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    LICENSE


MIT License

Copyright (c) 2025 Robin Hiliard
Permission is hereby granted, free of charge, to any person obtaining a copy
of this software and associated documentation files (the "Software"), to deal
in the Software without restriction, including without limitation the rights
to use, copy, modify, merge, publish, distribute, sublicense, and/or sell
copies of the Software, and to permit persons to whom the Software is
furnished to do so, subject to the following conditions:

The above copyright notice and this permission notice shall be included in all
copies or substantial portions of the Software.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, EXPRESS OR
IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MERCHANTABILITY,
FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT. IN NO EVENT SHALL THE
AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM, DAMAGES OR OTHER
LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING FROM,
OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR OTHER DEALINGS IN THE
SOFTWARE. 
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Camera system for 3D navigation and control.
This module provides a comprehensive camera implementation equivalent to the
LearnOpenGL camera class, offering first-person style camera controls with
mouse look, keyboard movement, and scroll zoom functionality.
Original C++ Source
This camera implementation is based on the original LearnOpenGL C++ camera class:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/includes/learnopengl/camera.h
The design and functionality closely follow the C++ camera class tutorial from
LearnOpenGL Chapter 7 - Camera, providing equivalent behaviour and API in Elixir.
Framework Adaptation Notes
Mouse Sensitivity Adaptation: The original LearnOpenGL tutorial uses a mouse
sensitivity of 0.1f, which works well with GLFW's small mouse delta values.
However, EAGL's windowing system reports pixel-level mouse movements, requiring
a much smaller sensitivity (0.005) to achieve natural first-person camera feel.
This adaptation addresses the "world rotation" feeling that students might
experience when following camera tutorials - the camera should feel like natural
first-person movement, not like rotating the entire world coordinate system.
Features
	Euler Angle Camera: Uses yaw and pitch for orientation
	WASD Movement: Standard FPS-style keyboard controls
	Mouse Look: Mouse movement for camera rotation with natural sensitivity
	Scroll Zoom: Field of view adjustment via scroll wheel
	Pitch Constraints: Prevents camera flipping at extreme angles
	Delta Time Support: Frame-rate independent movement

Usage
# Create a camera at the origin looking down negative Z-axis
camera = EAGL.Camera.new()

# Create a camera at specific position
camera = EAGL.Camera.new(position: vec3(0.0, 0.0, 5.0))

# Process keyboard input (typically in handle_event/2)
camera = EAGL.Camera.process_keyboard(camera, :forward, delta_time)

# Process mouse movement (typically in handle_event/2)
camera = EAGL.Camera.process_mouse_movement(camera, x_offset, y_offset)

# Process scroll wheel (typically in handle_event/2)
camera = EAGL.Camera.process_mouse_scroll(camera, y_offset)

# Get view matrix for rendering
view_matrix = EAGL.Camera.get_view_matrix(camera)
Movement Directions
	:forward - Move in the direction the camera is facing (-Z by default)
	:backward - Move opposite to camera direction (+Z by default)
	:left - Strafe left (perpendicular to front vector)
	:right - Strafe right (perpendicular to front vector)

Euler Angles
	Yaw: Rotation around Y-axis (left/right look)
	Pitch: Rotation around X-axis (up/down look)
	Roll: Not used (always 0 for FPS-style camera)

Default yaw of -90° makes the camera look down negative Z-axis initially.
Educational Context
This camera implementation serves as the foundation for LearnOpenGL camera
examples 7.4-7.6, demonstrating the progression from manual camera implementation
to well-designed camera abstractions. The mouse sensitivity adaptation ensures
that students experience natural first-person camera controls throughout the
tutorial series.
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        Create a new camera with default or custom parameters.



    


    
      
        process_fps_keyboard_input(camera, delta_time, ground_level)

      


        Process all keyboard input for FPS camera movement using direct key state checking.



    


    
      
        process_keyboard(camera, direction, delta_time)

      


        Process keyboard input for camera movement.



    


    
      
        process_keyboard_input(camera, delta_time)

      


        Process all keyboard input for camera movement using direct key state checking.



    


    
      
        process_mouse_movement(camera, x_offset, y_offset, constrain_pitch \\ true)

      


        Process mouse movement for camera look around.



    


    
      
        process_mouse_scroll(camera, y_offset)

      


        Process mouse scroll wheel input for zoom control.
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          @type mat4() :: EAGL.Math.mat4()
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          @type movement_direction() :: :forward | :backward | :left | :right
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          @type t() :: %EAGL.Camera{
  front: vec3(),
  mouse_sensitivity: float(),
  movement_speed: float(),
  pitch: float(),
  position: vec3(),
  right: vec3(),
  up: vec3(),
  world_up: vec3(),
  yaw: float(),
  zoom: float()
}
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          @spec get_view_matrix(t()) :: mat4()


      


Get the view matrix for this camera.
The view matrix transforms world coordinates to camera/view space,
effectively moving the world to simulate camera movement.
Examples
camera = EAGL.Camera.new(position: vec3(0.0, 0.0, 3.0))
view = EAGL.Camera.get_view_matrix(camera)

# Use in shader
set_uniform(program, "view", view)
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          @spec new(keyword()) :: t()


      


Create a new camera with default or custom parameters.
Options
	:position - Camera position (default: {0.0, 0.0, 0.0})
	:world_up - World up vector (default: {0.0, 1.0, 0.0})
	:yaw - Initial yaw angle in degrees (default: -90.0)
	:pitch - Initial pitch angle in degrees (default: 0.0)
	:movement_speed - Movement speed in units/second (default: 2.5)
	:mouse_sensitivity - Mouse sensitivity multiplier (default: 0.005, adapted from LearnOpenGL's 0.1 for natural feel)
	:zoom - Field of view in degrees (default: 45.0)

