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Digital Image Processing
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FIGURE 1.1 A
digital picture
produced in 1921
from a coded tape
by a telegraph
printer with
special type faces.
(McFarlane.")
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FIGURE 1.2 A
digital picture
made in 1922
from a tape
punched after the
signals had
crossed the
Atlantic twice.
(McFarlane.)
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FIGURE 1.3
Unretouched
cable picture of
Generals Pershing
and Foch,
transmitted in
1929 from
London to New
York by 15-tone
equipment.
(McFarlane.)
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FIGURE 1.4 The
first picture of the
moon by a US.
spacecraft. Ranger
7 took this image
on July 31, 1964 at
9:09 AM. EDT,
about 17 minutes
before impacting
the lunar surface.
(Courtesy of
NASA.)
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FIGURE 1.5 The electromagnetic spectrum arranged according to energy per photon.
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FIGURE 1.6
Examples of
gamma-ray
imaging. (a) Bone
scan. (b) PET
image. (¢) Cygnus
Loop. (d) Gamma
radiation (bright
spot) from a
reactor valve.
(Images courtesy
of (a) G.E.
Medical Systems,
(b) Dr. Michael
E. Casey, CTI
PET Systems,

(c) NASA,

(d) Professors
Zhong He and
David K. Wehe,
University of
Michigan.)
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ag FIGURE 1.7 Examples of X-ray imaging. (a) Chest X-ray. (b) Aortic angiogram. (c) Head
b CT. (d) Circuit boards. (¢) Cygnus Loop. (Images courtesy of (a) and (¢) Dr. David
c e R Pickens, Dept. of Radiology & Radiological Sciences, Vanderbilt University Medical
Center; (b) Dr. Thomas R. Gest, Division of Anatomical Sciences, University of Michigan
Medical School: (d) Mr. Joseph E. Pascente, Lixi. Inc.:and (¢) NASA.)
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FIGURE 1.8
Examples of
ultraviolet
imaging.

(a) Normal corn.
(b) Smut corn.
(¢) Cygnus Loop.
(Images courtesy
of (a) and

(b) Dr. Michael
W. Davidson,
Florida State
University,

(c) NASA)
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FIGURE 1.9 Examples of light microscopy images. (a) Taxol (anticancer agent),

magnified 250%. (b) Cholesterol—40%, (¢) Microprocessor—60%, (d) Nickel oxide

thin film—600x. (¢) Swrface of audio CD—1750%. (f) Organic superconductor—

450, (Images courtesy of Dr. Michael W. Davidson, Florida State University.)
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Band No. Name Wavelength (pum) Characteristics and Uses | yap1F 1.1

1 Visible blue 0.45-0.52 Maximum water Thematic bands
penctration in NASA’s

2 Visible green 0.52-0.60 Good for measuring plant LANDSAT
vigor satellite.

3 Visible red 0.63-0.69 Vegetation diserimination

4 Near infrared 0.76-0.90 Biomass and shoreline
mapping

5 Middle infrared 1.55-1.75 Moisture content of soil
and vegetation

6 Thermal infrared 104-125 Soil moisture; thermal
mapping

7 Middle infrared 2.08-2.35 Mineral mapping
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FIGURE 1.10 LANDSAT satellite images of the Washington, D.C. arca. The numbers refer to the thematic
bands in Table 1.1. (Images courtesy of NASA.)
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FIGURE 1.11
Satellite image
of Hurricane
Katrina taken on
August 20, 2003.
(Courtesy of
NOAA.)
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FIGURE 1.12
Infrared satellite
images of the
Americas, The
small gray map is
provided for
reference.
(Courtesy of

NOAA.)
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FIGURE 1.13
Intrared satellite
images of the
remaining
populated part of
the world. The
small grav map is
provided for
reference.
(Courtesy of
NOAA.)
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FIGURE 1.14
Some examples
of manufactured
goods often
checked using
digital image
processing.

(a) A circuit
board controller.
(b) Packaged pills.
(c) Bottles.

(d) Air bubbles
in a clear-plastic
product.

(e) Cereal.

(f) Image of
intraocular
implant.

