of the purposes mentioned
above. In almost all cases, we have provided adequate details in the form of
equations, flow charts, or algorithmic representations to facilitate clear under-
standing and implementation of the methods by an attentive reader. Within
each chapter, we have provided several illustrations of application of each
method using a variety of color images. In addition, we have described many
practical applications of color image-processing techniques to biomedical im-
ages of various types to address real-life problems.

On the other hand, to limit the size and complexity of the book, we have
chosen to leave aside a few advanced topics and specialized issues within the
area of color image processing. The remarks we have provided in the last
section of each chapter not only summarize the material presented in the
chapter but also lead the reader to advanced material that we have elected to
leave out of the present book; a reader interested in such material is guided to
the references provided. In addition, we have not included advanced material
on transforms and frequency-domain techniques for the analysis of vector-
valued or color images; analysis of texture in color images; and techniques for
coding, data compression, and telemedicine suitable for color images.
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We are in the process of writing a second book on advanced techniques
for color image processing with a selection of the topics that have not been
included in the present book and additional applications.

We hope that the present book assists students and researchers in their
exploration of the exciting area of color image processing.

Rangaraj Mandayam Rangayyan, Calgary, Alberta, Canada
Begoña Acha Piñero, Sevilla, España (Spain)
Maŕıa del Carmen Serrano Gotarredona, Sevilla, España (Spain)
July 2011
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for microscopic cellular image segmentation. Pattern Recognition,
42(6):1113–1125, 2009.

[229] Chaudry Q, Raza SH, Young AN, and Wang MD. Automated renal
cell carcinoma subtype classification using morphological, texture and
wavelets based features. Journal of Signal Processing Systems, 55:15–
23, 2009.

[230] Wu X, Thigpen J, and Shah SK. Multispectral microscopy and cell seg-
mentation for analysis of thyroid fine needle aspiration cytology smears.
In Proceedings of the 31st Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, pages 5645–5648, Min-
neapolis, MN, September 2009. IEEE.

[231] Teboul O, Feki A, and Dubois A. A standardized method to auto-
matically segment amyloid plaques in Congo Red stained sections from
Alzheimer transgenic mice. In Proceedings of the 29th Annual Inter-
national Conference of the IEEE Engineering in Medicine and Biology
Society, pages 5593–5596, Lyon, France, August 2007. IEEE.

[232] Takahashi M, Takayama H, Oguruma K, and Nakano M. Accuracy
improvement of nuclear position extraction of hepatic histopathologic



374 Color Image Processing

images. In Vander Sloten J, Verdonck P, Nyssen M, and Haueisen J, ed-
itors, IFMBE Proceedings 22: Proceedings of the 4th European Congress
for Medical and Biomedical Engineering, pages 790–794, Antwerp, Bel-
gium, November 23-27, 2008.

[233] Wittenberg T, Becher F, Hensel M, and Steckham DG. Image segmen-
tation of cell nuclei based on classification in the color space. In Van-
der Sloten J, Verdonck P, Nyssen M, and Haueisen J, editors, IFMBE
Proceedings 22: Proceedings of the 4th European Congress for Medical
and Biomedical Engineering, pages 613–616, Antwerp, Belgium, Novem-
ber 23-27, 2008.

[234] Kitani T, Takahashi M, and Nakano M. Extraction of fibers and nu-
clei of hepatic histopathologic specimen stained with silver and HE.
In Vander Sloten J, Verdonck P, Nyssen M, and Haueisen J, editors,
IFMBE Proceedings 22: Proceedings of the 4th European Congress for
Medical and Biomedical Engineering, pages 795–798, Antwerp, Belgium,
November 23-27, 2008.

[235] Oger M, Bonhomme P, and Gurcan MN. Classification of low resolution
virtual slides from breast tumor sections: Comparison between global
and local analysis. In Proceedings of the 31st Annual International
Conference of the IEEE Engineering in Medicine and Biology Society,
pages 6671–6674, Minneapolis, MN, September 2009. IEEE.

