Digital Image Processing

Computer science department / 4th year

Image processing By: Assist. Prof. Dr. Adil Ibrahim Khalil



Image processing By: Assist. Prof. Dr. Adil Ibrahim Khalil

Digital Image Processing

Digital image processing deals with manipulating digital images through a
digital computer. It is a subfield of signals and systems but focuses
particularly on images. DIP focuses on developing a computer that can
perform form processing on an image. The input of that system is a digital
Image, and the system processes that image using efficient algorithms and
gives an image or useful information as an output. The most common
example is Adobe Photoshop. It is one of the widely used applications or

processing digital images.

- How it works:
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In the above figure, a camera captures an image and sends it to a digital
system to remove all the other details and focus on the water drop by

zooming in so that the quality of the image remains the same.

Audience

The lectures give you knowledge of widely used methods and procedures
for interpreting digital images for image enhancement and restoration and
performing operations on images such as (blurring, zooming sharpening,
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edge detection, etc). It also focuses on the understanding of how the human
vision works. How does the human eye visualize so many things, and how
does the brain interpret those images? The lectures also cover some of the
Important concepts of signals and systems, such as (Sampling, Quantization

, Convolution , Frequency domain analysis, e.t.c).

Prerequisites

Signals and systems

Since DIP is a subfield of signals and systems, so it would be good if you

already have some knowledge about signals and systems.

Calculus and probability

A basic understanding of calculus, probability, and differential equations is
also required for better understanding.

Basic programming skills

It requires some of the basic programming skills in VISUAL BASIC.

Note: Signals & Systems isthe study of how to effectively send and process
information. Information can be sent as Os and 1s on an electrical device, or it can
be sent through the air as an electromagnetic wave, like radio waves or microwaves.



Introduction

What are images?

Images are a way of recording and presenting visual information. An image
IS a representation of an object. Images are important to us because they
can be an extraordinarily effective medium for the storage and
communication of information. In showing someone a photograph, we avoid
the need for lengthily, ambiguous verbal description of what was seen.
There is thus a scientific basis for the well- known saying that “picture is
worth a thousand words

An image is usually a summary of the information in the object it represents.
Ordinarily, an image contains less information than the original object.

Therefore, an image is an incomplete representation of the Object.
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Digital Images

An image may be defined as a two-dimension 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.
when Xx,y, and intensity value of f are all finite , discrete quantities , we call
the image a digital image .the field of digital image processing refer to
processing digital image by means of a digital computer.
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Note that a digital image is composed of a finite number of elements, each
of which has a particular location and value. These elements are referred to
as picture elements, image elements, and pixels. Pixel is the term most

widely used to denote the elements of a digital image.
s JuSdl ((pixels ) COSl anly paliall oda ) Ly Adme dady ad 50 Lgie JSIg ¢ ualinll (e 25350 230 (e O 5S5 4 ) 5 ) sual
Al 5 ) geall jualic )5 LD Llasiu) SSY) alladl)
The image is represented by a rectangular array of integer. Each pixel has a
location or address (row number and column number) and an integer value
called gray level. This array of digital date is now a candidate for computer

processing.
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Definition: digital image is a numerical representation of an object

Vision is the most advanced of our senses, so it is not surprising that images
play the single most important role in human perception. However, unlike
humans, who are limited to the visual band of the electromagnetic (EM)
spectrum, imaging machines cover almost the entire EM spectrum, ranging
from gamma to radio waves. They can operate on images generated by
sources that humans are not accustomed to associating with images. These
include ultra-sound, electron microscopy, and computer-generated images.
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Representing Digital Images:

We will use two principal ways to represent digital images. Assume that an
image f(x, y) is sampled so that the resulting digital image has M rows and
N columns. The values of the coordinates (x, y) now become discrete
quantities. For notational clarity and convenience, we shall use integer
values for these discrete coordinates. Thus, the values of the coordinates at
the origin are (x, y) = (0, 0). The next coordinate values along the first row of
the image are represented as (X, y) = (0, 1). It is important to keep in mind
that the notation (0, 1) is used to signify the second sample along the first
row. It does not mean that these are the actual values of physical coordinates
when the image was sampled. Figure 1 shows the coordinate system of
image.
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Figure . Coordinates system to represent digital images

The notation introduced in the preceding figure allows us to write the
complete M*N digital image in the following compact matrix form:

£(0,0) £(0,1) £(O,N — 1)
PO £(1,0) 1) - fLN = 1)
T{%, y) = ‘ : :
_fllw = 158 T —=1; 1) = f(M—1,N - 1), |

The image can now be accessed as a two-dimension array of data , where each
data point is referred to a pixel (picture element). For digital images we will use the
following notation:

I(r, ) = The brightness of image at the point (r, ¢)

Where r=row and c= column.

When we have the data in digital form, we can use the software to process the
data.

In the above image matrix, the image size is (MXN) [matrix dimension] then:
m
Ng=2



Where Ng denotes the number of gray levels. m is the no. of bits contains
in each pixel in this matrix.
Example: If we have (6 bits in each pixel) in 128 X 128 image. Find the no. of gray

levels to represent it, then find the no. of bits in this image?

Solution:
Ng= 26=64 Gray Level
N, =128 * 128* 6= 98304 bits

Computer Imaging:

Computer imaging is defined as the acquisition and processing of visual
information by a computer. Computer representation of an image requires
the equivalent of many thousands of words of data, so the massive amount
of data required for an image is a primary reason for developing many sub-
areas in computer imaging. Computer imaging can be divided into two

primary categories:
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1. Computer Vision. 2. Image Processing.

In computer vision applications, the processed images are made for
computer utilization, whereas in image processing applications, the output
images are created for use by humans. These two categories are not
separate and distinct. The boundaries that separate the two are fuzzy (see
figure below).
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Computer Vision Image Processing

Figure: Computer imaging
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Historically, the field of image processing grew from electrical engineering as
an extension of the signal processing branch.

Computer Vision:

Computer vision is a domain of computer science dedicated to
empowering computers to recognize and understand objects and
individuals in photos and movies. Similar to other forms of artificial
intelligence, computer vision aims to execute and automate tasks that
emulate human skills. One of the major topics within this field of computer
vision is image analysis.