Examples
# Default camera at origin
camera = EAGL.Camera.new()

# Camera at specific position
camera = EAGL.Camera.new(position: vec3(5.0, 2.0, 5.0))

# Custom camera configuration
camera = EAGL.Camera.new(
  position: vec3(0.0, 5.0, 10.0),
  yaw: 180.0,
  pitch: -30.0,
  movement_speed: 5.0,
  mouse_sensitivity: 0.01
)
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Process all keyboard input for FPS camera movement using direct key state checking.
This function provides the same simplified approach as process_keyboard_input/2 but
constrains movement to the XZ plane for realistic first-person shooter camera behavior.
Movement vectors are projected horizontally to prevent "flying" when looking up/down.
Parameters
	camera - The camera struct
	delta_time - Time since last frame in seconds
	ground_level - Y-coordinate to constrain camera position to

Key Mappings
	W (119) - Move forward (horizontally)
	A (97) - Strafe left (horizontally)
	S (115) - Move backward (horizontally)
	D (100) - Strafe right (horizontally)

Examples
# Process FPS keyboard input at ground level 1.5
camera = EAGL.Camera.process_fps_keyboard_input(camera, delta_time, 1.5)
This approach maintains the Y-coordinate at the specified ground level regardless
of camera pitch, providing natural ground-based navigation.
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Process keyboard input for camera movement.
Moves the camera based on the specified direction and delta time.
Movement is frame-rate independent when delta time is provided.
Parameters
	camera - The camera struct
	direction - Movement direction (:forward, :backward, :left, :right)
	delta_time - Time since last frame in seconds

Examples
# Forward movement (W key)
camera = EAGL.Camera.process_keyboard(camera, :forward, delta_time)

# Backward movement (S key)
camera = EAGL.Camera.process_keyboard(camera, :backward, delta_time)

# Strafe left (A key)
camera = EAGL.Camera.process_keyboard(camera, :left, delta_time)

# Strafe right (D key)
camera = EAGL.Camera.process_keyboard(camera, :right, delta_time)

  



  
    
      
    
    
      process_keyboard_input(camera, delta_time)



        
          
        

    

  


  

Process all keyboard input for camera movement using direct key state checking.
This function checks the current state of WASD keys and applies movement
accordingly. It uses :wx_misc.getKeyState() for reliable input detection,
providing the same approach as examples 7.2 and 7.3.
Parameters
	camera - The camera struct
	delta_time - Time since last frame in seconds

Key Mappings
	W (119) - Move forward
	A (97) - Strafe left
	S (115) - Move backward
	D (100) - Strafe right

Examples
# Process all keyboard input at once
camera = EAGL.Camera.process_keyboard_input(camera, delta_time)
This approach is simpler and more reliable than individual key event handling,
matching the proven pattern from examples 7.2 and 7.3.
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Process mouse movement for camera look around.
Updates camera orientation based on mouse movement offsets.
Constrains pitch to prevent camera flipping.
Parameters
	camera - The camera struct
	x_offset - Horizontal mouse movement offset
	y_offset - Vertical mouse movement offset
	constrain_pitch - Whether to constrain pitch (default: true)

Examples
# Typical mouse movement processing
camera = EAGL.Camera.process_mouse_movement(camera, x_offset, y_offset)

# Allow full pitch rotation (can cause gimbal lock)
camera = EAGL.Camera.process_mouse_movement(camera, x_offset, y_offset, false)

  



  
    
      
    
    
      process_mouse_scroll(camera, y_offset)



        
          
        

    

  


  

Process mouse scroll wheel input for zoom control.
Adjusts field of view based on scroll wheel movement.
Constrains zoom to reasonable range (1.0 to 45.0 degrees).
Parameters
	camera - The camera struct
	y_offset - Scroll wheel offset (positive = zoom in, negative = zoom out)

Examples
# Zoom in (positive offset, smaller FOV)
camera = EAGL.Camera.process_mouse_scroll(camera, 1.0)

# Zoom out (negative offset, larger FOV)
camera = EAGL.Camera.process_mouse_scroll(camera, -1.0)
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LearnOpenGL 7.1 - Camera (Circle)
This example introduces the camera system in OpenGL by demonstrating how the view matrix
controls the camera position and orientation. It shows a simple circular camera movement
around multiple textured cubes to illustrate basic camera concepts.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/7.1.camera_circle
Framework Adaptation Notes
This example introduces fundamental camera concepts:
	The camera as a virtual viewpoint in 3D space
	View matrix calculation using camera position and orientation
	Circular camera movement using trigonometric functions
	How camera movement affects the perspective of the scene

Key Learning Points
	Camera Coordinate System: Understanding camera position, target, and up vector
	View Matrix: How the view matrix transforms world coordinates to camera space
	Camera Movement: Moving the camera position while keeping the target fixed
	Smooth Animation: Using time-based trigonometric functions for circular motion

Camera Concepts Introduced
	Camera Position: Where the camera is located in world space
	Camera Target: What point the camera is looking at
	Camera Up Vector: Which direction is "up" for the camera
	Look-At Matrix: Mathematical transformation from camera parameters to view matrix

Visual Effect
Shows multiple textured cubes with a camera orbiting around them:
	Camera moves in a circular path around the scene
	Camera always points toward the center of the scene
	Demonstrates how camera position affects the view of objects
	Smooth, continuous circular motion
	10 cubes at different positions with individual rotations