[236] Palcic B, MacAulay C, Shlien A, Treurniet W, Tezcan H, and Anderson
G. Comparison of three different methods for automated classification
of cervical cells. Analytical Cellular Pathology, 4:429–441, 1992.

[237] Harauz G, Chiu DKY, MacAulay C, and Palcic B. Probabilistic infer-
ence in computer-aided screening for cervical cancer: an event covering
approach to information extraction and decision rule formulation. An-
alytical Cellular Pathology, 6:37–50, 1994.

[238] Hunter CJ, Matyas JR, and Duncan NA. The three-dimensional ar-
chitecture of the notochordal nucleus pulposus: novel observations on
cell structures in the canine intervertebral disc. Journal of Anatomy,
202(3):279–291, 2003.

[239] University of California, Los Angeles, CA. The Confocal Microscope:
www.gonda.ucla.edu/ bri−core/confocal.htm, accessed April, 2002.

[240] University of British Columbia, Vancouver, BC, Canada. Introduction
to Laser Scanning Confocal Microscopy: www.cs.ubc.ca/spider/ladic/
intro.html, accessed April, 2002.

[241] Al-Kofahi KA, Lasek S, Szarowski DH, Pace CJ, Nagy G, Turner JN,
and Roysam B. Rapid automated three-dimensional tracing of neu-
rons from confocal image stacks. IEEE Transactions on Information
Technology in Biomedicine, 6(2):171–187, 2002.



References 375

[242] Dhawan AP. Medical Image Analysis. IEEE and Wiley, New York, NY,
2003.

[243] Soltys M, Beard DV, Carrasco V, Mukherji S, and Rosenman JG. FU-
SION: a tool for registration and visualization of multiple modality 3D
medical data. In Loew MH, editor, Proceedings of SPIE Medical Imag-
ing 1995: Image Processing, volume 2434, pages 74–80, San Diego, CA,
February 1995. SPIE. doi:10.1117/12.208680.

[244] Spadola L, Rosset A, Seeger L, Motamedi K, and Ratib O. Color Fu-
sion MRI: An effective technique for image visualization in a variety
of clinical applications. In Ratib OM and Horii SC, editors, Proceed-
ings of SPIE Medical Imaging 2005: PACS and Imaging Informatics,
volume 5748, pages 463–469, San Diego, CA, February 2005. SPIE.
doi:10.1117/12.594643.

[245] Saalbach A, Twellmann T, Nattkemper TW, White MJ, Khazen M, and
Leach MO. Visualization of multivariate image data using image fusion
and perceptually optimized color scales based on sRGB. In Galloway, Jr.
RL, editor, Proceedings of SPIE Medical Imaging 2004: Visualization,
Image-Guided Procedures, and Display, volume 5367, pages 550–557,
San Diego, CA, February 2004. SPIE. doi:10.1117/12.534419.

[246] Canosa RL and Baum KG. Modeling decision-making in single-
and multi-modal medical images. In Sahiner B and Manning DJ,
editors, Proceedings of SPIE Medical Imaging 2009: Image Per-
ception, Observer Performance, and Technology Assessment, volume
7263, pages 72630J:1–12, San Diego, CA, February 2009. SPIE.
doi:10.1117/12.811053.

[247] Aguilar M and Garrett AL. Biologically-based sensor fusion for medical
imaging. In Dasarathy BV, editor, Proceedings of SPIE Sensor Fusion:
Architectures, Algorithms, and Applications V, volume 4385, pages 149–
158. SPIE, 2001. doi:10.1117/12.421102.

[248] Levkowitz H and Herman GT. Color scales for image data. IEEE
Computer Graphics and Applications, 12(1):72–80, 1992.

[249] Trumbo BE. A theory for coloring bivariate statistical maps. The
American Statistician, 35(4):220–226, 1981.

[250] Xu Y, Duric N, Li C, Lupinacci J, Schmidt S, and Glide-Hurst C. A
study of 3-way image fusion for characterizing acoustic properties of
breast tissue. In McAleavey SA and D’hooge J, editors, Proceedings of
SPIE Medical Imaging 2008: Ultrasonic Imaging and Signal Processing,
volume 6920, pages 692014–1:8, San Diego, CA, February 2008. SPIE.
doi:10.1117/12.772045.