(Fig. (f) courtesy
of Mr. Pete Sites,
Perceptics
Corporation.)

: FIGURE1.15
Some additional
examples of
imaging in the
visual spectrum.
(a) Thumb print.
(b) Paper
currency. (¢) and
(d) Automated
license plate
reading.

(Figure (a)
courtesy of the
National Institute
of Standards and
Technology.
Figures (c) and
(d) courtesy of
Dr. Juan Herrera,
Perceptics
Corporation.)
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FIGURE 1.16
Spaceborne radar
image of

mountains in
southeast Tibet.
(Courtesy of
NASA.)
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FIGURE 1.17 MRI images of a human (a) knee, and (b) spine. (Image (a) courtesy of
Dr. Thomas R. Gest, Division of Anatomical Sciences, University of Michigan Medical
School, and (b) Dr. David R. Pickens, Department of Radiology and Radiological Sci-
ences, Vanderbilt University Medical Center.)
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FIGURE 1.18 Images of the Crab Pulsar (in the center of images) covering the electromagnetic spectrum.

(Courtesy of NASA.)
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FIGURE 1.19

(Courtesy of
Dr. Curtis Ober,
Sandia National
Laboratories. )

G o b 2T bl Vs (5 5T/ 5 Lais) 0 ks 5k U el ¢ 19,1 K2l 3

C bl 32 Bl il 35 Sle gl ) Slads Ll 6T Bz 3kl G ) OV e

WYl an 20,1 K2 £, 25t 3 dded ey Lyl | 0ol JULYI , ps FRCRIRTE RS My
A pdl G Ol el o

ab
cd

FIGURE 1.20
Examples of
ultrasound
imaging. (a) Baby.
(2) Another view
of baby.

() Thyroids.

(d) Muscle layers
showing lesion.
(Courtesy of
Siemens Medical
Systems, Inc.
Ultrasound
Group.)
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Outputs of these processes generally are images

CHAPTER 6

Color image

CHAPTER 7
Wavelets and
multiresolution

CHAPTER §

Compression

CHAPTER 9

Morphological

processing. processing
processing
[
CHAPTER § CHAPTER 10
Image Segmentation
restoration
CHAPTER CHAPTER 11
Image Knowledge hase L) Representation
filtering and & description
enhancement
CHAPTER 2 CHAPTER
Problem | ™=¢ Obieet
domain acquisition recognition
22.1 v
.
Network
displays = Computer Mass storage
Specialized ;
Hardeopy image processing processing
N ) = software
hardware

i

Image sensors

i

Problem
domain

23.1 K&

FIGURE 1.23
Fundamental
steps in digital
image processing.
The chapter(s)
indicated in the
boxes is where the
material
described in the
box is discussed.

Outputs of these processes generally are image attributes

FIGURE 1.24
Components of a
general-purpose
image processing
system.
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FIGURE 2.4
Range of

subjective
brightness
sensations
showing a

Glare limit—— | —-—-———
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Log of intensity (mL)
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FIGURE 2.5 Basic
experimental

I+ Al setup used to

characterize
brightness
discrimination.

4.2 K

15K G oy dble AT 5503 ;ﬁ} 13) el b 2y K2 e bl O] cATcasla Y asL &éL'a\‘(*s
AT %d s bt ¢ 3l "o Lz 15, &I o 5 ¢ 3T Bl o LY K U ¢
(3 I o " Bl Al G o ¢ 267 Ty 38
gy el Lo Gy T s Belio] me S8 1 e 7. 50 By Jpecll W) Bela Y1 350 Al a2t A S
ey 5.2 K2 o 2 e S o 4] ol oS0 BB 3 Uil U o £/1 ) 5] 20 5
« logl J GV{ IC/IJT;-L,,

FIGURE 2.6
05— — Typical Weber
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FIGURE 2.7
Ilustration of the
Mach band effect.
Perceived
intensity is not a
simple function of
actual intensity,

Actual intensity

Perceived intensity
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FIGURE 2.8 Examples of simultancous contrast. All the inner squares have the same n-
tensity, but they appear progressively darker as the background becomes lighter.
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FIGURE 2.9 Some
well-known

optical illusions
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FIGURE 2.10 The electromagnetic spectrum. The visible spectrum is shown zoomed to facilitate explanation,
e spec i i EM

trum is a rather narrow portion of the EM spectrum.
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FIGURE 2.11 —————

Greaphical
representation of
one wavelength.
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FIGURE 2.12

(a) Single imaging
SENSOT.