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.CameraCircle.run_example()
Press ENTER to exit.
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LearnOpenGL 7.4 - Camera Class
This example demonstrates the power of proper camera abstraction using the EAGL.Camera
module. It provides smooth, natural first-person camera controls with WASD movement,
mouse look, and scroll zoom functionality.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/7.4.camera_class
Learning Objectives
This example teaches:
	Camera Abstraction: Encapsulating complex camera mathematics in a clean API
	Code Organisation: Moving from scattered manual implementation to modular design
	Software Engineering: Benefits of abstraction, encapsulation, and tested code
	API Design: Simple, intuitive interfaces hiding complex functionality

Educational Progression Context
7.1-7.3: Manual camera implementation with increasing complexity
7.4: Code organisation and abstraction (this example)
7.5: Addressing specific camera behavior limitations
7.6: Understanding the mathematical foundations
This example represents a crucial step in the learning progression - moving from
"how to implement camera controls" to "how to organize and structure camera code."
Key Improvements Over 7.3
Code Simplification
# Manual Implementation (7.3) - Complex and error-prone
camera_pos: camera_pos,
camera_front: camera_front,
camera_up: camera_up,
yaw: yaw,
pitch: pitch,
fov: fov,
# Plus manual front vector calculation...
# Plus manual movement processing...
# Plus manual mouse handling...

# Camera Class (7.4) - Clean and maintainable
camera: Camera.new(position: vec3(0.0, 0.0, 3.0))
camera = Camera.process_keyboard_input(camera, delta_time)
camera = Camera.process_mouse_movement(camera, x_offset, y_offset)
view = Camera.get_view_matrix(camera)
Technical Benefits
	Encapsulation: Camera state contained in single struct
	Tested Implementation: Reduces manual calculation errors
	Clean API: Simple function calls replace complex manual code
	Maintainability: Changes to camera behavior centralized
	Mouse Sensitivity: Automatically adjusted for natural first-person feel

Controls
	W/A/S/D: Move forward/left/backward/right
	Mouse Movement: Look around (first-person view)
	Scroll Wheel: Zoom in/out (field of view)
	ENTER: Exit (when run with enter_to_exit: true)

Camera Features Demonstrated
	Encapsulated Movement: Simple function calls for complex movement logic
	Automatic Vector Management: Front/right/up vectors maintained automatically
	Pitch Constraints: Prevents camera flipping (±89° limit)
	Delta Time: Frame-rate independent movement
	Zoom Control: Field of view adjustment (1° to 45° range)

Educational Value
This example demonstrates fundamental software engineering principles:
	Abstraction: Complex camera math hidden behind simple API
	Encapsulation: Related functionality grouped in cohesive module
	Reusability: Camera implementation can be used across multiple projects
	Maintainability: Bug fixes and improvements centralized
	Focus: Developers can focus on content rather than camera implementation details

Pedagogical Note: While this example significantly improves code organization
and reduces complexity, some advanced camera behaviors (like FPS ground constraints
and mathematical understanding) are explored in exercises 7.5 and 7.6.
The progression from manual implementation (7.1-7.3) to camera class (7.4) to
specialized exercises (7.5-7.6) demonstrates both practical software development
and deeper understanding of 3D camera systems.
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LearnOpenGL 7.5 - Camera Exercise 1: True FPS Camera
This exercise implements a true FPS (First-Person Shooter) camera where the player
cannot fly and is constrained to the XZ plane. This addresses some of the camera control
issues from previous examples and provides a more natural ground-based navigation experience.
Original Exercise Context
This corresponds to the LearnOpenGL Camera Exercise 1 which challenges developers to:
"Transform the camera class in such a way that it becomes a true fps camera where
you cannot fly; you can only look around while staying on the xz plane."
FPS Camera Constraints
Movement Restrictions
	Y-Position Locked: Camera Y-position remains constant (cannot fly up/down)
	Ground-Based Movement: All movement is constrained to the XZ plane
	Horizontal Strafe: Left/right movement follows camera orientation but stays level
	Forward/Backward: Movement follows camera's horizontal direction only

Look Controls
	Horizontal Look: Full 360° horizontal rotation (yaw)
	Vertical Look: Pitch is still functional for looking up/down
	Pitch Constraints: Maintains ±89° pitch limits to prevent camera flipping

Technical Implementation
Movement Processing
# Standard camera movement (7.4)
camera = Camera.process_keyboard(camera, :forward, delta_time)  # Can move up/down

# FPS constrained movement (7.5)
camera = process_fps_movement(camera, :forward, delta_time)     # Y locked
Key Differences from 7.4
	Y-Position Preservation: Forward/backward movement doesn't change Y coordinate
	Horizontal Strafe: Side movement is calculated in XZ plane only
	Ground Alignment: Camera feels more like walking than flying

Controls
	W/A/S/D: Move forward/left/backward/right (ground-based)
	Mouse Movement: Look around (first-person view, pitch/yaw)
	Scroll Wheel: Zoom in/out (field of view)
	ENTER: Exit (when run with enter_to_exit: true)

Educational Value
This exercise demonstrates:
	Constraint Application: How to apply movement restrictions to existing camera systems
	Vector Manipulation: Working with horizontal-only movement vectors
	Game Design: Understanding the difference between "fly" camera and "FPS" camera
	Y-Axis Control: Maintaining consistent ground level in 3D navigation

Comparison: Flying vs FPS Camera
Flying Camera (7.4):
	Can move in all directions (X, Y, Z)
	Forward movement follows exact camera direction
	Suitable for free-form 3D navigation

FPS Camera (7.5):
	Movement constrained to ground plane (XZ only)
	Forward movement ignores vertical camera angle
	More natural for ground-based games

