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2.1 Elements of visual perception
2.1.1 Structure of the Human Eye
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2.1 Elements of visual perception
2.1.1 Structure of the Human Eye
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2.1 Elements of visual perception
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2.1 Elements of visual perception

B 2.1.3Brightness adaptation and discrimination

— Subjective Brightnessis a logarithm function
 on the order of 10%°

— Thetotal range of distinct intensity levelsit can
discriminate simultaneoudly is rather small
|

FIGURE 2.4
Range of
subjective
brightness
sensations
showing a
particular
adaptation level.
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2.1 Elements of visual perception

B A classic experiment for brightness discrimination
— Weber Ratio: Al /|
 asmall value means Good brightness discrimination
* alarge value means Poor brightness discrimination

— thetypical observer can discern 1~2 dozen different
intensity changes

;—I+_\1

1.0 —

log AL/T
L
o

log I
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2.1 Elements of visual perception

B Two examples

= to demonstrate the perceived brightnessisnot asimple
function of intensity

= Mach Bands - 1865, Ernst Mach
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2.1 Elements of visual perception

=  Simultaneous contrast

abec

FIGURE 2.8 Examples of simultaneous contrast. All the inner squares have the same in-
tensity, but they appear progressively darker as the background becomes lighter.
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2.1 Elements of visual perception

B Optical Illusion( )
= isnot fully understood

ab
cd

FIGURE 2.9 Some

well-known

optical illusions,
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2.1 Elements of visual perception
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2.1 Elements of visual perception

Are the horizontal lines parallel or do they slope?
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2.1 Elements of visual perception

Keep staring at the black dot. After a while
the gray haze around it will appear to
shrink.
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2.2 Light and the Electromagnetic Spectrum

B Electromagnetic Spectrum( )
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FIGURE 2.10 The clectromagnetic spectrum. The visible spectrum is shown zoomed to facilitate explanation,
but note that the visible spectrum is a rather narrow portion of the EM spectrum.
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2.2 Light and the Electromagnetic Spectrum

B Wavelength A

e

- 1= (2.2-1)

c=2.998 x 108 m/s

- E=hv (2.2-2)
h = 6.626068x107** Js leV =1.6x10"°J
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2.2 Light and the Electromagnetic Spectrum

M Visible Band
W430um~790nm
M| lluminant ( )
Mreflected light from objects ( )
WA chromatic or Monochromatic (Gray Level)
EChromatic - Color
ELight Source
B Radiance ( ) - measured in Watts
B L uminance ( ) - measured in lumens
B Brightness ( ) - subjective descriptor
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2.3 Image Sensing and Acquisition

B |mage Sensing

= Scene( )
= Molecules
= Human Brain

= |[lumination( )
= Radar
= |nfrared
" X'ray Sensors ¢ o p (A
= Sun

" R'é.flection( )
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2.3 Image Sensing and Acquisition

a Energy
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FIGURE 2.12
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2.3 Image Sensing and Acquisition

B 2.3.11mage acquisition using a single sensor
= Photodiode( )

o Film

Rotation

Sensor

—_—
Linear motion
One image line out
per increment of rotation
and full linear displacement
of sensor from left to right.

FIGURE 2.13 Combining a single sensor with motion to generate a 2-1 image.
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2.3 Image Sensing and Acquisition

B 23.2 I mage acquisition using sensor strips

oL

Cross-sectional images
of 3-Iy object

One image line out per
increment of linear motion

Imaged arca

Image
reconstruction

Linear motion

Sensor strip

»

3-D object

Scanning Direction
Flatbed Scanner

ab

FIGURE 2.14 (a) Image acquisition using a linear sensor strip. (b) Image acquisition using a circular sensor strip.
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2.3 Image Sensing and Acquisition

B 23.3Image acquisition using sensor arrays
= Charged Couple Diode (CCD)

lilumination (energy)

A7/L\ source

Output (digitized) image

Imaging system

Iris
Lens  (nernal) image plane Dlgltal Camera
Scene element CCD

CMOS

a
EEE

b

FIGURE 2.15 An example of the digital image acquisition process. (a) Energy (“illumination”) source. (b) An el-

ement of a scene. (¢) Imaging system. (d) Projection of the scene onto the image plane. (¢) Digitized image.
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‘;x’h 2.3 Image Sensing and Acquisition

R
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2.3 Image Sensing and Acquisition

Color Filter Array (CFA)
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2.3 Image Sensing and Acquisition

B 23.4 A smpleimage formation model
B [mage
— 2D Intensity function

0 <f(x,y) < oo (2.3-1)

f(x,y) = i(x.y) - r(x,y) (2.3-2)
— lHlumination

0 <i(x,y) < e (2.3-3)
— Reflectance

0<r(xy)<1 (2.3-4)
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2.3 Image Sensing and Acquisition

B Typica valuesof i(x,y)
u i =90000 Im/m?
[ ] i =10000 Im/m?
| i =0.11m/m?
[ ] i = 1000 Im/m?
B Typica vauesof r(x,y)
| r=0.01
[ | r =0.65
[ ] r=0.8
[ | r=0.9
[ | r=0.93
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2.3 Image Sensing and Acquisition