Dmall G agaghs 3V 5 sLud¥) Lo ol (o i el 5 jeal Sl Gavata siguaSll asle SYlae (0 Jae ssComputer vision
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1. Image analysis involves examining the image data to facilitate solving

vision problems. The image analysis process involves two other topics:
(e s se b geall dlad Alae el Ayl Al da Jigeil 3 ) guaall by Gand Ganally 15 saall Jilas
» Feature Extraction: is the process of acquiring higher level image

information, such as shape or color information.
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» Pattern Classification: is the act of taking this higher —level information

and identifying objects within the image.
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Computer vision systems are used in many and various types of
environments, such as: <laukil

1. Manufacturing Systems 4ueliall iudasyl

2. Medical Community <kl

3. Law Enforcement o5&l L

4. Infrared Imaging ! _sesll caal 423Y4 sl

5. Satellites Orbiting. acliall jLaYy)

Image Processing:

Image processing is transforming an image into a digital form and performing
certain operations to get useful information from it. When applying certain
predetermined signal processing methods, the image processing system
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usually treats all images as 2D signals. The major topics within the field of

image processing include:
LS Aadlese (ks (gud die Lgie Base Cilaglaa o Jgeanll Aime Gllee ¢l ja) s (o) <G N5 seall disad (A seall Aadleae
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1. Image restoration. 3, sall salaiul
2. Image enhancement. 3, sall (s
3. Image compression. 3, sall hica

1- Image Restoration

Is the process of taking an image with some known, or estimated
degradation, and restoring it to its original appearance. Image restoration is
often used in the field of photography or publishing where an image was
somehow degraded but needs to be improved before it can be printed ( see
figure below).
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Figure: Example of Image restoration

Image Enhancement

Improving an image visually, typically by taking advantages of Human Visual
Systems responses, One of the simplest enhancement techniques is to
simply stretch the contrast of an image For example, a method that is used
to enhance satellite images may not suitable for enhancing medical images.
Although enhancement and restoration are similar in aim, to make an image
look better, they differ in how they approach the problem, Restoration
method attempt to model the distortion to the image and reverse the
degradation, where enhancement methods use knowledge of the human
visual systems responses to improve an image visually.
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a. image with poor contrast b. Imoge enhancement by contrast stretching

Figure: Example of image enhancement

3- Image Compression

Involves reducing the typically massive amount of data needed to represent
an image, This done by eliminating data that are visually unnecessary and
by taking advantage of the redundancy that is inherent in most images, An
example show in figure below.
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a. Image before compression b. Image after compression
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Figure: Example of image compression

Component of Image Processing System

Image processing systems comprise two primary components: hardware
and software. The hardware components can be divided into image-
acquiring subsystems (computer, scanner, and camera) and display devices




(monitor, printer). The software allows us to manipulate the image and

perform any desired processing on the image data, figure below shows the

components of the image processing system.
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Figure: computer imaging system.

Image Faces

Each image we utilize comprises four distinct images. Every optical image
corresponds to both the continuous image that represents it and the digital
Image that would result from its digitization, given a specific set of digitizing
settings. Additionally, each digital image corresponds to the continuous
function resulting from interpolating it (assuming a particular interpolation
method). Moreover, the digital image also corresponds to the image
displayed on a particular display screen. Finally, we assume that the
continuous image is a faithful representation of the specimen and contains
all the relevant information required to solve the problem at hand. Therefore,
we refer to these images as the

1- Optical image, 2- the continuous image, 3- the digital image, and the
4- displayed image. Their schematic relationship is shown in figure below.
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This leaves us with an option as we go through the process of designing or
analyzing an image processing algorithm. We can treat it as a digital image.

s (Al A8 11 5 ) suaall 5 Leliad Al 5 painnall 5 guall (g0 IS gn (381555 Ay oy By gom IS 33000 g ol o all Lgtiallae a3 gamn JS
L@.‘I\A...\:\u\unbU\EM\M‘J\&MJBJFdS@‘)ﬁ‘Lﬁ“dé‘\aﬁha\gh .MJ\Q‘J‘m!‘yBQJMKCWEE‘ch‘L@:\:\Aé‘)cp
ol i 1] e g AELE Lo gyl 5yl Ul e 5 5 gl i 55 3 le 555l (Rionn ol s o (s
1- sl pgall oda ) ol celld 2SN Jad 4 gllaal) Alall culd cilagleall gaen o (g gind g Ahall (G Jfiad & 3 painsall 3 ) guall

oLl IS 8 Legi Adadadill 283l el da g yeall 3 sl -4 5 Aadd N1 5y saaall -3 3 patasall ) gucall -2 ¢y yoatl) 3 guall

Digital Image

Continuous
Image

Figure: Image faces
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Quality and Types of Digital Image

Sampling and quantization:

In Digital Image Processing, signals captured from the physical world need
to be translated into digital form by “Digitization” Process. In order to become
suitable for digital processing, an image function f(x, y) must be digitized both
spatially and in amplitude. This digitization process involves two main

processes called
e S (Digitization) 4l dlee I (e el ) JS5 ) golad) alladl (g adaill) <l HLEY) dan 55 cang el )1 gucall dallae 3
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1. Sampling: Digitizing the coordinate value is called sampling.
Xy dad didd ) dglee  cilisall 34
2. Quantization: Digitizing the amplitude value is called quantization
Y Shaal) dad 4id y dgdac; anesill
A frame grabber or digitizer is typically used to sample and quantify the
analog video signal.

Sampling:

Since an analog image is continuous in its coordinates (x-axis) and amplitude
(y-axis), the part that deals with the digitizing of coordinates is known as
sampling. In digitizing, sampling is done on independent variable. In the case
of equation y = sin(x), it is done on the x variable.