This exercise bridges the gap between abstract 3D navigation and practical game camera systems.
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LearnOpenGL 7.6 - Camera Exercise 2: Custom LookAt Implementation
This exercise implements a custom LookAt function that manually calculates
the view matrix instead of using the built-in camera functionality. This demonstrates
the mathematical foundations behind camera transformations and provides deeper
understanding of how view matrices work.
Original Exercise Context
This corresponds to the LearnOpenGL Camera Exercise 2 which challenges developers to:
"Create your own LookAt function where you manually create a view matrix as
discussed at the start of the camera tutorial."
Educational Objectives
Mathematical Understanding
	View Matrix Construction: Manual calculation of view transformation
	Coordinate System Building: Creating right-hand coordinate system from camera orientation
	Vector Mathematics: Cross products, normalisation and vector operations
	Matrix Operations: Translation and rotation matrix combination

Custom LookAt Function
# Built-in approach (7.4/7.5)
view = Camera.get_view_matrix(camera)  # Uses EAGL.Math.mat4_look_at/3

# Custom implementation (7.6)
view = custom_look_at(camera_pos, target_pos, up_vector)  # Manual calculation
Technical Implementation
LookAt Mathematics
The LookAt function constructs a view matrix by:
	Direction Vector: Calculate direction from camera to target
	Right Vector: Cross product of direction and world up
	Up Vector: Cross product of right and direction vectors
	View Matrix: Combine rotation and translation components

Matrix Construction
View Matrix = Translation * Rotation

Where:
- Translation moves world to camera position
- Rotation orients world to camera coordinate system
Controls
	W/A/S/D: Move camera position
	Mouse Movement: Rotate camera orientation
	Scroll Wheel: Zoom in/out (field of view)
	ENTER: Exit (when run with enter_to_exit: true)

Educational Value
This exercise demonstrates:
	Matrix Mathematics: How view matrices are constructed from basic principles
	Coordinate Systems: Building orthonormal coordinate systems in 3D
	Camera Theory: Understanding the relationship between camera position and orientation
	Performance Considerations: Comparing custom vs optimised implementations

Comparison: Built-in vs Custom
Built-in LookAt (7.4):
	Uses optimised EAGL.Math.mat4_look_at/3
	Handles edge cases and optimisations
	Less educational but more practical

Custom LookAt (7.6):
	Manual vector and matrix calculations
	Step-by-step view matrix construction
	Educational insight into camera mathematics
	Demonstrates underlying principles

This exercise provides the mathematical foundation for understanding all 3D camera systems.
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LearnOpenGL 7.2 - Camera (Keyboard + Delta Time)
This example demonstrates interactive camera movement using keyboard input with
delta time for frame-rate independent movement. The user can move the camera
around the scene using WASD keys.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/7.2.camera_keyboard_dt
Framework Adaptation Notes
This example introduces interactive camera control concepts:
	Keyboard input handling for camera movement
	Delta time calculation for frame-rate independent movement
	Camera direction vectors for forward/backward and strafe movement
	Real-time camera position updates based on user input

Key Learning Points
	Interactive Camera Control: Using keyboard input to move the camera in real-time
	Delta Time: Ensuring consistent movement speed regardless of frame rate
	Camera Direction Vectors: Understanding forward, right, and up vectors for 3D movement
	Continuous Input: Handling multiple keys pressed simultaneously for smooth movement

Camera Movement Controls
	W: Move forward (in the direction the camera is facing)
	S: Move backward (opposite to camera direction)
	A: Strafe left (perpendicular to camera direction)
	D: Strafe right (perpendicular to camera direction)

Implementation Details
	Camera starts at position (0, 0, 3) looking down the negative Z-axis
	Movement speed is scaled by delta time for consistent speed across different frame rates
	Camera maintains a fixed forward direction (down negative Z-axis)
	Multiple keys can be pressed simultaneously for diagonal movement

Visual Effect
Shows multiple textured cubes that the user can navigate around:
	Camera responds immediately to keyboard input
	Smooth, continuous movement while keys are held
	Consistent movement speed regardless of frame rate
	Free camera movement through 3D space
	10 cubes with static rotations based on their index (20 degrees × index)

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.CameraKeyboardDt.run_example()
Use WASD keys to move the camera. Press ENTER to exit.
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LearnOpenGL 7.3 - Camera (Mouse + Zoom)
This example demonstrates advanced camera control using mouse input for look around
and scroll wheel for zoom control, with two blended textures. The camera responds to mouse movement for
controlling the look direction (yaw and pitch) and scroll wheel for field of view.
Combines image texture loading with procedural checkerboard generation for educational comparison.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/7.3.camera_mouse_zoom
Learning Objectives
This example teaches:
	Mouse Input Processing: Converting mouse movements to camera rotation
	Euler Angle Mathematics: Understanding yaw/pitch for 3D orientation
	Camera Vector Calculation: Computing front vector from angles
	Zoom Implementation: Using field of view for zoom effects
	Fixed Position Camera: Camera looks around from a stationary viewpoint

Pedagogical Design Notes
⚠️ INTENTIONAL LIMITATIONS (For Learning)
This example uses a simplified manual camera implementation that exhibits
some unnatural behaviours that students should notice:
	"World Rotation" Feel: Camera control may feel like rotating the entire
world rather than natural first-person movement
	Manual State Tracking: Complex manual management of camera vectors and state
	Code Duplication: Repetitive camera calculations spread throughout the code

These limitations are pedagogically intentional and represent the natural
progression of camera system development. They demonstrate:
	The complexity of manual camera implementation
	The need for better abstractions (addressed in 7.4)
	Common pitfalls when building camera systems from scratch