B Intensity at (X, Yo)
I = (%, o) (2:3-5)

Lg<l<L. (23-6)

min —
L.=i.r

min — "min" min

L_=i_r

W [L.,. L.l iscaledgray scae
W Shift thisinterval to [O, L - 1]
B | =0ishlack
M| =L-1iswhite
HAIl intermediate values are shades of gray
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2.4 Image sampling and quantization

J

Sampling
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2.4 Image sampling and quantization

Sampling ( ) Quantization ( )
[] ]

ab

FIGURE 2.17 (a) Continuos image projected onto a sensor array. (b) Result of image
sampling and quantization.
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2.4 Image sampling and quantization

B 2.4.2 Representing digital images

Compact Matrix Form(2.4-1)

o Origin £(0,0) o FI0,N=1)
0 7 3... LN -=-1 ) : e
o2l : 1(1.0) oy O FLN=1)
] .
5 Fixy) =
FM =10y fM -1 oM =-LN=1)

Traditional Matrix Form(2.4-2)

Dy Har © Haya
M—1dh o o o o o 2 8 s o o -
One pixel o Floy) Ty i . . i
x
ﬁ —
Py Dy <y 1_.
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B 2.4 Image sampling and quantization

B Storage space for digital images
mFor Gray-Level L=2% k bits required for a pixel
HFor an M x N image, b=M x N x k bitsrequired for an image

mFor an N x N image, b= N2k bits required for an image
TABLE 2.1

Number of storage bits for various values of Nand k.

Nik 1(L=2 2=4 3(@L=8 4(=160 5=32) 6 =064 T =128 8( =25)

32 1,024 2,048 3,072 4.096 5.120 6,144 7,168 8,192
64 4,006 8,102 12,288 16.384 20,480 24.576 28,672 32,768
128 16,384 32,768 49,152 65.536 81.920 98.304 114,688 131,072
256 63,536 131072 196,608 262.144 327.680 393216 438,752 524,288

512 262,144 524288 786,432 1.048.576 1,310,720 1.572.864 1,835,008 2,007,152
1024 1,048,576 2,097,152 3145728 4.194.304 5.242.880 6.291.456 7.340,032 8,388,608
2048 4,194,304 8,388,608 12,582,912 16.777.216  20971.520 25165824  29369,128  33,554432
4006 16777216 33554432 50331,648 67108864  B3886,080 100.663.296 117440512 134217728
8192 67108864 134217728 201,326,592 268435456 335544320 402.653.184 469,762,048 536,870,912
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B 243 Spatial and Gray-Level Resolution
B Spatial Resolution

FIGURE 2.19 A 1024 X 1024.8-bit image subsampled down to size 32 X 32 pixels. The number of

aray levels was kept at 256,
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2.4 Image sampling and quantization

abc

dle'f

FIGURE 2.20 (a) 1024 x 1024.8-bitimage. (b) 512 X 512 image resampled into 1024 X 1024 pixels by row and
column duplication. (¢) through (f) 256 X 256, 128 x 128, 64 x 64. and 32 X 32 images resampled into

1024 X 1024 pixels.
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FIGURE 2.21

(a) 452 x 374,
256-level image.
(b)~(d) Image
displayed in 128,

keeping the
spatial resolution
constant.
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FIGURE 2.21
(Continued)
(e)-(h) Image

4.and 2
levels. (Original

Vanderbilt
University
Medical Center.)
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2.4 Image sampling and quantization
Spatial and Gray-Level Resolution

abc

FIGURE 2.22 (a) Image with a low level of detail. (b) Image with a medium level of detail. (¢) Image with a rel-
atively large amount of detail. (Image (b) courtesy of the Massachusetts Institute of Technology.)
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2.4 Image sampling and quantization
Spatial and Gray-Level Resolution

FIGURE 2.23
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2.4 Image sampling and quantization

B 244 Aliasing and Moire Pattern
B Band-Limited functions

EThe highest frequency of afunction isfinite and the
function is of unlimited duration

B Shannon sampling theorem
HIf a band-limited function is sampled at arate equal
to or greater than twice its highest frequency, it is
possible to recover completely the original function
from its samples
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2.4 Image sampling and quantization
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FIGURE 2.24 lllustration of the Moiré pattern effect.
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2.4 Image sampling and quantization

B Anexample

HiY

I'i!'i
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2.4 Image sampling and quantization

Bilinear Interpolation

v(xy') = ax’+by’+cx'y'+d

abc
def

FIGURE 2.25 ‘Top row: images zoomed from 128 x 128, 64 X 64, and 32 x 32 pixels to 1024 x 1024 pixels,
using nearest neighbor pray-level interpolation. Bottom row: same sequence, but using bilinear interpolation.
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2.5 Some Basic Relationships Between Pixels