(b) Line sensor.
(e} Array sensor.
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FIGURE 2.13
/ / \ Combining a
‘ i Q ll'l‘ single sensor with
Sensor otation motion to
\ __\}9 \ \ / generate a 2-D
! ,ALLE’ - . image.

[
Linear motion
*= One image line out
per increment of rotation
and full linear displacement
of sensor from left to right
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FIGURE 2.14 {a) Image acquisition using a linear s strip. (b} Image acquisition using a circular sensor sh
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Output {digitized) image
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ement of a scene. {c) I nging . (i ne. (e) Digitized image.
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FIGURE 2.16
Generating a
digital image.

(a) Continuous
image. (b) A scan
line from A to B
in the continuous
image, used to
illustrate the
concepts of
sampling and
quantization

(c) Sampling and
quantization.

(d) Digital

scan line.
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FIGURE 2.18

(a) Image plotted
as a surface.

(b) Image
displayed as a
visual intensity
array.

(c) Image shown
asa2-D
numerical array
(0,.5,and 1
represent black,
gray, and white,
respectively).
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FIGURE 2.19 An
image exhibiting
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intensity levels are
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TABLE 2.1

Number of storage bits for various values of N and k.
Nk 1iL=2 2L=4 3L=8 4L=16 5(L=3 6(L=6) TiL =128 8. =256
32 1.024 248 3072 41095 5,120 6144 7168 8,192
64 4,005 &102 12,258 16.384 20480 24578 28672 32,768
128 16384 32,7R8 449,152 65530 81,920 O34 114,685 131,072
256 05,530 31072 194,608 262,144 327,680 303216 458,752 524288
512 262,144 524,288 TE6A3Z  LO4BSTG 1310720 L3TZEGY 1835008 2,097,152
1024 LO4ESTE 2007132 3145728 4194504 5242880 6201456 30032 8385608
2 4194504 HAA60E 125882012 16777216 209715200 25.16A5.824 20360128 33554432
406 16TTT2I6 33554432 S0331Led48 67108864 BAESA080 100663296 117440512 134217728
8192 67108804 134,217,728 200,320,502 268435436 335544320 402,653,184 460 762048 36870912
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FIGURE 2.20 Typical effects of reducing spatial resolution. Images shown at: (a) 1250
dpi, (b) 300 dpi, (¢) 150 dpi, and (d) 72 dpi. The thin black borders were added for

clarity. They are not part of the data.
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FIGURE 2.21

(a) 452 x 374,
256-level Image.
(b)—id} Image
dsplaved in 128,
A, and 32 gray
levels, while
keaping the
spatial resoluiion
constant
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FIGURE 2.21
(Continwed)
{e)-th) Image
displaved in 16, 5,
4. and 2 gray
levels, (Original
courtesy of

[¥r, David

R. Pickens.
Department of
Radiology &
Radialogical
Sciences,
Vanderbilt
Liniversity
Medical Center.)
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FIGURE 2.22 () Image with a low level of detail. (b Image with a medium level of detal. (¢) Image with a rel-
atively laree amount of detail. (Image (b} courtesy of the Massachusetts Institute of Technology. )
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isopreference
curves for the
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FIGURE 2.25 (a) An arrangement of pixels. (b) Pixels that are 8-adjacent {adjacency 1s
shown by dashed hnes; note the ambiguity ). (¢) pr-adjacency. (d ) Two regions that are
adjacent if 8-adjecency 15 used. (e) The circled point 15 part of the boundary of the
[-valued pixels only if 8-adjacency between the region and background is used. () The
e houndary of the | -valued r-.:_lriurl does not form a closed path, bui ils ouler
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FIGURE 2.26 (a} Image of Galaxy Pair NGC 3314 corrupted by additive Gaussian noise, (bi—(f) Resulis of
averaging 5, 10, 20, 50, and 10 noasy imapes, respectively. {Original image courtesy of MASA)
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FIGURE 2.27 (a) Infrared image of the Washington, D.C. area. (b) Image obtained by setting (o zero the least
signilicant bit of every pixel in {a). (¢) Difference of the two images. scaled 1o the range [0, 255] for clarity.
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FIGURE 2.28
Digital
subtraction
angiography.

