A Practical Guide to Image Processing

Mastering Core OpenCV Techniques for Analysis and Transformation
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The Four Pillars of Image Processing

Image processing is not just a collection of functions; it’s a toolkit for four fundamental goals.
Understanding these pillars helps you choose the right tool for any task.

Pillar I: Sculpting Reality
(Filtering & Enhancement)

Refining the raw data. Reducing noise,
smoothing textures, and enhancing
details to prepare the image canvas.

Pillar lll: Defining Boundaries
(Edge & Contour Detection)

Extracting critical information. Finding
the gradients and outlines that define
objects in an image.
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Pillar ll: Shaping Form
(Morphological Operations)

Manipulating the geometry of objects.
Shrinking, expanding, and connecting
shapes to isolate components or
remove imperfections.

Pillar IV: Mastering Color &
Light (Color Spaces &

Histograms)

Analyzing an image as a distribution of
color and light to enable segmentation
and contrast enhancement.
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Pillar I: Sculpting Reality by Refining Pixels

The Core Engine of
Filtering: Convolution

What it does

Applies a small matrix called a kernel
to an image by sliding it over each
pixel. The output pixel is a weighted
sum of its neighbors.

Formula

6(x,y) = ). ) K(i,3) x I(x+i, y+j)
]

i

G(x,y): output pixel
K: kernel matrix
I: input image
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Step 2: Multiply & Sum

Step 3: Slide Kernel

Qutput Image
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The Essential Toolkit for Smoothing and Noise Reduction

Box Filter (Averaging) Gaussian Blur Median Filter
What What What
Replaces each pixel with the average A weighted average where center pixels Replaces each pixel with the median
of its neighborhood. The simplest blur. have more influence, following a bell value of its neighborhood.
curve.
How (Kernel) How (Visual) How (Visual)
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Why Why Why
Extremely fast, but creates a “blocky” Creates a more natural-looking blur. A Exceptionally effective at removing
effect. Good for a basic, uniform blur. critical pre-processing step for many “salt-and-pepper” or impulse noise
algorithms (like Canny edge detection). while preserving edges better than
averaging filters.
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Advanced Techniques: Preserving Edges and Enhancing Detaill

Bilateral Filter Sharpening
Smooth Surfaces While Keeping Edges Sharp Reversing the Blur to Emphasize Details
What: A smart blur that considers both spatial distance and What: Enhances edges and fine details by amplifying the
pixel intensity difference. difference between a pixel and its neighbors.
How (Visual Concept) | How (Conceptual Flow)
Spatial Weight . Intensity Weight
‘N BN @ (e|0O
o @ ®lolo '
Near pixels Similar intensity Original (Original Blurred Sharpened
weighted more | weighted more Image Image
Final Weight
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°® Note: The sum of kernel elements is 1, which preserves
®(@®|O the overall image brightness.

Result: Edge is preserved
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Filter Selection: A Visual Decision Guide

Original Box Blur Gaussian Blur Median Filter Bilateral Filter
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Orlgmal Box Blur Gaussian Blur Median Filter Bilateral Filter
Sharp edges + noise. Fast, uniform blur. Edges Natural, smooth blur. Impulse noise completely Noise smoothed while
are significantly blurred.  Edges are softened. removed. Edges are edges remain sharp. Best

well-preserved. edge preservation.

Each filter offers a trade-off between speed, smoothing style, and edge preservation. Choose based on your specific goal.
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Pillar ll: Shaping Form Through Structural Analysis
The Building Blocks: Structuring Elements, Erosion, and Dilation

The Structuring Element
Morphology operates using a kernel, or
“structuring element,” which defines the
neighborhood to be tested. Its shape

influences the outcome.

Rectangle Ellipse Cross Diamond

The Fundamental Duo
Erosion Dilation
What: Shrinks the boundaries of foreground objects. What: Expands the boundaries of foreground objects.
Effect: Removes small noise islands, thins objects, and Effect: Fills small holes, thickens objects, and joins
separates connected components. disconnected parts.
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Compound Operations for Advanced Image Cleaning

Opening (Erosion - Dilation)

Purpose: Removes ‘salt’ noise (small white specks) from an
image.

How It Works: It erodes away small objects, then dilates the

remaining objects back to their original size, leaving the noise
behind.

Closing (Dilation > Erosion)

Purpose: Fills ‘pepper’ noise (small black holes) within objects.

How It Works: It dilates to fill in small holes, then erodes the

expanded objects back to their original size, leaving the holes
filled.

Morphological Gradient (Dilation - Erosion)

Purpose: Finds the outline or boundary of an object.
How It Works: It is the difference between the dilated and
eroded versions of an image.

Erode Dilate
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Original Dilated Final
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Original Final
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Pillar lll: Defining Boundaries by Finding Significant Change
Section Title: Image Gradients: The Sobel Operator

Edges are areas of rapid intensity change. We can detect them by calculating the image's
derivative, or gradient. The Sobel operator uses convolution to compute this gradient.