Voltage .
= samples points

\ Time
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When looking at this image, we can see there are some random variations
in the signal caused by noise. In sampling we reduce this noise by taking
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samples. It is obvious that more samples we take, the quality of the image
would be better, the noise would be more removed and the same happens
vice versa. However, if you take sampling on the x axis, the signal is not
converted to digital format, unless you take sampling of the y-axis too which

is known as quantization.
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Sampling has a relationship with image pixels. The total number of pixels in
an image can be calculated as Pixels = total no of rows * total no of columns.
For example, let’s say we have total of 36 pixels that means we have a square
image of 6X 6. In sampling the more samples eventually result in more pixels.
So it means that of our continuous signal, we have taken 36 samples on x
axis. That refers to 36 pixels of this image. Also the number sample is directly

eqgual to the number of sensors on CCD array.
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Quantization:

Quantization is opposite to sampling because it is done on “y axis” while
sampling is done on “x axis”. Quantization is a process of transforming a real
valued sampled image to one taking only a finite number of distinct values.
Under quantization process the amplitude values of the image are digitized.
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In simple words, when you are quantizing an image, you are actually dividing
a signal into quantum (partitions).
3 5a Jisat Adas 58 X saall o il 330 24 Wi y ) e 2ty 4 (Samipling) @lisd) 33§ (e s Sl Quantization
5 jaaall asill (e 13 gane 130c Jadd 32153 ) sm ) Aiia Aad D A
Now let’s see how quantization is done. Here we assign levels to the values
generated by sampling process. In the image showed in sampling
explanation, although the samples has been taken, but they were still
spanning vertically to a continuous range of gray level values. In the image
shown below, these vertically ranging values have been quantized into 5
different levels or partitions. Ranging from 0 black to 4 white. This level could

vary according to the type of image you want.
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Quantization 2
1
0

\ Time

There is a relationship between Quantization with gray level resolution. The
above quantized image represents 5 different levels of gray and that means
the image formed from this signal, would only have 5 different colors. It would

be a black and white image more or less with some colors of gray.
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When we want to improve the quality of image, we can increase the levels
assign to the sampled image. If we increase this level to 256, it means we
have a gray scale image. Whatever the level which we assign is called as the
gray level. Most digital IP devices uses quantization into k equal intervals. If
b-bits per pixel are used,

14
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No. of quantization levels = k= ob

The number of quantization levels should be high enough for human
perception of fine shading details in the image. The occurrence of false
contours is the main problem in image which has been quantized with
insufficient brightness levels. Here is an example for image quantization
process.
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peS Agland Jlie by Lad A8S 58 & ghans Ol s LeanaS a3 (1 5 gucall (8 s M) AIS) g2 350 )1 dcay )
3 all

The quality of the digital image:

The quality of the digital image is directly related to the number of pixels and
the range of brightness values in the image. These aspects are known as

image resolution
3 seall A8y il sall 02 oyl 5y geall B g shandl il (3Lt s O 23 pilae JS8 Baad 1 5y geal) 3 5a asi i

Image resolution: is the capability of the digital image to resolve the
elements of the original sense. In digital images, the resolution characteristic
can be broken into two primary parts:
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1- Special resolution.
2- Brightness resolution or (color resolution) in the image color.

Image Types:

1. Binary Image

Binary images are the simplest type of images and can take one of two
values, typically black and white, or ‘0’ and ‘“1’. A binary image is called a 1
bit/pixel image because it takes only 1 binary digit to represent each pixel .

These images are most frequently used in computer vision applications
where the only information required for the task is general shapes or outlines.
For example, to position a robotics gripper to grasp an object or in optical
character recognition (OCR). Binary images are often created from gray-
scale images via a threshold value that is turned white (‘1’), and those below

it are turned black.('0)
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2. Grayscale Image:

Grayscale images are referred to as monochrome. They contain only
brightness information and no color information. The typical image contains
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8 bits/pixel (data, which allows us to have (0-255) different brightness (gray)
levels. The 8-bit representation typically refers to the byte, which
corresponds to the 8-bit of data and is the standard small unit in the world of

digital computers.
Clasla o (5583 YV g sl Glaglen o L 5 5ia3 68 . (MOnochrome) ostl aalal Ll gabe ) 7ol @ld ) sall ) Ly
(255-0) Ailia (Ausle ) g shur Sl siose le- Jpmmalls W zrans Laa (i) JuSfcn 8 e iyl 5 gl 5 sin 50

3. Color Image

Color images can be modeled as three-band monochrome image data where
each band of the data corresponds to a different color. The actual information
stored in the digital image data is brightness information in each spectral
band. When the image is displayed, the corresponding brightness
information is displayed on the screen by picture elements that emit light

energy corresponding to that particular color.
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- 8-bit color format

8-bit color is used for storing image information in a computer's memory or in a file of an
image. In this format, each pixel represents one 8 bit byte. It has 0-255 range of colors,
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in which 0 is used for black, 255 for white and 127 for gray color. The 8-bit color format is
also known as a grayscale image. Initially, it was used by the UNIX operating system.
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- 16-bit color format

The 16-bit color format is also known as high color format. It has 65,536 different color
shades. It is used in the system developed by Microsoft. The 16-bit color format is further
divided into three formats which are Red, Green, and Blue also known as RGB format. In
RGB format, there are 5 bits for R, 6 bits for G, and 5 bits for B. One additional bit is added
in green because in all the 3 colors green color is soothing to eyes.
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Typical color images are represented using red, green, and blue or RGB
images. Using the 8-bit monochrome for each color, the corresponding color
image would have 24 bits /pixel — 8 bits for each color band (red, green, and
blue). The 24-bit color format is also known as the true color format.
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For many applications, RGB color is transformed into mathematical space
that decouples the brightness information from the color information. The
hue / saturation /lightness (HSL) color transform allows us to describe colors
in terms that we can more readily understand. See figure below
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i -
| IS
1% SATURATION 100%

brightness

0% LGHTNESS / BRIGHTNESS 100%

\]

Example

hsl(e, 10e%, 50%)

hsl(24e, 100%, 56%)

hsl(248, 53%, 58%)

The lightness is the brightness of the color, and the hue is what we normally
think of as “color” and the hue (ex, green, blue, red, and orange).

The saturation is a measure of how much white is in the color (ex, Pink is red
with more white, so it is less saturated than pure red).

Example: A deep, bright orange” would have a large intensity (“bright”), a
hue of “orange,” and a high value of saturation (“deep”). We can picture this
color in our minds, but if we defined this color in terms of its RGB
components, R=245, G=110, and B=20.

Multispectral Images

Multispectral pictures ordinarily contain data outside the typical human
perceptual reach. X-ray, infrared, ultraviolet, acoustic, and radar data are all
examples of this. Because the information being represented is not directly
visible to the human system, these are not images in the usual sense. In any
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case, the data is much of the time addressed in visual structure by planning
the different ghastly groups to RGB parts.
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Digital Image File Formats

1. Introduction

Image file formats define how the data in an image is structured, compressed, and saved.
Formats can broadly be classified based on whether they use lossy or lossless compression and
whether they are bitmap (raster) or vector-based.

