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COURSE SYLLABUS & MAPPING

[ UNIT I SYLLABUS — PRESCRIBED UNIVERSITY CURRICULUM ]

This section contains the official syllabus for Unit L. Verify with your university curriculum mapping.

Unit I Syllabus Breakdown:

Unit [ - Fundamental Concepts of Image Processing and Computer Vision: Introduction to Computer Vision:
definition, scope and challenges; relationship between image processing, pattern recognition and computer
vision; Human visual system vs. machine vision: gaps and opportunities, The CV pipeline: Acquisition
Preprocessing Feature Extraction Understanding Actuation human visual perception vs machine vision.
Digital Image Fundamentals: digital image representation, pixels and resolution, sampling and quantization,
spatial resolution, gray level resolution. Color Image Processing: color perception, RGB color model, CMY and
CMYK models, HSV/HSI color models, color transformations and color spaces. Image Operations: point
operations, intensity transformations, gray level transformations, contrast stretching, image negatives,
logarithmic and power law transformations. Histogram Processing: image histogram, histogram equalization,
histogram specification. Applications of Computer Vision: medical imaging, surveillance systems, biometrics,
industrial inspection, robotics, autonomous vehicles.

e Course Code: e Semester / Year:
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1.1 Introduction to Computer Vision & Core Concepts

Formal Definition: Computer Vision

Computer Vision (CV) is an interdisciplinary field of Artificial Intelligence and Computer Science that
focuses on creating mathematical algorithms and computational architectures that enable computers
to acquire, process, analyze, and understand digital images and videos, extracting high-level symbolic
representations of physical 3D world scenes to make automated autonomous decisions.

Scope and Fundamental Challenges of Computer Vision

While biological vision appears effortless to humans, machine vision is an inherently ill-posed inverse
problem. A 2D digital image is a perspective projection of a complex 3D world, meaning critical depth
information is lost during image formation. The primary computational challenges include:

= 1. Illumination Variations: Changes in ambient light intensity, direction, shadows, and specular
reflections drastically alter pixel numerical values even when the physical object remains identical.

= 2. Viewpoint & Scale Variation: An object viewed from different camera angles, distances, or
perspectives yields radically different 2D bounding boxes and pixel grids.

= 3. Occlusion & Clutter: Objects in real-world scenes are frequently partially or heavily blocked by
other foreground objects, blending into cluttered backgrounds.

= 4. Deformation & Intra-Class Variation: Non-rigid objects (e.g., humans walking, animals) deform
non-linearly. Furthermore, objects belonging to the same semantic class (e.g., chairs) vary wildly in
physical shape, color, and texture.

= 5. Motion Blur & Sensor Noise: High-speed object movement and thermal sensor shot noise
corrupt high-frequency edge information.

Relationship: Image Processing vs. Pattern Recognition vs. Computer Vision

These three disciplines form a continuum of increasing abstraction across low-level, mid-level, and high-
level visual data processing:

Core Objective & Exemplary

Primary Input Primary Output Algorithms

Low-level operations: Noise removal,
contrast enhancement, histogram
equalization, spatial filtering, image
restoration.

Transformed /
Enhanced Digital
Image

Digital Image Raw Digital Image
Processing (DIP) (2D Matrix)
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Core Objective & Exemplary

Primary Input Primary Output Algorithms
Pattern Mid-level operations: Clustering,
Recognition (PR) Extracted Feature Class Labels / classification, decision trees, SVMs,

Vectors / Attributes = Statistical Decisions = identifying statistical boundaries in
feature space.

Semantic Scene High-level operations: 3D reconstruction,
Computer Vision Digital Images / Understanding & autonomous driving navigation, semantic
(cv) Video Streams Symbolic 3D segmentation, object tracking, robotic
Models grasping.

THE INTERDISCIPLINARY CONTINUUM OF VISUAL COMPUTING

e e T T +
| SEMANTIC SCENE UNDERSTANDING: Objects, Poses, Autonomous Actuation |
e e T +

Figure: Hierarchical data flow from raw pixel intensity values to semantic situational awareness

Human Visual System (HVS) vs. Machine Vision

= « Human Visual System: Light enters through the cornea and lens, projecting inverted onto the
retina. Photoreceptor cells (approx. 120 million Rods for scotopic low-light monochrome vision; 6-
7 million Cones for photopic color vision concentrated in the fovea centralis) convert photons into
neural impulses transmitted via the optic nerve to the primary visual cortex (V1). HVS excels at
context-driven reasoning, optical illusion disambiguation, and extreme dynamic range adaptation
(~10710 illumination range).