[251] Baum KG, Schmidt E, Rafferty K, Helguera M, Feiglin DH, and Krol
A. Investigation of PET/MRI image fusion schemes for enhanced breast



376 Color Image Processing

cancer diagnosis. In Proceedings of the IEEE Nuclear Science Sympo-
sium, volume 5, pages 3774–3780, October 2007.

[252] Baum KG. Multimodal Breast Imaging: Registration, Visualization,
and Image Synthesis, Ph.D. Degree Dissertation. Rochester Institute of
Technology, Rochester, NY, 2008.

[253] Baum KG, Helguera M, and Krol A. A new application for displaying
and fusing multimodal data sets. In Azar FS, editor, Proceedings of
SPIE Multimodal Biomedical Imaging II, volume 6431, pages 64310Y:1–
10. SPIE, 2007. doi:10.1117/12.702153.

[254] Huda W and Slone R. Review of Radiologic Physics. Williams and
Wilkins, Baltimore, MD, 1995.

[255] Rabbia C. Color Doppler sonography of limb arteries. European Radi-
ology, 11:1535–1556, 2001.
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[273] Roa L, Gómez-Ćıa T, Acha B, and Serrano C. Digital imaging in remote
diagnosis of burns. Burns, 25(7):617–624, 1999.

[274] Haeghen YV, Naeyaert JMAD, Lemahieu I, and Philips W. An imaging
system with calibrated color image acquisition for use in dermatology.
IEEE Transactions on Medical Imaging, 19(7):722–730, 2000.



378 Color Image Processing

[275] Maglogiannis I and Kosmopoulos DI. A system for the acquisition of
reproducible digital skin lesions images. Technology and Health Care,
11(6):425–441, 2003.

[276] Serrano C, Acha B, and Sangwine SJ. Colorimetric calibration of images
of human skin captured under hospital conditions. In Hernández-Andrés
J, editor, Proceedings of the 10th Congress of the International Colour
Association AIC, volume 1, pages 773–776, Granada, Spain, 2005.

[277] Astola J, Haavisto P, and Neuvo Y. Vector median filter. Proceedings
of the IEEE, 78:678–689, 1990.

[278] Trahanias PE and Venetsanopoulos AN. Vector directional filters: a
new class of multichannel image processing filters. IEEE Transactions
on Image Processing, 2:528–534, October 1993.

[279] Tang K, Astola J, and Neuvo Y. Nonlinear multivariate image filtering
techniques. IEEE Transactions on Image Processing, 4:788–798, June
1995.

[280] Pitas I and Tsakalides P. Multivariate ordering in color image filter-
ing. IEEE Transactions on Circuits and Systems for Video Technology,
1:247–259, September 1991.

[281] Dougherty ER and Astola J. An Introduction to Nonlinear Image Pro-
cessing. SPIE, Bellingham, WA, 1994.

[282] Pitas I and Venetsanopoulos AN. Order statistics in digital image pro-
cessing. Proceedings of the IEEE, 80:1893–1923, 1992.

[283] Pitas I. Marginal order statistics in color image filtering. Optical Engi-
neering, 29:495–503, May 1990. doi:10.1117/12.55618.

[284] Nikolaidis N and Pitas I. Multichannel L-filters based on reduced order-
ing. IEEE Transactions on Circuits and Systems for Video Technology,
6:470–482, October 1996.

[285] Hardie RC and Arce GR. Ranking in Rp and its use in multivariate im-
age estimation. IEEE Transactions on Circuits and Systems for Video
Technology, 1:197–209, 1991.

[286] Karakos DG and Trahanias PE. Generalized multichannel image-
filtering structures. IEEE Transactions on Image Processing, 6:1038–
1045, July 1997.

[287] Viero T, Oistamo K, and Neuvo Y. Three-dimensional median-related
filters for color image sequence filtering. IEEE Transactions on Circuits
and Systems for Video Technology, 4(2):129–142, 208–210, 1994.