Important: The camera correctly rotates around itself (not around a point in front).
If the rotation feels unnatural, this is due to the simplified implementation rather
than the mathematical approach, which is correct.
Educational Progression
7.1: Automatic camera rotation (circular movement)
7.2: Keyboard movement (WASD) + delta time
7.3: Mouse look + zoom implementation (this example - no movement)
7.4: Combined system with camera class
7.5: Addressing "flying" camera limitations
7.6: Understanding underlying mathematics
Controls
	Mouse Movement: Look around (yaw and pitch)

	Scroll Wheel: Zoom in/out (field of view)

	W/A/S/D: Move forward/left/backward/right

	ENTER: Exit (when run with enter_to_exit: true)
Note: This example combines the keyboard movement from 7.2 with the mouse look


and zoom functionality, providing a complete camera control system. Keyboard input
provides continuous movement while keys are held down, matching the C++ behaviour.
Technical Implementation
Mouse Look Mathematics
	Yaw: Horizontal rotation around the world Y-axis
	Pitch: Vertical rotation around the camera's right vector
	Constraints: Pitch clamped to [-89°, 89°] to prevent gimbal lock

Camera Front Vector Calculation
front.x = cos(yaw) * cos(pitch)
front.y = sin(pitch)
front.z = sin(yaw) * cos(pitch)
Field of View Zoom
	Narrow FOV (< 45°) = zoomed in (minimum 1°)
	Wide FOV (45°) = zoomed out (maximum 45°)
	Clamped to [1°, 45°] to match C++ tutorial range

Texture Blending
	Texture1: Base texture (EAGL logo black on white)
	Texture2: Procedural checkerboard pattern (8-pixel squares, 128x128 resolution)
	Blended using mix() function with 20% overlay (matches C++ tutorial approach)
	Demonstrates both image loading and procedural texture generation

Note: The camera behaviour in this example represents an early stage of camera
development. Students should observe the limitations and consider how they might be
improved - these observations lead naturally to the solutions presented in examples 7.4-7.6.
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LearnOpenGL 6.1 - Coordinate Systems
This example demonstrates the three coordinate systems in OpenGL - model, world, view,
and clip space - by using model, view, and projection matrices to render a 3D cube.
IMPORTANT: This example intentionally does NOT enable depth testing, which causes
visual confusion where cube faces render in the wrong order. This demonstrates why
depth testing is crucial for 3D rendering. See example 6.2 for the corrected version.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/6.1.coordinate_systems
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces:
	The OpenGL coordinate system transformation pipeline
	Model matrix: local to world space transformation
	View matrix: world to view space transformation (camera positioning)
	Projection matrix: view to clip space transformation (perspective projection)
	Understanding the complete transformation: projection  view  model * vertex

EAGL's framework preserves all these concepts while providing enhanced functionality:
	Comprehensive Math Library: Uses EAGL.Math with GLM-compatible matrix functions
	Simplified Matrix Setup: Enhanced matrix creation and uniform setting
	3D Rendering Issues: Depth testing disabled to show visual problems without Z-buffer
	Camera Positioning: Proper view matrix setup for 3D scene viewing
	Error Handling: Comprehensive error checking throughout setup and rendering

EAGL vs Original Implementation
Original LearnOpenGL approach: Manual GLM matrix creation:
glm::mat4 model = glm::mat4(1.0f);
model = glm::rotate(model, (float)glfwGetTime() * glm::radians(50.0f), glm::vec3(0.5f, 1.0f, 0.0f));

glm::mat4 view = glm::mat4(1.0f);
view = glm::translate(view, glm::vec3(0.0f, 0.0f, -3.0f));

glm::mat4 projection = glm::mat4(1.0f);
projection = glm::perspective(glm::radians(45.0f), (float)SCR_WIDTH / (float)SCR_HEIGHT, 0.1f, 100.0f);
EAGL approach: Streamlined matrix operations:
model = mat4_identity()
        |> mat4_mul(mat4_rotate(vec3(0.5, 1.0, 0.0), time * radians(50.0)))

view = mat4_identity()
       |> mat4_mul(mat4_translate(vec3(0.0, 0.0, -3.0)))

projection = mat4_perspective(radians(45.0), aspect_ratio, 0.1, 100.0)
Key Learning Points
	Coordinate Systems: Understanding local, world, view, and clip space
	Matrix Transformation Pipeline: How vertices are transformed through the pipeline
	Model Matrix: Positioning, rotating, and scaling objects in world space
	View Matrix: Positioning and orienting the camera in the scene
	Projection Matrix: Converting 3D coordinates to 2D screen coordinates
	Visual Artifacts: See what happens WITHOUT depth testing (faces render incorrectly)

Mathematical Background
This example demonstrates the complete 3D rendering pipeline:
	Local Space: Object's vertex positions relative to its origin
	World Space: Positioning objects in the global 3D world using model matrix
	View Space: Camera's perspective of the world using view matrix
	Clip Space: Projection to screen coordinates using projection matrix
	Screen Space: Final 2D coordinates for rasterization

Visual Effect
The example shows a textured 3D cube that:
	Rotates: Around a diagonal axis using the model matrix
	Positioned: At the world origin, viewed from a distance
	Projected: Using perspective projection for realistic 3D appearance
	Visually Confusing: Faces render in wrong order without depth testing.