{a) Mask image.
{b) A live image.
{c) Difference
between (a) and
(b). (d) Enhanced
difference image.
{Figures (a) and
{b) courtesy of
The Image
Sciences Institute,
University
Maedical Center,
Utrecht, The
Metherlands.)
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FIGURE 2.29 Shading correction. (a) Shaded SEM image of a tungsten filament and support, magnitied
approximately 130 times. (b) The shading pattern. (c) Product of (a) by the reciprocal of (b). (Original image
courtesy of Mr. Michael Shaffer, Department of Geological Sciences, University of Oregon, Eugene.)
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FIGURE 2.29 Shading correction. (a) Shaded SEM image ol a tungsten filament and support, magnitied
approximately 130 times. (b) The shading pattern. (¢) Product of (a) by the reciprocal of (h). (Original image
courtesy of Mr. Michael Shaffer, Department of Geological Sciences, University of Oregon, Eugene.)
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FIGURE 2.32 Set
operations
involving gray-
scale images.

(a) Original
image. (b) Image
negative obtained
using set
complementation.
{¢) The union of
(a) and a constant
image.

(Original image
courtesy of G.E.
Medical Systems.)
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FIGURE 2.33
[Nustration of
logical operations
involving
foreground
(white) pixels.
Black represents
binary 0s and
white binary 1s.
The dashed lines
are shown for
reference only.
They are not part
of the result.
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s=T@) FIGURE 2.34 Intensity
255 transformation
function used to
obtain the negative of
an 8-bit image. The
dashed arrows show
transformation of an
arbitrary input
intensity value z, into
its corresponding
output value sq.
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The value ofthis pixel Local averaging
Suy is the average value of the | USINg

pixelsin $,, neighborhood
processing. The
procedure is
illustrated in
(a)and (b) for a
rectangular
neighborhood.

(¢) The aortic
angiogram
discussed in
Section 1.3.2.

(d) The result of
using Eq. (2.6-21)
withm = n = 41.
The images are of
size 790 X 686
pixels.
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Affine transformations based on Eq. (2.6.-23).

Transtormation o Coordinate .
Affine Matrix, T . Example
Mame Equations
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. . .
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FIGURE 2.36 (a) A 300 dpi image of the letter T. (b) Image rotated 217 clockwise using nearest neighbor
interpolation to assign intensity values to the spatially transformed pixels. (¢) Image rotated 21° using
bilinear interpolation. (d) Image rotated 217 using bicubic interpolation. The enlarged sections show edge

detail for the three interpolation approaches.
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_ FIGURE 2.37
Image
oee registration.

(a) Reference
image. (b) Input
(geometrically
distorted image).
Corresponding tie
points are shown
as small white
squares near the
COTNETS.

(c) Registered
image (note the
errors in the
borders).

(d) Difference
between (a) and
(¢), showing more
registration
eTTors.
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T, v) | R[T(w. v)] -
f(x. y)— Transform Dr'c';'"“" I“""";‘C |+ g(r,y) FIGURE 2.39
—_— ranslorm General approach
Spatial T —  Spatia] [or operating in
domain Transform domain domain the linear
transform
domain.
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FIGURE 2.40

(a) lmage corrupted
by sinusoidal
interference. (b)
Magnitude of the
Fourier transform
showing the bursts
of energy responsible
for the interference.

(c) Mask used to
eliminate the energy
bursts. (d) Result of
computing the

A inverse of the
modified Fourier
transform. (Original
image courtesy of
NASA.)
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Intensity Transformations and Spatial Filtering
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FIGURE 3.1
A3 X3
T neighborhood
[ '-[_ (x,y) about a point
' (x,y) in an image
3 X 3 neighborhood of (x. y) in the spatial

domain. The
neighborhood is
moved from pixel
to pixel in the
image to generate
an output image.