Bitmap Formats: Represent images as a grid of pixels, suitable for real-world photos and
complex visuals.

Vector Formats: Use mathematical formulas to represent images, making them ideal for
scalable graphics like logos and icons.
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2. Common Image File Formats
2.1 JPEG (Joint Photographic Experts Group)

- Key Features:
- Compression: Lossy
- File Extension: .jpeg, .jpg
- Best Used For: Photographs, web images, general-purpose storage
- JPEG uses lossy compression, which reduces file size by discarding some image data.
- Widely compatible and supported by most software and devices.
- Adjustable compression level; higher compression results in smaller file sizes but also greater
loss of quality.
- Does not support transparency or layers.

- Transparency allows you to remove the background of an image or part of it, making it blend into
different backgrounds or layers.

2.2 PNG (Portable Network Graphics)

- Key Features:

- Compression: Lossless

- File Extension: .png

- Best Used For: Web graphics, transparent images, and line art

- Lossless format, preserving image quality after compression.
- Supports transparency, making it ideal for background images or logos
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2.3 GIF (Graphics Interchange Format)

- Key Features:

- Compression: Lossless (Limited to 256 colors)

- File Extension: .gif

- Best Used For: Simple animations, web graphics, and small icons

- Supports animation, making it popular for simple moving images on the web.

- Limited to 256 colors, which makes it less ideal for detailed photos but sufficient for simple
graphics.

2.4 BMP (Bitmap Image File)

- Key Features:

- Compression: Uncompressed

- File Extension: .bmp

- Best Used For: Windows-based applications, high-quality image storage
- BMP files retain full image detail and quality.

- Large file sizes as each pixel is stored individually.

2.5 TIFF (Tagged Image File Format)

- Key Features:

- Compression: Lossless

- File Extension: .tiff, .tif

- Best Used For: Professional photography, scanning, and archiving
- Supports lossless compression, preserving all image details.

- Frequently used in professional environments.

- Large files not commonly used for web applications.

2.6 RAW

- Key Features:

- Compression: None or minimally compressed

- File Extension: Varies by camera manufacturer

- Best Used For: Professional photography and post-processing
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- Contains unprocessed data directly from the camera sensor.
- Offers maximum control in post-processing.

2.7 SVG (Scalable Vector Graphics)

- Key Features:

- Compression: Lossless (XML-based)

- File Extension: .svg

- Best Used For: Logos, icons, web graphics requiring scalability
- SVG is a vector format that is scalable without quality loss.

- XML-based, suitable for web applications.

3. Choosing the Right Format Based on Application (il pe cauliall ganil) jlial

Application Recommended Format Reason

Web photographs JPEG Small file size, decent quality
Logos and icons PNG, SVG Transparency support, scalability
Animation GIF Simple animation support
Professional photography RAW, TIFF Maximum detail for editing
Document scanning TIFF High quality, supports layers
Quick image sharing JPEG, PNG Compeatibility, decent quality

4. Image Compression: Lossy vs. Lossless

4.1 Lossy Compression

Lossy compression reduces file size by permanently discarding some data, usually imperceptible
to the human eye. JPEG is a prime example:
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e Advantages: Smaller file sizes, suitable for storage and transmission.
o Disadvantages: Quality is lost with each edit and save.

4.2 Lossless Compression

Lossless compression retains all image data, making it suitable for applications where quality is
crucial (e.g., medical imaging).
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o Advantages: No loss of quality; files can be decompressed back to their original form.
o Disadvantages: Larger file sizes compared to lossy formats.

5. Examples of Image File Usage Across Industries

5.1 Healthcare and Medical Imaging

e Preferred Format: DICOM (Digital Imaging and Communications in Medicine), TIFF
e Reason: DICOM supports extensive metadata, including patient information, critical for
medical records. TIFF maintains the high resolution needed for diagnostic images.

5.2 Photography and Media
o Preferred Format: RAW (for capturing), JPEG (for sharing), TIFF (for printing)
e Reason: RAW files provide maximum editing flexibility. JPEGs are widely compatible,
while TIFFs offer high-quality printing options.

5.3 Web and User Interface (Ul) Design

e Preferred Format: PNG, JPEG, SVG
¢ Reason: PNG and SVG support transparency and scalability, crucial for icons and logos.
JPEG is used for larger photos on the web due to small file sizes.
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Image Algebra

1. Introduction to Image Algebra

Image algebra refers to the mathematical operations that can be applied to digital
Images to transform and manipulate them. These operations are fundamental to
image processing tasks such as enhancement, restoration, and feature
extraction. Image algebra is used in various fields, including medical imaging,
remote sensing, computer vision, and digital photography.
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2. Basic Operations in Image Algebra

Each image can be thought of as a matrix of pixel values, and algebraic
operations can be performed on these matrices.

3. Image Addition

Purpose: Often used to increase brightness, blend images, or perform image
averaging for noise reduction.
Formula: 1_result(x, y) = 11(x, y) + 12(X, y)

Example:

a. First Original image b. Second Original c. Addition of two images
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Image 1:
100 150 200
I, = | 50 100 150
0 50 100
Image 2:

10 20 30
7, — |40 50 60
70 80 90

e Resulting image after addition:

110 170 230
Il'(‘Hll“ — Il } I:__ — 9() 15() 21()

70 130 190

Application: Adding a constant image can brighten the original image, while
adding two images is useful for overlay effects.

4. Image Subtraction

Purpose: Used to detect differences between images, highlight changes, or
perform background subtraction.

Formula: 1_result(x, y) = 11(X, y) - 12(x, y)
Example

e Subtracting Image 2 from Image 1:

90 130 170
Iresult — Il I2 = 10 50 90
70 30 10
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Negative values can be clipped to zero.
Application: Useful in medical imaging to detect changes or isolate objects from
a static background.

5. Scalar Multiplication and Division

Purpose: Adjusting the brightness or contrast of an image, normalization, and
applying masks.
Formulas:

- Multiplication: I_result(x, y) = I(X, y) * k

- Division: |_result(x, y) = I(x, y) / k
Example:

e Given Image 1

100 150 200
I = |50 100 150
0 50 100
* To brighten the image by 1.5 times:
150 225 255
Liesit =11 x 1.5 = | 75 150 225
0 75 150
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Application: Brightens or darkens the image based on the multiplier.