=i

B 25.1 Neighbors of a pixel

A pixel p at coordinates (x, y) has four horizontal and vertical neighbors whose
coordinates are given by
(x+1Ly) (x = Ly (xy+ 1), (5 y—1)
This set of pixels, called the 4-neighbors of p,is denoted by Ny(p). Each pixel
is a unit distance from (x, ¥). and some of the neighbors of p lie outside the
digital image if (x, y) is on the border of the image.
The four diagonal neighbors of p have coordinates
(x+Ly+1D),(x+Ly-1,(x—Ly+1){x—-1y—-1)

and are denoted by Np(p). These points, together with the 4-neighbors, are
called the 8-neighbors of p. denoted by Ng(p). As before, some of the points in
Np(p) and Ng(p) fall outside the image if (x, y) is on the border of the image.
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2.5 Some Basic Relationships Between Pixels

B 25.2 Adjacency, Connectivity, Regions, and Boundries

(a) 4-adjacency. Two pixels p and g with values from V are 4-adjacent if q is
in the set N,(p).
(b) 8-adjacency. Two pixels p and g with values from V are 8-adjacent if g is
in the set Ny(p).
(¢) m-adjacency (mixed adjacency). Two pixels p and g with values from V are
m-adjacent if
(i) gisin Ny(p).or
(ii) gisin Np(p) and the set Ny(p) M Ny(q) has no pixels whose values
are from V.

011 0 1 0 1ol
a 10 0o 170 a i 0
0 0 1 0 0 0 0

ablc
FIGURE 2.26 (a) Arrangement of pixels; (b) pixels that are 8-adjacent (shown dashed)
to the center pixel: (¢) m-adjacency.
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B Path 8'fath
- 4-Path ’ |ZI/8-Path ’ Em-Path
— 8Pah 0 0 0 0
— m-Path 0 0 M 0o 0
B Length
(%o Yo)u (X3, Y) s (%o Vi)
— Length=n,

— if (1<i £ n) and pixels (x4, y;.,) and (x, ;) are adjacent
- if (X0 Yo)= (X, ¥,), the path is a closed path
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B Connected
— Let Srepresent a subset of pixelsin animage
— Pixelspandqin$S
— If there exists a path between two pixelsp and g
B Connected components

— For any pixel pin S, the set of pixelsthat are connectedto pin Sis
called a connected component

B connected sets
— If thereisonly one connected component in S, Siscalled a
connected set

[©.2002 R. C. Gonzalez & R. E. Woods




Digital Image Processing, 2nd ed.

www.imageprocessingbook.cor

B Regions
— Let R beasubset of pixelsin animage.We call R aregion of the
imageif R isa connected set.

B Boundaries

— Theboundary (also called border or contour) of aregion R isthe
set of pixelsin the region that have one or more neighborsthat are
notinR.
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558 > 5 Some Basic Relationships Between Pixels

B 25.3Distance Measures

For pixels p, g, and z, with coordinates (x, v), (s, {), and (v, w), respectively, D
is a distance function or metric if

(@ D(p.q) =0 (D(p,q) =0 iff p=gq)
(b) D(p.q) = D(q. p).and
(¢) D(p.z) = D(p.q) + D(q.2).

'I'hclEucﬁd{’ﬂn dfstmicclh'cLW'C'cn p and q is defined as

DAp.q) = [(x — 97 + (v — 7. (25-1)

For this distance measure, the pixels having a distance less than or equal to some
value r from (x, y) are the points contained in a disk of radius r centered at {x, y).
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2.5 Some Basic Relationships Between Pixels

® D, distance
The D, distance (also called city-block distance) belween p and g is defined as
Dp.q) = |x — s + |y — 1| (2.5-2)

In this case, the pixels having a D, distance from (x, y) less than or equal to
some value r form a diamond centered at (x, y). For example, the pixels with
D, distance =2 from (x, y) (the center point) form the following contours of
constant distance:

2
21 2
21 0 1 2
21 2
2

The pixels with D, = 1 are the 4-neighbors of (x, y).
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2.5 Some Basic Relationships Between Pixels

B Dgdistance

The Dg distance (also called chessboard distance) between p and g is defined as
Dy(p. q) = max(|x — s|. |y — 1]). (2.5-3)

In this case. the pixels with Dg distance from (x, y) less than or equal to some value
r form a square centered at (x, y). For example, the pixels with Dy distance =2
from (x, y) (the center point) form the following contours of constant distance:

22 2 2 12
2111 2
21 01 2
2111 2
222 22

The pixels with Dy = 1 are the 8-neighbors of (x, y).
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A4l 25 Some Basic Relationships Between Pixels

B D, distance
M is defined as the shortest m-path between the points
Mdepends on the values of pixels

P; P,
P. B
p
0 0 1 1
0 0
m-distance=2 m-distance=3 m-distance=3 m-distance=4
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S4Ml © 5 Some Basic Relationships Between Pixels

B 25.4Image operationson a pixel basis

W Arithmatic
m+ - *
B | ogic operation
H not, and, or, xor
B Operationis carried out between corresponding pixelsin
the two images
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2.6 Linear and non-linear operations

B Let H bean operator whose input and output are
Images. H issaid to be alinear operator if, for any
two images f and g and any two scalars a and b.

H(af +bg)=aH(f)+bH(g) (26-1)
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