Image f

Spatial domain
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_______ — FIGURE 3.2
Intensity
transformation
functions.

(a) Contrast-
stretching
function.

(b) Thresholding
function.
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FIGURE 3.3 Some
basic intensity
transformation
functions. All

3L | curves were
scaled to fit in the
range shown.
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FIGURE 3.4

(a) Original digital
mammogram.

(b) Negative
image obtained
using the negative
transtormation

in Eq.(3.2-1).

- (Courtesy of G.E.
B Medical Systems.)
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FIGURE 3.5

(a) Fourier
.r.peclrurl'l_

(b) Result of
applying the log
transformation in
Eq. (3.2-2) with
c=1
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of the equation
s = ¢! for
various values of
¥ (e = 1linall
LA cases). All curves
“ were scaled to fit
v in the range
! shown.
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FIGURE 3.7
(a) Intensity ramp
image. (b) Image
as viewed on a
simulated monitor
with a gamma of
2.5.(c) Gamma-
corrected image.
(d) Corrected
Original image | Gamma Original image as viewed Image as viewed
cartection on monitor o t]‘?e same
monitor. Compare
(d) and (a).

Gamma-cortected image Gamma-colrected image as
viewed on the same monitor
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FIGURE 3.8

{a) Magnetic
resonance

image (MRI) of a
fractured human
spine.

(b)—{d) Resulis of
applyving the
transformation in
Eq. (3.2-3) with

¢ = 1and

v = 0.6,04, and
0.3, respectively.
(Original image
courtesy of Dr.
David R. Pickens,
Department of
Radiology and
Radiological
Sciences,
Vanderbilt
University
Medical Center.)
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FIGURE 3.9

(a) Aerial image.
=8 . (b)~(d) Results of
applying the
transformation in
Eq. (3.2-3) with

¢ = 1and

¥ = 3.0, 4.0,and
5.0, respectively.
(Original image
for this example
courtesy of
NASA.)
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FIGURE 3.10
Contrast stretching.
(a) Form of
transformation
function. (b) A
low-contrast image.
(¢) Result of
contrast stretching.
(d) Result of
thresholding.
(Original image
courlesy of Dr.
Roger Heady.
Research School of
Biological Sciences,
Australian National
University,
Canberra,
Australia.)
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FIGURE 3.11 (a) This
transformation I~
highlights intensity
range A, B] and
reduces all other
intensities to a lower } «—T(r)
level. (b) This =
transtormation
highlights range

[A, B] and preserves
all other intensity —
levels. | L] ¥
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FIGURE 3.12 (a) Aortic angiogram. (b) Result of using a slicing transformation of the type illustrated in Fig.
3.11(a), with the range of intensities of interest selected in the upper end of the gray scale. (c) Result of
using the transformation in Fig. 3.11(b), with the selected area set to black, so that grays in the area of the
blood vessels and kidneys were preserved. (Original image courtesy of Dr. Thomas R. Gest, University of

Michigan Medical School.)
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One 8-bit byte Bit plane 8 FIGURE 3.13
- (most significant) Bit-plane
/ representation of
an 8-bit image.

Bit plane 1
(least significant)
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FIGURE 3.14 (a) An 8-bit gray-scale image of size 500 x 1192 pixels. (b) through (i) Bit planes 1 through 8,
with bit plane 1 corresponding to the least significant bit. Each bit plane is a binary image.
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abc
FIGURE 3.15 Images reconsiructed using (a) bit planes 8 and 7; (b) bit planes 8, 7, and 6; and (c) bit planes 8,