- .
e - o B aal ™

;2 20,

. Original image b. Im‘age:iividcd y value< c. Image divided by value >1
6. Negation (Inversion)

Purpose: Create the negative of an image, useful in medical imaging and
inverting contrasts.

Formula: 1_result(x, y) = 255 - I(X, Y)
Example:

* Using Image 1 again:

155 105 55
Iesut = 255 — I = |205 155 105
255 205 155

Figure: Example of a negative image

Application: Used in medical imaging to enhance structures.
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7. Thresholding

Purpose: Segment an image by converting it to binary based on a threshold.
Formula:
- L_result(x,y) =1if I(x,y) >=T, else 0
Example:
- Thresholding Image 1 with a threshold of 100 results in

» Given Image 1 and a threshold T' = 100:

1 1 1
Tresut = 0 1 1
0 0 1

Application: Used in object detection to separate objects from the background.
9. Logical Operations (AND, OR, NOT, XOR)

Purpose: Used in binary images for masking, segmentation, and identifying
regions of interest.

Operations:

- AND: Sets pixels to 1 only where both images have pixels set to 1.

- OR: Sets pixels to 1 where either image has pixels set to 1.

- NOT: Inverts pixel values in a binary image.

- XOR: Sets pixels to 1 where only one of the images has a pixel set to 1.

Example: A logic AND is performed on two images, suppose the two
corresponding pixel values are (111)10 is one image and (88)10 in the second
image. The corresponding bit strings are:
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(111)9 01101111,

\J

AND
(88)10 > 01011000,
01001000

Application: Crucial in creating masks for selective processing, especially in
medical imaging.
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FIGURE (6-1). (a) Original image. (b)JAND image mask. (¢) Result of the AND
operation on images (a) and (b). (d) Original image. (e) OR image mask. (f) Result
of operation OR on images (d) and (e).

Example: A white square ANDed with an image will allow only the portion of the
image coincident with the square to appear in the output image with the
background turned black; and a black square ORd with an image will allow only
the part of the image corresponding to the black square to appear in the output
image but will turn the rest of the image white. This process is called image
masking. The NOT operation creates a negative of the original image, by

inverting each bit within each pixel value.
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g~

n Oponnd imnge b Imnge mask (ANID) ¢ ANDmg n and b

- <

. Image sk (OR) ¢ ORmg onand d

Figure: Image masking

a, Origimal image b. Image after NOT operation.

Figure: Complement Image.

10. Conclusion

Image algebra provides essential tools for manipulating and analyzing digital
iImages. These operations are foundational for advanced image processing
tasks, making them crucial in computer vision, digital photography, and
medical imaging. Mastering image algebra is key to understanding and
developing sophisticated image processing techniques.
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Image Histogram

Definition: An image histogram is a graphical representation that shows the
frequency distribution of pixel intensity values in an image. It provides a
visual summary of how many pixels fall into each intensity level, ranging from
the darkest (black) to the brightest (white) for grayscale images or across
color channels for colored images. This tool is widely used in image
processing to analyze brightness, contrast, and overall tonal distribution.
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A histogram appears as a graph of "brightness" on the horizontal axis (x) from
0 to 255 (for an 8-bit intensity scale) and "number of pixels "on the vertical axis
(y). For each colored image, three histograms are computed, one for each
component (RGB).The histogram gives us a convenient —easy -to -read
representation of the concentration of pixels versus the brightness of an image.
Using this graph we are able to see immediately:
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1- Whether an image is dark or light and high or low contrast.

2- What contrast enhancement method would be appropriately applied to
make the image more subjectively pleasing to an observer or easier to
interpret by succeeding image analysis operation? The shape of the
histogram provides us with information about the nature of the image or
sub-image. For example:
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- Very narrow histogram implies a low-contrast image.

- Histogram skewed to the high end implies a bright or dark image.
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- Histogram with two major peaks, called bimodal, implies an object that
IS in contrast with the background.

Figure below shows an image and its histogram:

) Count

2 3 4 4 6 J;?::c"“"' 5 : Aves = 25
1 2 45 6 o | 2
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R : |
4
012 8 4 TIn:
'mage Histogram

Plot of the Histogram
(a)] (b) le)

Properties of Histogram:

We can normalize a histogram by dividing the counts in each bin by the total
number of pixels in the image associated with that histogram. This gave us
a table of estimated probabilities. For example, probability density function

(pdf) of the image . The entry for any gray level tells us the likelihood of
finding that gray level at pixel selected randomly from the image. Similarly, a
normalized cumulative histogram is a table of Cumulative probabilities. For
example, the cumulative distribution function (CDF) of the image .
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1. PDF (Probability Density Function)
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All spatial information is discarded when an image is transformed into a
histogram. The histogram specifies the number of pixels at each gray level
but gives no hint as to where those pixels are located within the image. Thus,
the histogram is unique for any particular image. Vastly different images
could have identical histograms. Such operations as moving objects around
within an image typically do not affect the histogram.
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Types of Histogram:

We note in the dark image that the components of the histogram are
concentrated on the low (dark) side of the grayscale. Similarly, the
components of the histogram of the bright image are biased toward the
high side of the grayscale. An image with low contrast has a histogram that
will be narrow and will be centered toward the middle of the grayscale. For
a monochrome image, this implies a dull, washed-out gray look. Finally, we
see that the components of the histogram in the high-contrast image cover
a broad range of the grayscale and, further, that the distribution of pixels is
not too far from uniform, with very few vertical lines being much higher than
the others. Intuitively, it is reasonable to conclude that an image whose
pixels tend to occupy the entire range of possible gray levels and, in
addition, tend to be distributed uniformly will have an appearance of high
contrast and exhibit a large variety of gray tones. The net effect will be an
iImage that shows a great deal of gray-level detail and has a high dynamic
range. It will be shown shortly that it is possible to develop a transformation
function that can automatically achieve this effect based only on
information in the input image's histogram.
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Examples of the different types of histograms are shown below
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low contrast normal contrast high contrast

Histogram Modifications:
The histogram can be modified by mapping functions that stretch, shrink
(compress), or slide the histogram. The figure below illustrates a graphical
representation of histogram stretch, shrink, and ind'e.
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c. Histogram shide.

1- The following equation can find the mapping function for histogram stretch:
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I(r,c)-1{r,c) . 1
Stretch (16, €)= | 75— ”}’"1 [MAX-MIN] + MIN.
*¢/max ™V i |

Where I(r,c) max is the largest gray level in the image I(r,c).

