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2.0 OBJECTIVES 

 
This chapter Objectives are: 

 Understand the basics of the human visual system as they relate to image processing 

 Understand image quantization in both the spatial and brightness domains. 

 Different methods for image sensing and acquisition 

 How to represent a digital image and the image function 
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2.1 STRUCTURE OF HUMAN EYE 

  
 

Figure 2.1 : Cross section of a human eye 
 
Human Eye 
 
 In Fig 1 is shown a cross-section of human eye.  
 The main elements of the eye are as follows: 
 

The eye ball  
 

 The eye ball is approximately spherical, with 
the vertical measure of it being 
approximately 24 mm, slightly lesser than the 
horizontal width.  

 The field of view covers 1600(width) × 1350 
height area.  

 Anterior of the eye has the outer coating 
cornea while the posterior has the outer layer 
of sclera.  

Cornea  
 

 The cornea is a transparent, curved, 
refractive window through which the light 
enters the eye.  

 This segment (typically 8 mm in radius) is 
linked to the larger unit, the sclera, which 
extends and covers the posterior portion of 
the optic globe.  
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 The cornea and sclera are connected by a 
ring called the limbus.  

Iris, pupil  
 

 The pupil is the opening at the center of the 
iris.  

 It controls the amount of light entering the 
eye ball. Its diameter varies from 1 to 8 mm 
in response to illumination changes.  

 In low light conditions it dilates to increase 
the amount of light reaching the retina. 
Behind the pupil is the lens of the eye.  

Lens  
 

 The lens is suspended to the ciliary body by 
the suspensors ligament, made up of fine 
transparent fibers.  

 The lens is transparent (has 70% water) and 
absorbs approximately 8% of the visible light 
spectrum. 

 The protein in the lens absorbs the harmful 
infrared and ultraviolet light and prevents 
damage to the eye  

Choroid  
 

 Situated beneath the sclera this membrane 
contains blood vessels that nourish the cells 
in the eye.  

 Like the iris, it is pigmented to prevent light 
from entering the eye from any other 
direction other than the pupil  

Retina  
 

 Beneath the choroid lies the retina, the 
innermost membrane of the eye where the 
light entering the eye is sensed by the 
receptor cells. 

 The retina has 2 types of photoreceptor cells 
:- 

 rods and cones.  

 These receptor cells respond to light in the 
330 to 730 nm wavelength range.  

Fovea  
 

 The central portion of the retina at the 
posterior part is the fovea.  

 It is about 1.5 mm in diameter.  

Rods  
 

 There about 100 million rods in the eye they 
help in dim-light (scotopic) vision.  

 Their spatial distribution is radially symmetric 
about the fovea, but varies across the retina.  
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 They are distributed over a larger area in the 
retina. 

 The rods are extremely sensitive and can 
respond even to a single photon. 

 However they are not involved in color vision. 

 They cannot resolve fine spatial detail 
despite high number because many rods are 
connected to a single nerve. 

Cones  
 

 There are about 6 million cones in the eye.  

 The cones help in the bright-light (photopic) 
vision. 

 These are highly sensitive to color.  

 They are located primarily in the fovea where 
the image is focused by the lens. 

 Each cone cell is connected to its separate 
nerve ending. 

 Hence they have the ability to resolve fine 
details. 

Blind Spot  
 

 Though the photo-receptors are distributed in 
radially symmetric manner about the fovea, 
there is a region near the fovea where there 
are no receptors.  

 This region is called as the blind spot. 

 This is the region where the optic nerve 
emerges from the eye. 

  Light falling on this region cannot be sensed. 

 

2.2  IMAGE FORMATION IN THE HUMAN EYE 
 

Image formation in the eye 

 

 The focal length (distance between the center lens and the retina) of the lens varies 
between 14 mm and 17 mm.  

 To focus on distant objects, the controlling muscles cause the lens to be relatively flattened.  

 Similarly, these muscles allow the lens to become thicker in order to focus on objects near 
the eye. 

 An inverted image of the object is formed on the fovea region of the retina. 
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Figure 2.2 :   Image formation in human eye 
 

 In above figure the observer is looking at a tree 72.5 m high at a distance of 100m.  

 If h is the height in mm of an object in the retinal image, it is easy to calculate the size of 
the retinal image of any object.  

 15/100=h/17 or h=2.55mm 

 

2.3 BRIGHTNESS ADAPTATION AND    
         DISCRIMINATION 

 
Brightness Adaption and Discrimination 

 The human eye can adapt to a wide range (≈ 1010) of intensity levels. 
  The brightness that we perceive (subjective brightness) is not a simple function of the 

intensity.  