7.6, and 5. Compare (¢) with Fig. 3.14(a),
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Histogram of dark image
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Histogram of light image
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Histogram of low-conirast image
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Histogram of high-contrast image
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FIGURE 3.16 Four basic image types: dark. light, low contrast, high
contrast, and their corresponding histograms.
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FIGURE 3.17
(a) Monotonically
increasing
function, showing
how multiple
values can map to
a single value.
(b) Strictly
monotonically
imereasing
function. This is a
—_— = e 1 r one-to-one
Multiple Single L — | 1]1'L|p|:|ing. both
values  value WaVS.
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— Eq.(3.34) —
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FIGURE 3.18 (a) An arbitrary PDF. (b) Result of applying the transformation in
Eq.(3.3-4) to all intensity levels, r. The resulting intensities, 5, have a uniform PDF,
independently of the form of the PDF of the r's.
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FIGURE 3.19 Ilustration of histogram equalization of a 3-bit (8 intensity levels) image. (a) Original
histogram. (b) Transformation function. {c) Equalized histogram.
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FIGURE 3.20 Left column: images from Fig. 3.16. Center column: corresponding histogra
equalized images. Right column: histograms of the images in the center column.
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FIGURE 3.21
Transformation
functions for
histogram
equalization.
Transformations
(1) through (4)
were obtained from
the histograms of
the images (from
top to bottom) in
the left column of
Fig. 3.20 using

I:.q t’a 3-8).
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FIGURE 3.26 (a) Original image. (b) Result of global histogram equalization. (c) Result of local
histogram equalization applied to (a), using a neighborhood of size 3 > 3.
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FIGURE 3.28 The mechanics of linear spatial filtering using a 3 < 3 filter mask. The form chosen to denote
the coordinates of the filter mask coefficients simplifies writing expressions for linear filtering.
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FIGURE 3.29 Tllustration of 1-D correlation and convolution of a filter with a discrete unit impulse. Note the
correlation and convolution are functions of displacement.
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FIGURE 3.33 (a) Original image, of size 500 x 500 pixels (b)~f) Results of smoothing
with square averaging filter masks of sizes m = 3,5,9, 15, and 35, respectively. The black
squares at the top are of sies 3,5,9,15,25, 35,45, and 55 pixels, respectively; their borders
are 25 pixels apart. The letters at the bottom range in size from 10 to 24 points, in
increments of 2 points; the large letter at the top is 60 points. The vertical bars are 5 pixels
wide and 100 pixels high; their separation is 20 pixels. The diameter of the circles is 25
pixels, and their borders are 15 pixels apart; their intensity levels range from 0% to 100%
black in increments of 20%. The background of the image is 10% black. The noisy

rectangles are of size 50 x 120 pixels,
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FIGURE 3.34 (a) Image of size 528 > 485 pixels from the Hubble Space Telescope. (b) Image filtered with a
15 15 averaging mask. (¢) Result of thresholding (b). (Original image courtesy of NASA.)
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FIGURE 3.37
1 —4 1 1 -8 1 (a) Filter mask used

to implement
Eq. (3.6-6).

(b) Mask used to
0 1 0 1 1 1 implement an
extension of this
equation that
includes the

0 -1 0 -1 -1 -1 diagonal terms.
(c) and (d) Two
other implementa-
tions of the

—1 4 -1 -1 8 -1 Laplacian found
frequently in
practice.
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Figure 3.38 (a) Blurred image of the North Pole of the moon.

(b) Laplacian without scaling. (c) Laplacian with
scaling. (d) Image sharpened using the mask in
Figure 3.37 (a). (e) Result of using the mask in
Figure 3.37 (b).
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FIGURE 3.39 1-D
illustration of the
mechanics of
unsharp masking.
(a) Original
signal. (b) Blurred
signal with
original shown

Unsharp mask dashed for refere-
nce. (c) Unsharp
VaN mask. (d) Sharp-
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obtained by
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FIGURE 3.40

(a) Original
image.

(b) Result of
blurring with a
Gaussian filter.
(c) Unsharp
mask. (d) Result
of using unsharp
masking.

(e) Result of
using highboost
filtering.
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FIGURE 3.41

A 3 X 3region of
an image (the zs
are intensity
values).

(b)—(c) Roberts
cross gradient
operators.
(d)—(e¢) Sobel
operators. All the
mask coefficients
sum to zero, as
expected of a

-1 -2 =1 =1 0 1 derivative
opcrator.
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