I(r,c) min is the smallest gray level in the image I(r,c).

MAX and MIN correspond to the maximum and minimum gray—level values possible (for an 8-
bit image, these are 255 and 0).

This equation will take an image and stretch the histogram across the entire

gray-level range, increasing the contrast of a low-contrast image (see Figure
below).

Low-contrast image Histogram of low-contrast image

Histogram of image after stretching
Figure: Histogram stretching

2- The opposite of a histogram stretch is a histogram shrink, which will decrease
Image contrast by compressing the gray levels. The following equation can
find the mapping function for a histogram shrinking:
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. Shrinkyqy =Shrink . -
Shrink (I(r,c)) = oy TR E e o K )+ Shrink i
Hrhegas =100y

Shrink _ and shrink . correspond to the maximum and minimum desired in the compressed

histogram. Generally, this process produces an image of reduced contrast and may not seem useful
as an image enhancement (see figure below of shrink histogram).

Original image Histogram of original image
> / mm
. f
Image after histogram shrink Histogram of the image

Figurer: Histogram Shrinking

3- The histogram slide techniques can be used to make an image either darker or
lighter but retain the relationship between gray-level values.
This can be a accomplished by simply adding or subtracting a fixed number for
all the gray-level values, as follows:

Slide (I(r,c)) = I (r,c)+ OFFSET.

39



Image processing By: Assist. Prof. Dr. Adil Ibrahim Khalil

Where OFFSET values is the amount to slide the histogram. In this equation, a
positive OFFSET value will increase the overall brightness; where as a negative
OFFSET will create a darker image, figure below shows histogram sliding

Original image Histogram of original image

Image after positive-value Histogram of image after sliding
histogram sliding

Figurer: Histogram Sliding.
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Histogram Eqgualization

Histogram equalization is a popular technique for improving the appearance of a
poor image. It's a function that similar to histogram stretch but often provides more
visually pleasing results across a wide range of images. Histogram equalization is a
technique where the histogram of the resultant image is as flat as possible (with
histogram stretching the overall shape of the histogram remains the same).

The histogram equalization process for digital images consists of four steps:

1. Find the running sum of the histogram values

2. Normalize the values from step 1 by dividing by a total number of pixels.

3. Multiply the values from step 2 by the maximum grey level value and round.

4. Map the grey-level values to the results from step 3 using one-to-one
correspondence. The following example will help to clarify this process.

Example:-
We have an image with 3 bits/pixel, so the possible range of valuesis 0 to 7.
We have an image with the following histogram:

Gray-level value | 0 1 2 3 4 5 6 7

No of Pixel
Histogram value

I~

10 8 9 2 14 1 5

Step 1: Great a running sum of histogram values. This means that the first value is
10,

The second is 10+8=18,

The next is 10+8+9=27, and so on.

Here we get 10,18,27, 29,43,44,49,51.

Step 2: Normalize by dividing by the total number of pixels. The total number of
pixels is 10+8+9+2+14+1+5+2=51.

Ex: 10/51=0.19, 18/51=0.35, 27/51=3.7 and so on.
Step 3: Multiply these values by the maximum grey—level values, in this case, 7, and

then round the result to the closest integer. After this is done, we obtain
1,2,4,4,6,6,7,7.
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Step 4: Map the original values to the results from step3 by a one —to one
correspondence.

The first three steps:

Gray-level 0 1 2 3 -+ 5 6
No. of Pixel 10 8 9 2 14 | 5
Run Sum | l(i o 18 27 29 43 4 49
Normalized _;ﬁ).s 51 | 18/51 | 27/51 | 29/51 | 43/51 | 44/51 | 49/51
Multiply by 7 ] 2 4 4 6 6 7
The fourth step:
| od | o | 1 | 2 | 3 | 4 | 5 | 6 | 7 |

| New | 1 |

(R]
.
.
o
o
m
~l

All pixels in the original image with grey level O are set to 1, values of 1 are set to
2,210 4, 3to 4, and so on (see figure below). Histogram equalization: you can see
the original histogram and the resulting histogram equalized histogram. Although
the result is not flat, it is closer to being flat than the original.

Qriginal image Histogram of eriginal image

Image after histogram Histoaram after eaualization
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Convolution Masks in Image Processing:

A convolution mask, also known as a kernel, filter, or template, is a
small matrix used to perform convolution operations on an image. The
convolution operation is fundamental in image processing and involves
applying a mask to an image to extract features, enhance details, or
reduce noise.

Sle ) alilae o) Y el;lﬁbwicw_}é el ji C.aia).d\ _5‘ 3) gall ?.u:\..aua..g\ Ca g yaall ccalaly) &L\S
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Convolution is a mathematical operation that modifies an image by
combining the image's pixel values with the mask's values.

Ul a3 pall & JuSll 0 i aeall 32 sk e 3 geall daaaty o 585 Ay ) Alee 54 LETY)

¢ Formula:

k k
I:mr.pur.(:r1 y] = Z Z ﬂf(l,j] ) Ii?zpu.f.{m T ?::?;" ‘|‘.?)
i=—k j=—k

Where:

* Toutpur: Output image
o  Linpui: Input image
» M(i, 7): Mask value at position (2, 7)

o k: Half the size of the mask (e.g., for a 3x3 mask, k = 1)

Mask (Kernel):

- A matrix of fixed dimensions (commonly 3x3, 5x5, etc.).
- The values in the mask determine the type of operation, such as edge
detection, blurring, or sharpening.

Al gl ey gl 5l dilal) Glis) Jie doleal) g o5 gLl 353 5 gall addll 2aa
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Image processing By: Assist. Prof. Dr. Adil Ibrahim Khalil

* Example: Sobel mask (horizontal and vertical edges)

-1 -2 -1 -1 0 1
0 0 0|, Vertical: |—-2 0 2

1 2 1 -1 0 1

Horizontal:

How Convolution Works

1. Place the mask on a pixel in the image.

2, Multiply each value in the mask with the corresponding pixel value in
the image.