 In fact the subjective brightness is a logarithmic function of the light intensity incident on the 
eye. 

 The HVS(Human Visual System) mechanisms adapt to different lighting conditions.  

 The sensitivity level for a given lighting condition is called as the brightness adaption level.  

 As the lighting condition changes, our visual sensory mechanism will adapt by changing its 
sensitivity.  

 The human eye cannot respond to the entire range of intensity levels at a given level of 
sensitivity. 
 

Example 

 If we stand in a brightly lit area we cannot discern details in a dark area since it will appear 
totally dark.  

 Our photo-receptors cannot respond to the low level of intensity because the level of 
sensitivity has been adapted to the bright light.  
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 However a few minutes after moving into the dark room, our eyes would adapt to the 
required sensitivity level and we would be able to see in the dark area.  

 This shows that though our visual system can respond to a wide dynamic range, it is 
possible only by adapting to different lighting conditions.  

 At a given point of time our eye can respond well to only particular brightness levels.  

 The response of the visual system can be characterized with respect to a particular 
brightness adaption level. 

How many different intensities can we see at a given brightness adaption level? 

 At a given brightness adaption level, a typical human observer can discern between 1 to 2 
dozen different intensity changes.  

 If a person is looking at some point on a grayscale image (monochrome image), he would 
be able to discern about 1 to 2 dozen intensity levels.  

 However, as the eyes are moved to look at some other point on the image, the brightness 
adaption level would change, and a different set of intensity levels will now become 
discernable.  

 Hence at a given adaption level the eye cannot discriminate between too many intensity 
levels, but by varying the adaption level the eye is capable of discriminating a much 
broader range of intensity levels. 
 

 
Figure 2.3 : Basic experimental setup used to haracterize 

brightness discrimination 
 

Example (only for your understanding)  

 If you lift up and hold a weight of 2.0 kg, you will notice that it takes some effort.  

 If you add to this weight another 0.05 kg and lift, you may not notice any difference 
between the apparent or subjective weight between the 2.0 kg and the 2.1 kg weights.  

 If you keep adding weight, you may find that you will only notice the difference when the 
additional weight is equal to 0.2 kg.  

 The increment threshold for detecting the difference from a 2.0 kg weight is 0.2 kg.  

 The just noticeable difference is 0.2 kg.  
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 For the weight of magnitude, I, of 2.0 kg, the increment threshold for detecting a difference 
was a I (pronounces, delta I) of 0.2 kg. 

 
Example (which you have to write in exam): 

 Further, the discriminability of the eye also changes with the brightness adaption level.  

 Consider a opaque glass, that is illuminated from behind by a light source whose intensity I, 
can be varied.  

 To this field is added an increment of illumination ∆I , in the form of a short duration flash 
that appears as a circle at the center of the uniformly illuminated field.  

 If ∆I is not bright enough, the subject says “no” indicating no perceivable change.  

 As ∆I gets stronger, the subject may give a positive response of “yes” indicating a 
perceived change.  

 The ratio ∆ I / I is called as the weber ratio. 

 
Figure 2.4 : Typical weber ratio as a function of 

Intensity 
 
 

 A plot of log∆I / I, as a function of log I has the general shape shown in above fig.  

 This shows brightness discrimination is poor at low levels of illumination, and improves 
significantly as background illumination increases. 

 

Mach-band effect 
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Figure 2.5 : Match Band effect 
 

 The Mach-band effect is an optical illusion as shown in Fig 2.4.  

 The image shown consists of two regions one towards the left and one towards the right 
which are of uniform intensity.  

 At the middle there is strip on which the intensity changes uniformly from the intensity level 
on the left side to the intensity level on the right side.  

 If we observe carefully we notice a dark band immediately to the right of the middle strip 
and a light bandimmediately to the left of the middle strip.  

 Actually the dark (or light) band has the same intensity level as the right (or left) part of the 
image, but still we perceive it darker than that. 

 This is the Mach-band illusion.  

 It happens because as we look at a boundary between two intensity levels, the eye 
changes its adaption level and so we perceive the same intensity differently. 

 
Simultaneous contrast 
 

 The perceived brightness of a region does not depend on the intensity of the region, but on 

the context (background or surrounding‟s) on which it is seen.  

 All the center squares have exactly same intensity.  

 However, they appear to the eye to become darker as the background gets lighter. 

       
 

Figure 2.6 : An example of simultaneous contrast 
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Light 
 

 
 

Figure 2.7 : The electromagnetic spectrum. 
 