[288] Lee YH and Kassam SA. Generalized median filtering and related non-
linear filtering techniques. IEEE Transactions on Acoustics, Speech,
and Signal Processing, ASSP-33:673–683, June 1985.



References 379

[289] Trahanias PE, Karakos D, and Venetsanopoulos AN. Directional pro-
cessing of color images: theory and experimental results. IEEE Trans-
actions on Image Processing, 5:868–880, June 1996.

[290] Plataniotis KN, Androutsos D, Vinayagamoorthy S, and Venetsanopou-
los AN. Color image processing using adaptive multichannel filtering.
IEEE Transactions on Image Processing, 6:933–949, July 1997.

[291] Fotopoulos S and Economou G. Multichannel filters using composite
distance metrics. Proceedings IEEE Workshop on Nonlinear Signal Pro-
cessing, pages 503–506, 1995.

[292] Plataniotis KN, Androutsos D, Vinayagamoorthy S, and Venetsanopou-
los AN. A nearest-neighbor multichannel filter. Electronics Letters,
pages 1910–1911, 1995.

[293] Duda RO, Hart PE, and Stork DG. Pattern Classification. Wiley, New
York, NY, 2nd edition, 2001.

[294] Fukunaga K. Introduction to Statistical Pattern Recognition. Academic,
San Diego, CA, 2nd edition, 1990.

[295] Ciuc M, Rangayyan RM, Zaharia T, and Buzuloiu V. Filtering noise in
color images using adaptive-neighborhood statistics. Journal of Elec-
tronic Imaging, 9(4):484–494, 2000. doi:10.1117/1.1289772.

[296] Gordon R and Rangayyan RM. Feature enhancement of film mam-
mograms using fixed and adaptive neighborhoods. Applied Optics,
23(4):560–564, February 1984.

[297] Morrow WM, Paranjape RB, Rangayyan RM, and Desautels JEL.
Region-based contrast enhancement of mammograms. IEEE Transac-
tions on Medical Imaging, MI-11:392–406, 1992.

[298] Paranjape RB, Morrow WM, and Rangayyan RM. Adaptive neighbor-
hood histogram equalization for image enhancement. CVGIP: Graphical
Models and Image Processing, 54:259–267, 1992.

[299] Paranjape RB, Rangayyan RM, and Morrow WM. Adaptive neigh-
borhood mean and median filtering. Journal of Electronic Imaging,
3:360–367, October 1994. doi:10.1117/12.180118.

[300] Paranjape RB, Rabie TF, and Rangayyan RM. Image restoration by
adaptive neighborhood noise subtraction. Applied Optics, 33:1861–1869,
May 1994.

[301] Rangayyan RM and Das A. Filtering multiplicative noise in images
using adaptive region-based statistics. Journal of Electronic Imaging,
7:222–230, 1998. doi:10.1117/1.482640.



380 Color Image Processing

[302] Rangayyan RM, Ciuc M, and Faghih F. Adaptive-neighborhood filtering
of images corrupted by signal-dependent noise. Applied Optics, 37:4477–
4487, 1998.

[303] Yin HB, Fang XZ, Wei Z, and Yang XK. An improved motion-
compensated 3-D LLMMSE filter with spatio-temporal adaptive filter-
ing support. IEEE Transactions on Circuits and Systems for Video
Technology, 17(12):1714–1727, 2008.

[304] Lim JS. Two-dimensional Signal and Image Processing. Prentice-Hall,
Englewood Cliffs, NJ, 1990.

[305] The Math Works Inc., Natick, MA. Image Processing Toolbox for use
with MATLAB: User’s Guide, 2nd edition, 1997.

[306] Rangayyan RM, Alto H, and Gavrilov D. Parallel implementation
of the adaptive neighborhood contrast enhancement technique using
histogram-based image partitioning. Journal of Electronic Imaging,
10:804–813, 2001. doi:10.1117/1.1382810.

[307] Starck JL, Candès EJ, and Donoho DL. The curvelet transform for
image denoising. IEEE Transactions on Image Processing, 11(6):670–
684, June 2002.

[308] Starck JL, Murtagh F, Candès EJ, and Donoho DL. Gray and color
image contrast enhancement by the curvelet transform. IEEE Transac-
tions on Image Processing, 12(6):706–717, June 2003.