3. Sum the results and place the value in the corresponding output pixel.

4. Slide the mask over the entire image, repeating the process for all
pixels.

Applications of Convolution Masks

1. Edge Detection: Sobel, Prewitt, and Canny filters for finding edges.

2. Image Smoothing: Gaussian or mean filters to reduce noise.

3. Image Sharpening: Laplacian filters to enhance details.

4. Feature Extraction: Highlighting patterns, such as corners or
textures.

5. Noise Removal: Median or Gaussian filters to clean noisy images.

Example:

Input Image (5x5 Array)

9 10 11 12 13
13 14 15 16 17
17 18 19 20 21

010
1 41
0 1 o

. Step 1: Overlay the 3x3 kernel on the top-left corner of the image.
« Multiply the kernel values with the corresponding image values:
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Result=(0-1)+(1-2)+(0:3)+(1-5)+(—4-6)+(1-7)+(0-9)+(1-10)+(0-11)=-6
This value —6 becomes the top-left value in the output.

. Step 2: Slide the kernel one position to the right and repeat the
process until all positions are covered.

Output Image (After Applying the Convolution)

(-6 =4 -2 0 2
= 0 2 4 8
2 4 6 8 10
6 8 10 12 14
10 12 14 16 18

Notes:

« The edges of the image may need padding if you want to maintain the
same dimensions for the output. For example, adding zero-padding
around the image.

« The kernel determines the transformation. Here, it emphasizes central

pixel differences relative to neighbors.

C\);m aJ}A\JLM\UAMLAQLMJMY\wgaﬁh\é\ﬁjﬂ\u\};cuﬁ
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Input Image (5x5 Array)

: 2 ;

5 6 7 8 9
9 10 11 12 13
15 16 17
19 20 21

Lo
=S
=N

¥
.

1
1!

-1
ek
oo

Padding (Adding a Border of Zeros)
After adding zero-padding (1 pixel wide):

0 0 0
0 1 2
0 5 6 .
0 9 10 11 12 13
0 13 14 15 16 17
0 17 18 19 20 21
0 0 0 0 0 0 0

0 0 0
.; y

-1
oo
o
cCo oo OO

0 0 0
Overlay: [0 1 2
0 5 6

Result=(0-0)+(1-0)+(0-0)+(1-0)+(—4-1)+(1-2)+(0-0)+(1-5)+(0-6)=—4
Repeat for all positions to fill the output.

Find the values of image after convolution?

The effects of a convolution mask (or kernel) can often be predicted based
on its general pattern and the distribution of its values.
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General Rules for Predicting Effects

1. Sum of Kernel Values:
» If the sum > 1: Brightens the image.
> If the sum < 1: Darkens the image.
> If the sum = 1: Maintains average intensity.
2. Sign of Values:
> Positive values: Emphasize intensity or smooth details.
> Negative values: Detect transitions (edges) or subtract intensity.
3. Symmetry:
» Symmetrical kernels: Smooth or enhance uniformly.
> Asymmetrical kernels: Detect directional features or create
embossing effects. 58l <l il el
4. Central Value:
> Large positive central value: Enhances the current pixel (e.g.,
sharpening).
> Zero or negative central value: Emphasizes neighbors over the
central pixel (e.g., edge detection).
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Image Restoration

Image restoration is a critical aspect of image processing, focusing on
improving the appearance or usability of an image degraded by noise, blur,
or other distortions. The goal is to recover the original image as accurately as
possible.

5 gall aladin) A8 o jehae auad e S 5 Al seall dadlee caila (A 3 saal) salail
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Degradation types: sl gl 5

1. Blurring: caused by motion or atmospheric disturbance.

2. Missing Data: Areas of an image that are corrupted or missing due to
transmission errors or occlusion.

3. Noise: Unwanted variations in pixel intensity due to sensor

inaccuracies or environmental interference.

What is noise?

Noise is any undesired information that contaminates an image. Noise
appears in images from a variety of sources. The digital image acquisition
process converts an optical image into a continuous electrical signal that is
then sampled, which is the primary process by which noise appears in digital
images.

Ga seall (B elim guall sl b geall il e Ga5lS jelailed ase ja e Slaslaa 5l 8 (Noise) sloa suall
‘;b\g‘\.@_mc_\\_us: A;iﬂBM@b)@SULAijj@FEJ}qu\LMJX\Jj..al\lauﬂ\a\_)hcZ\.c)ﬁ.e)ah@o
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At every step in the process, fluctuations caused by natural phenomena add
a random value to the exact brightness value for a given pixel. In a typical
image, the noise can be modeled with one of the following distributions:
4l e daf i dpnl jal ok (e deals LIS 2 65 ¢ ) ) Lehisad s B ) geall Bl Ol gl (e 85kl JS (B
) g5 520 3] iy gl el ) g pme Sl T8 g ol e )

48



Image processing By: Assist. Prof. Dr. Adil Ibrahim Khalil

Noise distribution types (Types of Noise):
1. Gaussian Noise:

« Caused by electronic circuit disturbances in sensors.
. Follows a normal distribution where most noise values are near zero.
« Common in low-light photography.

2, Salt-and-Pepper Noise:

. Appears as random white (salt) and black (pepper) pixels.
« Caused by transmission errors.

3. Poisson Noise:

« Results from the discrete nature of light.
« Common in photon-limited imaging systems, such as medical or
astronomical imaging.

4. Speckle Noise:

. Appears as a granular texture, typical in coherent imaging systems
like radar or ultrasound.

The

types
of

noise

(a) onginal (L) with Gaussian notse (vanance=0,005)

(c) with salt and Pepper noise (p=1%)

example
Noise reduction

Noise reduction aims to remove or minimize unwanted random variations in
pixel intensity (noise) in an image while preserving as much of the original
details as possible. Noise can be introduced during image acquisition,
transmission, or storage, and effectively reducing noise is essential for
accurate image interpretation.
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Techniques for Noise Reduction:

A. Spatial Domain Filters:
These filters operate directly on pixel intensity values in the spatial domain.

1. Mean filters.
2. Median filters (order filter).
3. Gaussian filter

These filters are called (low-pass filters) because they allow low-
frequency components (smooth regions) to pass through while attenuating
high-frequency components. Spatial filters are implemented with
convolution masks. Because the convolution mask operation provides a
result that is a weighted sum of the values of a pixel and its neighbors, it is
called a linear filter.

Mean Filter:

« Replaces each pixel value with the average of its neighbors.
. Simple and fast but can blur edges.