 The light as we see it illuminating the objects is a very small portion of the electromagnetic 
spectrum.  

 This is the visible color spectrum which can be sensed by the human eye.  

 Its wavelength spans between 0.43 mm for violet to 0.79 mm for red. 

 The wavelengths outside this range correspond to radiations which cannot be sensed by 
human eye.  

 For example, the ultra-violet rays, the X-rays and the Gamma rays have progressively 
shorter wavelengths, and on the other hand, infrared rays, microwaves, and radio waves 
have progressively larger wavelengths.  

 The color that we perceive for an object is basically that of the light reflected from the 
object.  

 Light which gets perceived as gray shades from black to white is called as monochromatic 
or achromatic light (without color).  

 Light which gets perceived as colored is called as chromatic light. 

 Important terms which characterize a chromatic light source are: 
 

Radiance   The total amount of energy that flows from the 
light source.  

 Measured in watts.  
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Luminance   It measures the amount of energy an observer 
perceives from a light source.  

 Measured in lumens.  

Brightness   Indicates how a subject perceives the light in a 
sense similar to that of achromatic intensity.  

 

 2.4 IMAGE SENSING AND ACQUISITION 
 

Introduction 
 

 Image creation based on two factors 

 Illumination source 

 Reflection or absorption of energy from that source by the elements of the “scene” being 
imaged 

 The types of images are generated by the combination of an “illumination” source and the 
reflection or absorption of energy from that source by the elements of the “scene” being 
imaged. 

 Example of the illumination source: 

 radar, infrared, X-ray,ultrasound or a computer-generated illumination pattern. 

 Example of scene elements/objects: 

 buried rock formations, a human brain or a sun etc. 

 Depending on the nature of the source, illumination energy is reflected from, or transmitted 
through, objects. 

 In some applications, the reflected or transmitted energy is focused onto a photo converter 
(e.g., a phosphor screen), which converts the energy into visible light. 

 A principal sensor arrangement is used to transform illumination energy into digital images.  

 Incoming energy is transformed into a voltage by the combination of input electrical power 
and sensor material that is responsive to the particular type of energy being detected.  

 The output voltage waveform is the response of the sensor(s), and a digital quantity is 
obtained from each sensor by digitizing its response. 

 
Imaging sensors 
 
 Single imaging sensor 
 Line sensor 
 Array sensor 

 
 Image Acquisition using a Single Sensor 
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Figure 2.8 : Components of single imaging sensor 
 

 The most common sensor of this type is the photodiode, which is constructed of silicon 
materials and whose output voltage waveform is proportional to light. 

 The use of a filter in front of a sensor improves selectivity.  

 For example, a green (pass) filter in front of a light sensor favors light in the green band of 
the color spectrum. 

 As a consequence, the sensor output will be stronger for green light than for other 
components in the visible spectrum. 

 In order to generate a 2-D image using a single sensor, there have to be relative 
displacements in both the x- and y-directions between the sensor and the area to be 
imaged.  

 A film negative is mounted onto a drum whose mechanical rotation provides displacement 
in one dimension.  

 The single sensor is mounted on a lead screw that provides motion in the perpendicular 
direction.  

 This method is an inexpensive (but slow) way to obtain high-resolution images. 
 

 Image Acquisition using Sensor Strips/ line sensors 
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Figure 2.9 : Line sensor 

 In-line arrangement of sensors in the form of a sensor strip  is used much more frequently 
than single sensors. 

 The strip provides imaging elements in one direction.  

 Motion perpendicular to the strip provides imaging in the other direction. 

 This is the type of arrangement used in most flat bed scanners.  

 Sensing devices with 4000 or more in-line sensors are possible. 

 In-line sensors are used in airborne imaging applications. 

 Sensor strips mounted in a ring configuration are used in medical and industrial imaging to 
obtain cross-sectional (“slice”) images of 3-D objects. 

 It is important to note that the output of the sensors must be processed by reconstruction 
algorithms whose objective is to transform the sensed data into meaningful cross-sectional 
images. 

 
 
 
 
 
 
 
 
 

 Image Acquisition using Sensor Arrays 
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Figure 2.10: Array sensor, used in ordinary digital camera 

 

 Individual sensors can be arranged in the form of a 2-D array. 

 This arrangement is found in digital cameras. 

 The response of each sensor is proportional to the integral of the light energy projected onto 
the surface of the sensor. 

 The first function performed by the imaging system is to collect the incoming energy and 
focus it onto an image plane.  

 If the illumination is light, the front end of the imaging system is a lens. 