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.CoordinateSystems.run_example()
Press ENTER to exit the example.
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LearnOpenGL 6.2 - Coordinate Systems (Depth)
This example demonstrates depth testing and Z-buffer concepts. It SOLVES the visual artifacts
shown in example 6.1 by properly enabling depth testing for correct 3D rendering.
Key Difference from 6.1: This example enables depth testing, eliminating the face
ordering problems you saw in 6.1 where back faces appeared in front of front faces.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/6.2.coordinate_systems_depth
Framework Adaptation Notes
This example demonstrates:
	Depth testing enabled for proper 3D rendering
	Z-buffer clearing each frame for correct depth comparisons
	Multiple objects at different depths to show depth sorting
	Overlapping geometry to emphasize depth testing importance

Key Learning Points
	Depth Testing: Understanding how the Z-buffer works
	Depth Buffer: Clearing and using the depth buffer
	Z-Fighting: What happens when depths are too close
	Depth Function: How OpenGL compares depth values
	3D Visualization: Proper rendering of overlapping 3D objects

Visual Effect
Shows two overlapping cubes at different depths:
	One cube closer to the camera
	One cube further from the camera
	Demonstrates proper depth sorting with Z-buffer

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.CoordinateSystemsDepth.run_example()
Press ENTER to exit.
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LearnOpenGL 6.4 - Coordinate Systems (Exercise)
This exercise demonstrates a dynamic camera that orbits around a scene of cubes,
showing how the view matrix can be animated to create camera movement effects.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/6.4.coordinate_systems_exercise3
Framework Adaptation Notes
This exercise demonstrates:
	Dynamic view matrix calculation for camera movement
	Orbiting camera using trigonometric functions
	Time-based camera animation
	How view transformations affect the entire scene

Key Learning Points
	Camera Movement: How changing the view matrix moves the camera
	Orbital Motion: Using sine and cosine for circular camera paths
	Look-At Matrix: Dynamic camera target and position calculation
	Time-Based Animation: Smooth camera movement over time

Exercise Goals
The exercise typically asks to:
	Make the camera orbit around the scene of cubes
	Keep the camera always looking at the center
	Create smooth, continuous camera movement
	Demonstrate view matrix manipulation

Visual Effect
Shows multiple cubes with an orbiting camera:
	Camera moves in a circular path around the scene
	Camera always points toward the center of the scene
	Cubes have static rotations (20 degrees × index) and appear to move due to camera motion
	Demonstrates the relationship between camera and world coordinates

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.CoordinateSystemsExercise.run_example()
Press ENTER to exit.
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LearnOpenGL 6.3 - Coordinate Systems (Multiple)
This example demonstrates rendering multiple objects with different transformations
by drawing 10 cubes at various positions and rotations in 3D space.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/6.3.coordinate_systems_multiple
Framework Adaptation Notes
This example demonstrates:
	Multiple objects with different model transformations
	Efficient rendering with a single vertex array
	Different transformation matrices for each object
	3D scene composition with multiple elements

Key Learning Points
	Instanced Rendering Concept: Multiple objects from one vertex array
	Matrix Variation: Different transformations for each instance
	Scene Composition: Arranging multiple objects in 3D space
	Rendering Loops: Efficient multi-object rendering patterns

Visual Effect
Shows 10 cubes arranged in 3D space:
	Each cube at a different position
	Each cube with a unique static rotation (20 degrees × index)
	Demonstrates scene complexity with coordinate systems

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.CoordinateSystemsMultiple.run_example()
Press ENTER to exit.
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LearnOpenGL 4.2 - Textures Combined
This example demonstrates using multiple texture units to combine textures in a single
fragment shader. It builds on the basic texture concepts from 4.1 and shows how to
mix two textures together using GLSL's mix() function.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/4.2.textures_combined
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces:
	Multiple texture units (GL_TEXTURE0, GL_TEXTURE1)
	Binding textures to different texture units
	Using multiple sampler2D uniforms in fragment shader
	The GLSL mix() function for blending textures
	Setting sampler uniform values to specify texture units

EAGL's framework preserves all these concepts while providing enhanced functionality:
	Simplified texture loading: Uses EAGL's texture helpers with fallback support
	Graceful degradation: Works with or without external image dependencies
	Error handling: Comprehensive error checking and user feedback
	Educational value: Clear documentation of texture unit concepts

EAGL vs Original Implementation
Original LearnOpenGL approach: Manual texture unit management:
glActiveTexture(GL_TEXTURE0);
glBindTexture(GL_TEXTURE_2D, texture1);
glActiveTexture(GL_TEXTURE1);
glBindTexture(GL_TEXTURE_2D, texture2);
glUniform1i(glGetUniformLocation(shaderProgram, "texture1"), 0);
glUniform1i(glGetUniformLocation(shaderProgram, "texture2"), 1);
EAGL approach: Texture helpers with explicit texture unit management:
# Load textures with fallback
{:ok, texture1_id, _, _} = load_texture_from_file("image1.jpg")
{:ok, texture2_id, _, _} = create_checkerboard_texture(256, 32)

# Set shader uniforms
set_uniforms(program, [
  texture1: 0,  # Texture unit 0
  texture2: 1   # Texture unit 1
])
Key Learning Points
	Texture Units: OpenGL provides multiple texture units (GL_TEXTURE0, GL_TEXTURE1, etc.)
	Sampler Uniforms: Fragment shaders can have multiple sampler2D uniforms
	Texture Binding: Each texture unit can have a different texture bound
	Mix Function: GLSL's mix() function linearly interpolates between two values
	Uniform Assignment: Sampler uniforms need to be set to the correct texture unit number

Texture Mixing
The fragment shader uses GLSL's mix() function:
FragColor = mix(texture(texture1, TexCoord), texture(texture2, TexCoord), 0.2);
	First parameter: First texture sample
	Second parameter: Second texture sample
	Third parameter: Mix factor (0.2 = 80% first texture, 20% second texture)