Sobel X Kernel Sobel Y Kernel
[:_lr B; 1:: [[_1r ‘2, Hl]r
:'21 Br 2:: [B: Br B]r
:_11 Bl 1:] [11 2: 1]]

Detects vertical edges. Detects horizontal edges.

Gradient Magnitude & Direction
G = /6x2 + Gy2 ® = arctan(Gy/Gx)

Represents the edge strength. Represents the edge orientation.
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The Canny Edge Detection Pipeline: A Step-by-Step Guide

m 1. Gaussian Blur:
Reduce noise to prevent false edge detection.

G [G] 2.Gradient Calculation:
Find intensity gradients using Sobel filters.
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W 3. Non-Maximum Suppression: Thin multi- d @-b-—* direction
— pixel-wide "ridges" down to single-pixel lines. 131 e |[e]
- Keep "[P]" only if its intensity is greater
than its neighbors along the gradient.
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5. Hysteresis: Connect weak edge pixels to
strong ones to form continuous lines.
O @

6 Discard all other weak pixels.

Final Edge Map
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From Edges to Objects: Finding and
Understanding Contours

What are Contours?

Contours are continuous curves
joining all the points along a
boundary with the same color or
intensity. The
‘cv2.findContours™ function
detects these from a binary (black
and white) image.

Understanding Object
Relationships with Hierarchy

Contour 0

Contour 1

Format: [Next, Previous,
First_Child, Parent]
|

Example Output: +
Contour 0; [-1, -1, 1, -1]
Contour 1: [-1, -1, 2, 0]

Contour 2: [-1, -1, -1, 1]

Simplifying Shape with
Contour Approximation

Reduces the number of vertices in a
contour while preserving its general
shape, controlled by an "epsilon’
parameter.

Before After
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Pillar IV: Mastering Color & Light Through Distribution Analysis

Beyond BGR: The Intuitive Power of the HSV
Color Space

BGR to HSV Conversion

While computers use BGR (Blue, Green, Red), it’s not how humans
perceive color. HSV (Hue, Saturation, Value) separates color type
from its purity and brightness, making it ideal for color-based
object detection.

BGR HSV
Blue: 0-255 q Hue: 0-180 (Color Type)
Green: 0-255 Saturation: 0-255 (Purity)

Red: 0-255 Value: 0-255 (Brightness)

Visualizing HSV & Practical Ranges

Red at 0°

Green at 60°
Blue at 120°
Common HSV Color Ranges

Color H (Hue) S (Saturation) V (Value)
Red 0-10, 1/0-180 100-255 100-255
Green 35-85 100-255 100-255
Blue 85-130 100-255 100-255
Yellow 25=35 100-255 100-255
Orange 10-25 100-255 100-255
Purple 130-170 100-255 100-255
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Analyzing and Enhancing Contrast with Histograms

CLAHE (Contrast Limited

What is a Histogram? Histogram Equalization Adaptive Histogram
A graph showing the frequency of each A technique to improve contrast by Equalization)
pixel intensity value in an image. It spreading out the most frequent intensity An advanced method that equalizes
provides a global description of an values. It flattens and stretches the contrast in small, localized tiles of the
image's appearance. histogram to cover the full 0-255 range. image rather than globally. This prevents
over-amplification of noise in uniform
Before regions.

Standard Equalization

Pixel count

0 S : 255
Pixel intensity 0 255 0 255
Pixel intensity Pixel intensity
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Image Processing Pillars: A Functional Reference
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cv2.GaussianBlur()
cv2.medianBlur()
cv2.bilateralFilter()

cv2.filter2D() (for
custom kernels)

cv2.dilate()

cv2.morphologyEx()
(for Opening, Closing,
Gradient)

Sculpting Reality Shaping Form Defining Boundaries | Mastering Color &
(Filtering) (Morphology) (Edges & Contours) | Light
cv2.blur() cv2.erode() cv2.Sobel() cv2.cvtColor()

cv2.Canny()
cv2.findContours()

cv2.drawContours()

cvZ.ealelisEE)

cv2.equalizeHist()

cv2.createCLAHE()

Use this framework to select the right function for your image processing goal.
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Appendix: Handling Image Boundaries in Filtering

When a filter kernel overlaps the edge of an image, OpenCV needs a strategy to fill in the missing pixel values. The
choice of border type can significantly affect results.

BORDER_CONSTANT  BORDER_REPLICATE BORDER_REFLECT BORDER_REFLECT_101 BORDER_WRAP

Pads with a constant Repeats the edge pixel. Mirrors the image at the Mirrors the image, but The image wraps around
value (e.g., 0 for black). boundary, including the does not repeat the edge from the opposite side.
edge pixel. pixel itself (often the most

natural-looking).

Original Image Original Image Original Image Original Image Original Image

Function:
bordered = cv2.copyMakeBorder(src, top, bottom, left, right, borderType)
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