= ¢ Machine Vision: Employs semiconductor image sensors (CCD / CMOS arrays) converting incident
photons into quantized electric voltages stored as 2D discrete numerical matrices. Excels at
quantitative precision, sub-pixel metric measurements, high-speed frame capture (>1000 FPS), and
sensing non-visible spectrums (Infrared, Ultraviolet, X-ray, LiDAR).
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The Standard End-to-End Computer Vision Pipeline

= 1. Image Acquisition: Capturing raw photon energy via optical lenses and CMOS/CCD sensors,
digitizing via spatial sampling and intensity quantization.

= 2. Image Preprocessing: Conditioning raw pixels via noise filtering, contrast enhancement, color
space conversion, and geometric rectification.

= 3. Feature Extraction: Detecting foundational visual primitives such as edges (Sobel/Canny),
corners (Harris/Shi-Tomasi), blobs, textures, and deep convolutional embeddings.

* 4. Image Understanding (High-Level Reasoning): Executing object classification, spatial
localization, 3D depth estimation, and semantic semantic scene parsing.

= 5. Actuation & Decision Making: Triggering physical actions (e.g., robotic arm trajectory
adjustment, autonomous vehicle emergency braking, security gate unlocking).

1.2 Digital Image Fundamentals: Sampling, Quantization &
Resolution

Mathematical Representation of a 2D Digital Image

A continuous 2D light intensity function f(x,y) represents spatial coordinates (xy) with amplitude f
proportional to brightness. A digital image is a discrete 2D matrix obtained by sampling spatial
coordinates and quantizing continuous amplitudes into discrete integer gray levels:

ftxy) =[f(ij) ] fori=0,1,..,M-1andj=0,1,.,N-1

Sampling and Quantization

= o Spatial Sampling: The process of digitizing continuous spatial coordinates (x,y) into discrete rows
and columns. Sampling frequency determines the spatial resolution (number of pixels M x N). If
sampling frequency falls below the Nyquist Rate (f_s < 2 f max), spatial aliasing occurs (Moiré
patterns and jagged edges).

= o Intensity Quantization: The process of digitizing continuous amplitude f(x,y) into discrete
integer intensity levels. If quantized using k bits, the total number of discrete gray levels is L = 2"k
(typically k=8 bits — L=256 levels ranging from O [pure black] to 255 [pure white]). If quantization
bit-depth is too low (e.g., k < 4), false contouring (banding artifacts) appears in smooth gradient
regions.

= « Total Storage Size: For an uncompressed grayscale image of size M x N with k-bit quantization,
total storage required is: b=M x N x k bits. For an RGB color image, storage is:b =3 x M x N x k bits.

Spatial Resolution vs. Gray-Level (Radiometric) Resolution
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LGN L sysleal) !Vlrflt.hematlcal Measurement Units | Impact of Downscaling
Definition
The smallest discernible D.ots Per Inch (DPI), Plx.elatlon, checke.rboard
. . . o . Pixels Per Inch (PPI), artifacts, loss of high-
Spatial Resolution spatial detail in an image; . .
determined bv pixel densit Line pairs per frequency sharp edge
yP y: millimeter (Ip/mm). boundaries.
Grav-Level The smallest discernible Bits per pixel (bpp), False contouring, visible
y_ . difference in light intensity; discrete dynamic discrete banding steps
(Radiometric) . o . .
) determined by quantization intensity levels (L = across smooth gradual
Resolution ) . . e
bits. 27Kk). intensity transitions.

1.3 Color Image Processing & Color Spaces

Color perception in human vision is governed by the Trichromatic Theory (Young-Helmholtz), where the
retina's cone cells are sensitive to three broad spectral wavelength peaks: Blue (435.8 nm), Green (546.1
nm), and Red (700 nm):

1. RGB Color Model (Additive Primaries)

= o Architecture: An additive color space based on Cartesian coordinates where colors are created
by superimposing Red, Green, and Blue light beams. Represented inside a 3D unit cube [0, 1]*3 or
[0, 255]73.

= o Characteristics: Native format for computer monitors, digital camera sensors, and LCD/OLED
displays. Unsuitable for color-based object segmentation because chromaticity (color tint) is tightly
coupled with luminance (brightness).

2. CMY and CMYK Color Models (Subtractive Primaries)

= o Architecture: A subtractive color space where pigments absorb (subtract) specific light
wavelengths. Primary colors are Cyan (absorbs Red), Magenta (absorbs Green), and Yellow (absorbs
Blue).

= ¢ Mathematical Conversion from RGB: [C, M, Y]"T = [1, 1, 1]*T - [R, G, B]*T (where RGB values
are normalized between 0 and 1).

= « Key (Black) Channel: In commercial four-color printing (CMYK), combining pure C, M, and Y
pigments yields a muddy brown rather than pure black. A dedicated Key (K = min(C,M,Y)) black ink
channel is introduced for deep contrast and cost savings.