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.TexturesCombined.run_example()
Press ENTER to exit the example.
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LearnOpenGL 4.3 - Textures Exercise 1
This exercise demonstrates texture coordinate manipulation to show only part of a texture
or flip its orientation. It's commonly used to show the center pixels of a texture or
to flip textures horizontally/vertically.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial exercises:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/4.3.textures_exercise1
Exercise Focus
Common texture coordinate exercises include:
	Center Cropping: Using texture coordinates like (0.25, 0.25) to (0.75, 0.75)
	Texture Flipping: Reversing texture coordinates to flip images
	Coordinate Scaling: Using coordinates > 1.0 to see texture wrapping effects
	Pixel Visibility: Using GL_NEAREST filtering to see individual pixels

EAGL Implementation
This implementation demonstrates center cropping - showing only the central portion
of the texture by using texture coordinates that map to the center 50% of the image:
# Instead of full texture coordinates (0.0 to 1.0)
# Use center coordinates (0.25 to 0.75)
@vertices [
  # positions      # colors       # texture coords (center crop)
   0.5,  0.5, 0.0, 1.0, 0.0, 0.0, 0.75, 0.75,  # top right
   0.5, -0.5, 0.0, 0.0, 1.0, 0.0, 0.75, 0.25,  # bottom right
  -0.5, -0.5, 0.0, 0.0, 0.0, 1.0, 0.25, 0.25,  # bottom left
  -0.5,  0.5, 0.0, 1.0, 1.0, 0.0, 0.25, 0.75   # top left
]
Key Learning Points
	Texture Coordinates: Don't have to span full 0.0 to 1.0 range
	Partial Sampling: Can show only portions of textures
	Coordinate Mapping: How vertex positions map to texture coordinates
	Filtering Effects: How GL_NEAREST vs GL_LINEAR affects small texture regions
	Creative Control: Texture coordinates provide artistic flexibility

Visual Effect
This exercise shows only the center portion of the texture, effectively cropping
the image and scaling it to fill the rectangle. With GL_NEAREST filtering,
individual pixels become more visible.
Usage
EAGL.Examples.LearnOpenGL.GettingStarted.TexturesExercise1.run_example()
Press ENTER to exit the example.
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LearnOpenGL 4.4 - Textures Exercise 2
This exercise demonstrates texture wrapping modes by using texture coordinates
outside the 0.0 to 1.0 range. It shows how different wrapping modes (repeat,
mirrored repeat, clamp to edge, clamp to border) affect texture appearance.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial exercises:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/4.4.textures_exercise2
Exercise Focus
This exercise demonstrates:
	Texture Coordinates > 1.0: Using coordinates like 0.0 to 2.0 instead of 0.0 to 1.0
	Texture Wrapping Modes: Different ways OpenGL handles out-of-range coordinates
	Visual Patterns: How wrapping creates repeating or clamped patterns
	Border Colors: Setting custom colors for border clamping mode

Texture Wrapping Modes
	GL_REPEAT: Default - texture repeats infinitely (tiles)
	GL_MIRRORED_REPEAT: Texture repeats but alternates mirrored
	GL_CLAMP_TO_EDGE: Coordinates clamped to 0.0-1.0, edges stretched
	GL_CLAMP_TO_BORDER: Out-of-range areas filled with border color

EAGL Implementation
This implementation uses texture coordinates from 0.0 to 2.0, causing the texture
to repeat twice in each direction with GL_REPEAT mode:
@vertices [
  # positions      # colors       # texture coords (0.0 to 2.0)
   0.5,  0.5, 0.0, 1.0, 0.0, 0.0, 2.0, 2.0,  # top right
   0.5, -0.5, 0.0, 0.0, 1.0, 0.0, 2.0, 0.0,  # bottom right
  -0.5, -0.5, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0,  # bottom left
  -0.5,  0.5, 0.0, 1.0, 1.0, 0.0, 0.0, 2.0   # top left
]
Key Learning Points
	Texture Wrapping: How OpenGL handles coordinates outside 0.0-1.0
	Tiling Effects: Creating repeating patterns with textures
	Border Control: Using custom border colors for specific effects
	Pattern Variety: Different wrapping modes create different visual patterns

Visual Effect
With GL_REPEAT mode and 2.0 coordinates, you'll see the texture repeated
4 times (2x2 grid). This demonstrates how texture wrapping enables tiling
patterns for surfaces like floors, walls, or repeating backgrounds.
Usage
EAGL.Examples.LearnOpenGL.GettingStarted.TexturesExercise2.run_example()
Press ENTER to exit the example.
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LearnOpenGL 4.5 - Textures Exercise 3
This exercise demonstrates texture flipping by manipulating texture coordinates.
Common variations include horizontal flipping, vertical flipping, or rotating
textures through coordinate transformation.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial exercises:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/4.5.textures_exercise3
Exercise Focus
This exercise demonstrates:
	Texture Flipping: Inverting texture coordinates to flip images
	Coordinate Manipulation: How to transform texture space
	Visual Transformations: Creating mirrored or rotated effects
	Creative Control: Using coordinates for artistic effects

EAGL Implementation
This implementation demonstrates horizontal flipping by reversing the S (horizontal)
texture coordinates:
@vertices [
  # positions      # colors       # texture coords (horizontally flipped)
   0.5,  0.5, 0.0, 1.0, 0.0, 0.0, 0.0, 1.0,  # top right -> top left
   0.5, -0.5, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0,  # bottom right -> bottom left
  -0.5, -0.5, 0.0, 0.0, 0.0, 1.0, 1.0, 0.0,  # bottom left -> bottom right
  -0.5,  0.5, 0.0, 1.0, 1.0, 0.0, 1.0, 1.0   # top left -> top right
]
Key Learning Points
	Coordinate Transformation: How to manipulate texture coordinates
	Flipping Techniques: Horizontal and vertical texture flipping
	Visual Effects: Creating mirrored or transformed appearances
	Creative Applications: Using coordinate manipulation for artistic control