This replacement is done with a convolution mask such as the following 3x3

mask
Arithmetic mean filter smoothing or low-pass filter.
(1/9 1/9 1/9 Y
179 1/9 1/9
\. 172 1/9 179
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So, a low filter can be used to attenuate image noise composed primarily of

high-frequency components.

a, Original image b. Mean filtered nmage

2- The median filter:

. Replace each pixel with the median of its neighborhood.
« Particularly effective for salt-and-pepper noise.
. Preserves edges better than the mean filter.

The median filter is non-linear (order filter or order statistic).

Order statistics is a technique that arranges the entire NxN window (W); the

pixel values can be ordered from smallest to largest.

Where I1, 12, I3......... , IN are the intensity values of the subset of pixels
in the image.
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a. Salt and pepper noise b. Median filtered image (3x3)

Figure: median filter

Example:
Given the following 3x3 neighborhood:

5 5 6
3 4 5
3 4 7

We first sort the value in the order of size (3,3,4,4,5,5,5,6,7) ; then we select
the middle value, in this case, it is 5. This 5 is then placed in the center
location.

A median filter can use a neighborhood of any size, but 3x3, 5x5, and 7x7
are typical.

The midpoint filter is both an order and mean filter because it relies on
ordering the pixel values but then calculating by an averaging process. This
midpoint filter is the average of the maximum and minimum within the

window as follows:
Order set =I1 < I2 < I3.cececerecncnnenncnens <IN.
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Midpoint = (I1+I N)/2

The midpoint filter is most useful for Gaussian and uniform noise.

Gaussian filter:

Pattern: Values are symmetrically distributed and decrease as they move
away from the center, forming a bell-shaped Gaussian distribution.

Effect:

« Smooths the image while preserving the general structure and edges.
« Reduces high-frequency noise more subtly than a mean filter.

Example:

Gaussian Kernel (3x3):

N =
| SRS ()
o

B. Frequency Domain techniques:

These methods transform the image into the frequency domain (using
Fourier Transform) to manipulate specific frequencies.

1- Low-Pass Filters:

> Attenuate high-frequency noise while retaining low-frequency details.
> Can smooth images but might lose sharp edges.

2- High-Pass Filters:

. Enhance edges and details by suppressing low-frequency components.
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. Typically combined with other methods to reduce high-frequency

noise.
Example:
-1 -1 -1
High-Pass Filter: |-1 8 -1
-1 -1 -1

C. Advanced Al-Based Methods (Denoising Algorithms)

1. Machine learning and deep learning methods offer state-of-the-
art performance in noise reduction.

- Neural networks trained to reconstruct the original image from noisy
input.

- DnCNN (Denoising Convolutional Neural Network):

2. Wavelet-Based Methods:

- Use wavelet transforms to separate noise and detail coefficients.
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Edge detection

Edge detection operators are based on the idea that edge information in an image is
found by looking at the relationship of pixel with its neighborhood. If a pixel’s gray
level value is similar to those around it, there is probably not an edge at that point.
However if a pixel has a neighbors with widely varying gray levels, it may represent
an edge point. In other words, an edge is defined by a discontinuity in gray-level.

Ideally an edge separates two distinct objects.
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Definitions: Edge can be defined as that location in an image where there is a sudden
variation in the gray level or color of pixels. An edge is a collection of pixel values
whose brightness value changes abruptly. Edges represent boarders between regions

on an object or in a scene.
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The contours of potentially interesting scene element (solid object, surface marking,
shadows, etc...) all generate intensity or color edges, so edge enhancement and
detection are obvious steps to take when attempting to locate and recognize those
scene elements. Location and recognition are far from trivial because noise and other

uninteresting image features can also generate edges. Given a noisy image, edge
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detection techniques aim to locate the edge pixels most likely generated by scene

elements, rather than by noise.
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Typically, there are three main steps to perform for good results for edge

detection

1 — Noise reduction: where we try to suppress as much noise as possible, without

smoothing away the meaningful edges.

2 — Edge enhancement: applying some kinds of filter that respond strongly at edges
and weakly elsewhere, so that edges may be identified as local maxima in the filter’s

output.

3 — Edge localization: where we decide which of the local maxima outputs by the
filter meaningful edges are and which are caused by noise (for example using
threshold).

Note: some edge detection operators return orientation information (information

about the direction of the edge ), whereas others only return information about the

existence of an edge at each point.
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With many edge detection operators, noise in the image can create problems which

IS why it is best to preprocess the image to eliminate, or at least minimize, the noise
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effect. To deal with the noise effect, we must make a tradeoff between the sensitivity

and the accuracy of an edge detector.
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For example, if the parameters are set so that the edge detector is very sensitive, it

will tend to find many potential edge points that are attributable to noise. If we make

it less sensitive, it may miss valid edges.
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The parameters that we can set include:
1 — The size of the edge detection mask.

2 — The value of the gray-level threshold.

A large mask is less sensitive to noise, and a lower gray—level threshold will tend
to reduce the noise effect.
sl guzall 53l Q8 ) o duaddiall sale )1 (5 sl dgie () LaS (b guall 4l Ji Sl g L) iy

1-Soble operator:

The Sobel edge detection masks look for edges in both horizontal and vertical
directions and then combine this information into a single metric. The masks are as
follows:

Aal g slite (8 ila glaall 028 &#;wi)\jgy\w@w@gd}ﬂ\&cSobelOAQJ\};J\O;@SJ\Mi&;_ﬁ

(b LS o daY
Row Mask Column Mask
-1 -2 -1 : - -l 0 |
0 0 0 - 0] 2
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These masks are each convolved with the image. At each pixel location, we now
have two numbers: S1, corresponding to the result from the row mask, and S2, from
the column mask. We use these numbers to compute two matrices, the edge
magnitude and the edge direction, which are defined as follows:

(aall gl (e dangiil) aa 3851 @A (ST gy OV Ll (JuSs aBga S 8 5 ) seall g 2x8Y) 028 (e JS e Ay
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Edge Magnitude=,/s,2 + 5,2

2-Prewitt operator:

The Prewitt is similar to the Sobel but with different mask coefficients. The masks

are defined as follows:

Row Mask Column Mask
-1 -] -1 -1 0 |
0 0 0 -1 0 |

(a)
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Figure (9-2): (a)

(b)

Figure (9-3): (a) Edge maps created by thresholding the gradient magnitude in figure 11.7
threshold of 50 (b) threshold of 150
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