3. HSV / HSI Color Models (Human-Centric Vision)
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= « Architecture: Decouples chromatic information from achromatic luminance, closely mirroring
human visual perception:

- o Hue (H): An angular measure (0° to 360°) representing the pure dominant spectral color (0°
= Red, 120° = Green, 240° = Blue).

- e Saturation (S): A radial measure (0 to 1 or 0% to 100%) indicating the purity or dilution of
the color by white light.

- ¢ Value (V) / Intensity (I): Vertical axis representing the perceived brightness / lightness of
the color.

= « Computer Vision Advantage: Because Hue is invariant to shadows and illumination intensity
changes, HSV thresholding is the gold standard for color-based object tracking (e.g., tracking a red
ball under varying lighting).

1.4 Point Operations & Intensity Transformations

Mathematical Formulation of Point Operations

Point operations are spatial domain operations where the output intensity s at pixel coordinate (x,y)
depends solely on the input intensity r at the exact same spatial coordinate, governed by a
transformation function T:

s=T(r), wherer,s €[0,L-1]

Core Gray-Level Transformation Functions

= 1. Image Negatives (Inversion): Inverts intensity levels, enhancing white or gray details
embedded in large dark regions (common in medical X-rays).

s=(L-1)-r, eg, for8-bitimage:s=255-r

= 2. Logarithmic Transformations: Expands the dynamic range of dark pixels while compressing
high-intensity bright pixels. Vital for displaying the Fourier Transform magnitude spectrum where
dynamic range spans several orders of magnitude.

s=cxlog(1+r), where cisascaling constant

= 3.Power-Law (Gamma y) Transformations: Governed by the equation s = ¢ x r’*y.

- ¢ y < 1 (Fractional Gamma): Expands dark intensity values, brightening underexposed
shadowed images.

- ¢y >1 (Exponential Gamma): Compresses dark values, darkening washed-out, overexposed
images.

- e Gamma Correction: CRT/LCD monitors have a non-linear response of y  2.2. Images are pre-
distorted by applying y = 1/2.2 = 0.45 to ensure faithful perceptual reproduction.
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* 4. Contrast Stretching (Piecewise-Linear Transformation): Linearly stretches a narrow input
intensity range [r_min, r_max] across the full available dynamic display range [0, L-1], enhancing
low-contrast images.

1.5 Histogram Processing: Equalization & Specification

Definition: Image Histogram

The histogram of a digital image with gray levels in the range [0, L-1] is a discrete function h(r_k) =
n_k, where r_k is the k-th intensity value and n_k is the number of pixels in the image having intensity
r_k. The normalized histogram p(r_k) = n_k / (M x N) represents the empirical Probability Density
Function (PDF) of gray levels.

Histogram Equalization (HE)

Histogram Equalization is a non-linear transformation that automatically flattens the image histogram,
distributing gray levels uniformly across the entire dynamic range [0, L-1], thereby maximizing global
image contrast:

= o Continuous Mathematical Formulation: For continuous variable r € [0, 1], the transformation
function is the Cumulative Distribution Function (CDF):

s=T(r) = [[0 to r] p_r(w) dw
= o Discrete Histogram Equalization Formula: For a digital image of size M x N with L gray levels:
s k=T(rk)=round[ (L-1) x Y, (j=0to k) (n_j /(M xN))]

= o Algorithmic Steps for HE:

1. Count the frequency of each gray level n_k in the image.

2. Compute the normalized probability p(r_k) =n_k / (M x N).

3. Calculate the cumulative distribution sum CDF(r_k) = ). p(r_j).

4. Multiply CDF by (L - 1) and round to the nearest integer to determine mapped gray level s_k.

5. Replace original pixel intensities r_k with mapped intensities s_k.

Histogram Specification (Matching)

While Histogram Equalization produces a fixed, uniform output histogram, Histogram Specification
allows the user to specify a custom target histogram shape p_z(z) (e.g., preserving specific dark mood
lighting in photography):

= 1. Equalize Input Image: Map original input r to uniform variable s via s = T(r).
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« 2. Equalize Specified Target Histogram: Compute transformation v = G(z) = | p_z(w) dw on the
desired target distribution.

= 3. Inverse Mapping: Compute the inverse transformation z = G*(-1)(s) = G*(-1)(T(r)) to map
original gray levels r directly to target gray levels z.

1.6 Applications of Computer Vision in Modern Industry

Industrial
Sector

Computer Vision Technology

Operational Real-World Impact

1. Healthcare &
Medical Imaging

2. Autonomous
Vehicles & ADAS

3. Smart
Surveillance &
Security

4, Biometrics &
Authentication

5. Industrial
Inspection &
Robotics

Automatic tumor detection (MRI/CT),
retinal disease screening (Diabetic

Retinopathy), and 3D organ segmentation.

Real-time multi-camera object detection
(YOLO), lane tracking, semantic
segmentation, and LiDAR-camera fusion.