 Digital and analog circuitry sweeps the outputs and converts them to a video signal, which 
is then digitized by another section of the imaging system.  

 The output is a digital image. 
 

Image acquisition using sensor arrays 
 

 The scene is illuminated by a single source. 

 Illumination source reflected from a sceneelement 

 Imaging system collects the incoming energy and focus it onto an image plane (sensor 
array) 

 Response of each sensor proportional to the integral of the light energy projected 

 Sensor output: analog signal → digitized  
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Figure 2.11 : Example of digital image acquisition process 

 

2.5 A SIMPLE IMAGE FORMATION MODEL 

 
A Simple Image Formation Model 

 Images denoted by two-dimensional functions f(x,y). 

 Value of amplitude of f at (x,y): positive scalar quantity 

 Image generated by physical process: intensity values are proportional to the energy 
radiated by a physical  

source =>0 < f(x,y) <∞ 

 f(x,y) may be characterized by 2 components: 

(1) The amount of source illumination incident on the scene:  

illumination i(x,y). 

(2) The amount of illumination reflected by the objects of the scene:  

reflectance r(x,y). 

 f(x,y) = i(x,y) r(x,y), where 0 < i(x,y) < ∞ and 0 < r(x,y) < 1 

 

total absorption  total reflectance 

 

 Example of typical ranges of illumination i(x,y) for visible light (average values): 

 Sun on a clear day: ~ 90,000 lm/m2, down to 10,000 lm/m2 on a cloudy day 

 Full moon on a clear evening: ~0.1 lm/m2 

 Typical illumination level in a commercial office: ~1000 lm/m2 

 Typical values of reflectance r(x,y): 
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 0.01 for black velvet 

 0.65 for stainless steel 

 0.8 for flat white wall paint 

 0.9 for silver-plated metal 

 0.93 for snow 
 
Monochrome image 
 

 Intensity l: Lmin ≤ l ≤ Lmax. 

 In practice: Lmin=imin rminand Lmax = imax rmax 

 Typical limits for indoor values in the absence of additional illumination: 

Lmin ≈ 10andLmax ≈ 1000 

 [Lmin, Lmax] is called the gray (or intensity) scale 

 Common practice: shift to [0, L-1], where l=0 is considered black and l=L-1 is considered 
white 

 

2.6 IMAGE SAMPLING AND QUANTIZATION 

  

Image Sampling and Quantization 

 Sampling and quantization are the two important processes used to convert continuous 
analog image into digital image.  

 Image sampling refers to discretization of spatial coordinates (along x axis) whereas 
quantization refers to discretization of gray level values (amplitude (along y axis)). 

 Given a continuous image, f(x,y), digitizing the coordinate values is called sampling and 
digitizing the amplitude (intensity) values is called quantization. 
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Fiture 2.12 Image source :Digital Image Processing Third Edition Rafael C. Gonzalez 

 

 The one dimensional function shown in fig 2.16(b) is a plot of amplitude (gray level) values of 
the continuous image along the line segment AB in fig 2.16(a).  

 The random variation is due to the image noise.  

 To sample this function, we take equally spaced samples along line AB as shown in fig 2.16 
(c). 

 In order to form a digital function, the gray level values also must be converted(quantizes) 
into discrete quantities.  

 The right side of fig 2.16 (c) shows the gray level scale divided into eight discrete levels, 
ranging from black to white.  

 The result of both sampling and quantization are shown in fig 2.16 (d). 
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2.7 REPRESENTING DIGITAL IMAGE 
 

 An image may be defined as a two-dimensional function, f(x, y), where x and y are spatial 
(plane) coordinates, and the amplitude of 

‘ f ‘ at any pair of coordinates (x, y) is called the intensity or gray level of the image at that 
point. 

 

 

Figure 2.13 : Coordinate convention used to represent digital images 

 Digital image is composed of a finite number of elements referred to as picture elements, 
image elements, pels, and pixels.  

 Pixel is the term most widely used to denote the elements of a digital image. 

 We can represent M*N digital image as compact matrix as shown in fig below 

 

 When x, y, and the amplitude values of f are all finite, discrete quantities, we call the image 
a digital image.  

 The field of digital image processing refers to processing digital images by means of a 
digital computer. 

 If k is the number of bits per pixel, then the number of gray levels, L, is an integer power of 
2.  

   L =  2k 
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 When an image can have gray levels, it is common practice to refer to the image as a “k-bit 
image”.  

 For example, an image with 256 possible grey level values is called an 8 bit image.  

