       















Graphics Pipeline
The graphics pipeline is a structured sequence of steps used by a computer system to convert a 3D scene (made of objects, lights, and textures) into a 2D image that appears on the screen.
 It defines how graphical data flows from the application to the final display.
The pipeline is designed to efficiently divide work between the CPU (Central Processing Unit) and the GPU (Graphics Processing Unit).
· The CPU handles control, logic, and scene preparation.
· The GPU handles heavy mathematical and parallel operations required for rendering.


Detailed Explanation of Graphics Pipeline Stages

1. Application Stage (CPU)
This is the first stage of the graphics pipeline and is completely handled by the CPU.
Role of CPU
At this stage, the CPU performs:
· Scene creation (3D models, objects, environment)
· User input handling (keyboard, mouse, controller)
· Physics calculations (collision, gravity, movement)
· Animation calculations
· Camera positioning
· Lighting setup
· Preparing vertex data (positions, colors, textures)
The CPU does not draw pixels. Instead, it:
· Organizes all required data
· Sends rendering commands and geometry data to the GPU
Key Point
The CPU acts as a manager and decision-maker, while the GPU is prepared to do the heavy drawing work.

2. Geometry Processing Stage (GPU)
This stage marks the handover from CPU to GPU.
Role of GPU
The GPU:
· Receives vertex data from the CPU
· Performs mathematical transformations on 3D objects
These transformations include:
· Model Transformation – converts object coordinates to world coordinates
· View Transformation – positions objects relative to the camera
· Projection Transformation – converts 3D coordinates into 2D screen coordinates
Why GPU?
These operations involve massive matrix calculations, which GPUs can perform very fast using parallel processing.

3. Vertex Processing (GPU)
In this stage, each vertex of an object is processed individually.
Role of GPU
Using vertex shaders, the GPU:
· Transforms vertex positions
· Calculates lighting at vertex level
· Processes normals, texture coordinates, and colors
Each vertex is treated independently, which makes this stage highly parallel and efficient on the GPU.
Output
The output of this stage is a set of processed vertices, ready to form shapes.

4. Primitive Assembly (GPU)
After vertex processing, vertices are combined to form primitives.
Role of GPU
The GPU:
· Groups vertices into primitives such as:
· Triangles
· Lines
· Points
· Determines how vertices are connected
· Removes primitives that are outside the camera view (clipping)
Importance
Since most graphics are rendered using triangles, this stage is critical for building visible shapes.

5. Rasterization (GPU)
Rasterization is the stage where graphics become pixels.
Role of GPU
The GPU:
· Converts primitives (triangles) into fragments
· Determines which screen pixels are covered by each primitive
· Generates fragment data for each pixel position
Key Concept
A fragment is a potential pixel that contains information such as:
· Color
· Depth
· Texture coordinates

6. Fragment / Pixel Processing Stage (GPU)
This is one of the most important and computationally heavy stages.
Role of GPU
Using fragment shaders, the GPU:
· Determines the final color of each pixel
· Applies texture mapping
· Performs lighting and shading calculations
· Applies depth testing (Z-buffer)
· Handles transparency and blending
Why GPU is Essential
Millions of pixels must be processed simultaneously, which is only possible using GPU parallelism.

7. Frame Buffer and Display Stage (GPU)
This is the final stage of the graphics pipeline.
Role of GPU
· Stores the final pixel colors in the frame buffer
· Sends the completed image to the display device (monitor, screen)
The display device refreshes the screen many times per second (e.g., 60 Hz), showing smooth graphics.

Overall Role of CPU and GPU in the Graphics Pipeline
	Component
	Responsibilities

	CPU
	Scene setup, logic, physics, animation, input handling, sending data to GPU

	GPU
	Vertex processing, transformations, rasterization, shading, pixel rendering


Summary
· The CPU controls what should be drawn
· The GPU controls how it is drawn efficiently

Conclusion
The graphics pipeline is a well-organized process that transforms 3D data into a 2D image using multiple stages. By dividing responsibilities between the CPU and GPU, modern systems achieve fast, realistic, and smooth graphics rendering. The CPU focuses on high-level operations and decision-making, while the GPU performs complex mathematical and graphical calculations using parallel processing.
Diagram of Graphics Pipeline
Application Stage (CPU)> Geometry Processing (GPU) > Vertex Processing (GPU) > Primitive Assembly (GPU) > Rasterization (GPU) > Fragment / Pixel Processing (GPU) > Frame Buffer > Display Device