Automated facial recognition, crowd
anomaly detection, license plate
recognition (ALPR), and perimeter
intrusion detection.

Iris scanning, 3D facial depth mapping
(Apple FacelD), and contactless palm vein
authentication.

Sub-millimeter automated PCB solder
defect inspection, robotic bin picking, and
packaging quality assurance.

Accelerates early disease diagnosis,
reduces radiologist workload, and enables
Al-guided robotic surgery.

Enables Tesla Autopilot / Waymo self-
driving vehicles to perceive pedestrians,
traffic signs, and road obstacles in real
time.

Enhances public safety in smart airports,
train stations, and municipal urban
surveillance centers.

Guarantees spoof-proof physical access
control, mobile device security, and border
immigration processing.

Achieves zero-defect manufacturing in
electronics assembly lines, outperforming
human inspection speed and fatigue.

1.7 High-Yield University Exam Question Bank & Model Answers

Part A: Short Answer Questions (2-3 Marks)

= Q1. What is Spatial Sampling and Intensity Quantization?

Answer: Spatial sampling is the digitization of continuous spatial coordinates (x,y) into a grid of discrete

pixels (M x N matrix). Intensity quantization is the digitization of continuous brightness amplitudes into

discrete integer gray levels (L = 2*k levels).

* Q2. Why is the HSV color model preferred over RGB for color-based object segmentation?
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Answer: In RGB, color chromaticity is tightly coupled with luminance (brightness), making color tracking
sensitive to shadows and lighting changes. HSV separates pure color information (Hue) from Saturation
and Value (Brightness), ensuring robust, illumination-invariant color segmentation.

= Q3. State the formula for Power-Law (Gamma) transformation and explain Gamma
Correction.

Answer: The power-law transformation is s = ¢ x r*y. Gamma correction compensates for the non-linear
response of physical display monitors (y = 2.2) by applying an inverse pre-distortion transformation (y
% 0.45) to maintain true perceptual linearity.

= Q4. Differentiate between Spatial Resolution and Gray-Level Resolution.

Answer: Spatial resolution measures the smallest discernible physical detail per unit distance (e.g., DPI),
governed by pixel count. Gray-level resolution measures the smallest discernible difference in light
intensity, governed by the number of quantization bits per pixel (bpp).

Part B: Long Answer Questions (8-10 Marks)

= Q5. Explain the concept and mathematical derivation of Histogram Equalization. Solve a step-
by-step numerical example for a 3-bit image.

Model Answer Outline:

= 1. Definition and objective of Histogram Equalization (maximizing global contrast by flattening
PDF).

= 2. Continuous derivation: Proving that the CDF transformation s = T(r) = | p_r(w)dw results in a
uniform output distribution p_s(s) = 1.

= 3. Discrete formulation: s_k = round[ (L-1) x )} (n_j / N) ].

= 4. Complete 6-column numerical table: Gray Levels (0-7), Pixel Counts (n_k), PDF p(r_k), CDF, Scaled
s_k x 7, Rounded output levels.

= 5. Before-and-After histogram plots illustrating contrast stretching.

Q6. Describe the End-to-End Computer Vision Pipeline. Discuss the key differences between
the Human Visual System and Machine Vision.

Model Answer Outline:

= 1. Definition of Computer Vision as an inverse projection problem.

= 2. Step-by-step breakdown of the 5 pipeline stages: Image Acquisition, Preprocessing, Feature
Extraction, Image Understanding, Actuation.

= 3. Human Visual System analysis: Cornea/Lens, Rods vs Cones, Retinal processing, Visual Cortex
(V1), contextual adaptation.
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* 4. Machine Vision analysis: CMOS/CCD sensors, Bayer filter arrays, ADC quantization, GPU
computing pipelines.

= 5. Comprehensive comparative table: Bandwidth, dynamic range, illumination adaptation, multi-
spectral capability, and cognitive reasoning.

1.8 Unit I Summary & Quick Revision Sheet

Key Theoretical & Mathematical Takeaways for Exams

DIP (Image — Image), Pattern Recognition (Features — Class labels), Computer

DIP vs PRvs CV
VS FRVS Vision (Image — 3D Semantic Understanding & Action).

Sampling & Sampling determines spatial resolution (M x N pixels); Quantization determines
Quantization dynamic range (L = 2”k gray levels). Total bits =M x N x k.

RGB (Additive displays), CMYK (Subtractive 4-color print), HSV (Hue=tint,

1
Color Spaces Saturation=purity, Value=brightness; ideal for segmentation).

Negative (s = 255 - r), Log (s = clog(1+r1), displays spectrums), Power-Law (s =c

Point Transformations A .
r’y, gamma correction).

Histogram Equalization s_k =round] (L-1) x Y (n_j / Total_Pixels) ]. Flattens PDF to maximize contrast.
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