 Therefore the number of bits required to store a digitalized image of size M*N is  

b=M*N*k  

 

When M=N then b = N2*k 
 

 2.8 SPATIAL AND GRAY-LEVEL RESOLUTION 

 
Spatial and Gray-Level Resolution 
 

 Spatial resolution is the smallest discernable (detect with difficulty )change in an image.  

 Gray-level resolution is the smallest discernable (detect with difficulty) change in gray level.  

 Image resolution quantifies how much close two lines (say one dark and one light) can be 
to each other and still be visibly resolved.  

 The resolution can be specified as number of lines per unit distance, say 10 lines per mm 
or 5 line pairs per mm.  

 Another measure of image resolution is dots per inch, i.e. the number of discernible dots 
per inch. 
 

 
1024 

 

Figure 2.14 : A 1024 x 2014, 8 bit image subsampled down to size 32 x 32 pixels. The 
number of allowable kept at 256. 

 Image of size 1024*1024 pixels whose gray levels are represented by 8 bits is as shown in 
fig above.  

 The results of subsampling the 1024*1024 image.  

 The subsampling was accomplished by deleting the appropriate number of rows and 
columns from the original image.  
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 For example, the 512*512 image was obtained by deleting every other row and column 
from the 1024*1024 image.  

 The 256*256 image was generated by deleting every other row and column in the512*512 
image, and so on.  

 The number of allowed gray levels was kept at 256.  

 These images show dimensional proportions between various sampling densities, but their 
size differences make it difficult to see the effects resulting from a reduction in the number 
of samples.  

 The simplest way to compare these effects is to bring all the subsampled images up to size 
1024 x 1024. 
 

  
 

 
Figure 2.15 : (a) 1024 x 1024, 8 bit image (b) 512 x 512 image resampled into 1024 x 
1024 pixels by row and column duplication. (c) through (f) 256 x 256, 128 x 128, 64 x 

64, and 32 x 32 images resampled into 1024 x 1024 pixels. 
  
 
 
 
 
 
 
 
 
 
 
Gray-Level Resolution 
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Figure 2.16 : 452 x 374, 256 level image. (b)- (d) Image displayed in 128, 64, 32,16,8,4 and 

2 grey level, while keeping spatial resolution constant. 
 
 

 Inthis example, we keep the number of samples constant and reduce the number of grey 
levels from 256 to 2. 
 

2.9 SUMMARY 
 

 The main elements of the eye 

 An inverted image of the object is formed on the fovea region of the retina. 

 The sensitivity level for a given lighting condition is called as the brightness adaption level. 

 The ratio ∆ I / I is called as the weber ratio. 

 The Mach-band effect is an optical illusion. 

 Light which gets perceived as gray shades from black to white is called as monochromatic 
or achromatic light (without color). 

 Light which gets perceived as colored is called as chromatic light. 

 Image creation based on two factors :Illumination and Reflection. 

 Types of Imaging sensors are :Single imaging sensor, Line sensor and Array sensor 

 Images denoted by two-dimensional functions f(x,y). 

f(x,y) = i(x,y) r(x,y) 
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 Sampling and quantization are the two important processes used to convert continuous 
analog image into digital image. 

 Digitizing the coordinate values = Sampling 

 Digitizing the amplitude values = Quantization 

 Digital image is composed of a finite number of elements commonly referred  as pixels.  

 Measure of image resolution is dots per inch, i.e. the number of discernible dots per inch. 

 

2.10 UNIT END EXERCISE 

 

1) With the help of a neat figure, explain the main elements of the human eye.  

2) Describe the principle of image formation in Human eye 

3) What is Scotopic and Photopic vision?  

4) Why can’t the human eye identify colors under dim light conditions?  

5) Write a short note on:  

i. Brightness adaptation and discrimination  

ii. Mach band effect  

iii. Simultaneous contrast  

6) Explain the following term as applicable to image processing with necessary graphs. 

i. Cones and Rods 

ii. Brightness adaptation 

iii. Is preference 

7) Discuss Image Sensing & Acquisition 

8) Explain how image acquisition is done using single sensor? 

9) Explain Microdensitometer type of image acquisition system 

10) Explain how image acquisition is done using sensor strips? 

11) With An example explain digital image acquisition process. 

12) Explain the Illumination & reflectance model of the image. 

13) Discuss the role of sampling & quantization processes with an example. 

14) Explain the following  

a. False contouring  

b. Aliasing& Moiré patterns 
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15) Explain Spatial Resolution and Intensity level resolution.  

16) Write a short note on image formation model. 
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