[309] Gilboa G, Sochen N, and Zeevi YY. Forward-and-backward diffusion
processes for adaptive image enhancement and denoising. IEEE Trans-
actions on Image Processing, 11(7):689–703, July 2002.

[310] Kimmel R, Malladi R, and Sochen N. Images as embedded maps and
minimal surfaces: Movies, color, texture, and volumetric medical im-
ages. International Journal of Computer Vision, 39(2):111–129, 2000.

[311] Desbrun M, Meyer M, Schroder P, and Barr AH. Anisotropic feature-
preserving denoising of height fields and bivariate data. In Proceedings
of Graphics Interface, 2000, pages 145–152, Montreal, PQ, Canada,
May 2000.

[312] Tang B, Sapiro G, and Caselles V. Color image enhancement via chro-
maticity diffusion. IEEE Transactions on Image Processing, 10(5):701–
707, May 2001.

[313] Sochen N, Kimmel R, and Malladi R. A general framework for low level
vision. IEEE Transactions on Image Processing, 7(3):310–318, March
1998.

[314] Wheeler M and Zmuda MA. Processing color and complex data us-
ing mathematical morphology. In Proceedings of the IEEE National



References 381

Aerospace and Electronics Conference, NAECON 2000, pages 618–624,
Dayton, OH, 2000. IEEE.

[315] Sartor LJ and Weeks AR. Morphological operations on color
images. Journal of Electronic Imaging, 10(2):548–559, 2001.
doi:10.1117/1.1353199.

[316] Comer M and Delp E. Morphological operations for color im-
age processing. Journal of Electronic Imaging, 8(3):279–289, 1999.
doi:10.1117/1.482677.

[317] Al-Otum HM. Morphological operators for color image processing based
on Mahalanobis distance measure. Optical Engineering, 42(9):2595–
2606, September 2003. doi:10.1117/1.1594727.

[318] Al-Otum HM and Uraikat MT. Color image morphology using an adap-
tive saturation-based technique. Optical Engineering, 43(6):1280–1292,
June 2004. doi:10.1117/1.1689974.

[319] Jin L, Liu H, Xu X, and Song E. Quaternion-based color image fil-
tering for impulsive noise suppression. Journal of Electronic Imaging,
19(4):043003:1–12, 2010. doi:10.1117/1.3491498.

[320] Blomgren P and Chan TF. Color TV: total variation methods for
restoration of vector-valued images. IEEE Transactions on Image Pro-
cessing, 7(3):304–309, March 1998.

[321] Barrett HH and Swindell W. Radiological Imaging – Volumes 1 and 2.
Academic, New York, NY, 1981.

[322] Neofytou MS, Tanos V, Pattichis MS, Pattichis CS, Kyriacou EC, and
Pavlopoulos S. Color based texture-classification of hysteroscopy images
of the endometrium. In Proceedings of the 29th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society,
pages 864–867, Lyon, France, August 2007. IEEE.

[323] Thomas BA, Strickland RN, and Rodŕıguez JJ. Color image enhance-
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[328] Rodŕıguez JJ and Yang CC. High-resolution histogram-modification
of color images. Graphical Models and Image Processing, 57:432–440,
1995.

[329] Weeks AR, Sartor LJ, and Myler HR. Histogram specification of 24-
bit color images in the color difference (C–Y) color space. Journal of
Electronic Imaging, 8(3):290–310, 1999. doi:10.1117/1.482715.

[330] Weeks AR, Sartor LJ, and Myler HR. Histogram specification of 24-bit
color images in the color difference (C–Y) color space. In Dougherty
ER and Astola JT, editors, Proceedings of SPIE on Nonlinear Im-
age Processing X, volume 3646, pages 319–329. SPIE, March 1999.
doi:10.1117/12.341098.

[331] Trahanias PE and Venetsanopoulos AN. Color image enhancement
through 3-D histogram equalization. Proceedings of the 11th IAPR In-
ternational Conference on Pattern Recognition, pages 545–548, 1992.
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