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.TexturesExercise3.run_example()
Press ENTER to exit the example.
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LearnOpenGL 4.6 - Textures Exercise 4
This exercise demonstrates dynamic texture mixing with animated mix ratios.
Instead of a fixed mix value, the blend between textures changes over time,
creating an animated transition effect.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial exercises:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/4.6.textures_exercise4
Exercise Focus
This exercise demonstrates:
	Dynamic Uniforms: Updating uniform values each frame
	Time-based Animation: Using time to create smooth transitions
	Interactive Effects: Creating animated visual effects with textures
	Mix Function Control: Real-time control of texture blending

EAGL Implementation
This implementation uses time-based animation to cycle the mix ratio between
two textures, creating a smooth transition effect:
# In the fragment shader:
mix_factor = sin(time * 2.0) * 0.5 + 0.5  # Oscillates between 0.0 and 1.0
FragColor = mix(texture1, texture2, mix_factor)
Key Learning Points
	Dynamic Uniforms: How to update shader uniforms each frame
	Time Animation: Using time to create smooth, cyclic animations
	Visual Effects: Creating engaging animated transitions
	Interactive Graphics: Real-time parameter control in shaders

Visual Effect
The example shows two textures that smoothly blend back and forth over time.
The mix ratio oscillates between 0.0 (first texture only) and 1.0 (second
texture only), creating a rhythmic fade effect.
Usage
EAGL.Examples.LearnOpenGL.GettingStarted.TexturesExercise4.run_example()
Press ENTER to exit the example.
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LearnOpenGL 5.1 - Transformations
This example demonstrates basic matrix transformations in OpenGL - using translation,
rotation, and scaling matrices to transform objects without modifying vertex data.
It corresponds to the Transformations tutorial in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/5.1.transformations
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces:
	Creating transformation matrices using GLM library functions
	Passing matrices to shaders as uniforms
	Applying transformations in vertex shaders
	Understanding transformation order (Scale → Rotate → Translate)
	Time-based animations using continuous transformations

EAGL's framework preserves all these concepts while providing enhanced functionality:
	Comprehensive Math Library: Uses EAGL.Math with GLM-compatible functions
	Simplified Uniform Setting: Enhanced set_uniform() function handles matrix types automatically
	Time-based Animation: Smooth rotation animation using system time
	Error Handling: Comprehensive error checking throughout setup and rendering
	Educational Value: Clear documentation of transformation concepts

EAGL vs Original Implementation
Original LearnOpenGL approach: Manual GLM matrix creation and uniform setting:
glm::mat4 trans = glm::mat4(1.0f);
trans = glm::translate(trans, glm::vec3(0.5f, -0.5f, 0.0f));
trans = glm::rotate(trans, (float)glfwGetTime(), glm::vec3(0.0f, 0.0f, 1.0f));
unsigned int transformLoc = glGetUniformLocation(ourShader.ID, "transform");
glUniformMatrix4fv(transformLoc, 1, GL_FALSE, glm::value_ptr(trans));
EAGL approach: Streamlined matrix operations with automatic uniform handling:
transform = mat4_identity()
            |> mat4_mul(mat4_translate(vec3(0.5, -0.5, 0.0)))
            |> mat4_mul(mat4_rotate_z(time))
set_uniform(program, "transform", transform)
Key Learning Points
	Transformation Matrices: How scale, rotation, and translation matrices work
	Matrix Multiplication: Understanding the order of matrix operations (right-to-left)
	Vertex Transformation: How the vertex shader applies transformations
	Homogeneous Coordinates: Why we use 4x4 matrices for 3D transformations
	Animation: Creating smooth movement through time-based transformations

Mathematical Background
This example demonstrates the fundamental 2D transformations:
	Translation: Moving objects in space using a translation matrix
	Rotation: Rotating objects around the Z-axis using trigonometric functions
	Scaling: Changing object size uniformly or non-uniformly
	Combination: Multiplying matrices to combine multiple transformations

Visual Effect
The example shows a textured rectangle that orbits around the world origin in a
circular motion. This demonstrates the importance of transformation order:
	Translation first, then rotation: T * R = Object orbits around world origin
	The rectangle is first moved to (0.5, -0.5), then rotated around (0, 0, 0)
	This creates a circular orbit motion, not rotation around the rectangle's center

To rotate around the rectangle's center instead, you would use: R * T (rotate first, then translate).
Usage
EAGL.Examples.LearnOpenGL.GettingStarted.Transformations.run_example()
Press ENTER to exit the example.
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LearnOpenGL 5.2 - Transformations Exercise 1
This exercise demonstrates multiple transformation techniques by rendering two
containers with different transformation behaviors. It builds on the basic
transformations from 5.1 and shows how to apply different transformations
to multiple objects in a single scene.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial exercises:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/5.1.transformations
Exercise Focus
This exercise demonstrates:
	Multiple Draw Calls: Rendering the same geometry with different transformations
	Varying Transformations: Different transformation matrices for different objects
	Animation Techniques: Scaling with sine functions and continuous rotation
	Matrix Isolation: How each object gets its own transformation matrix

EAGL Implementation
This implementation renders two textured rectangles:
	First Container: Positioned at bottom-right, rotates continuously
	Second Container: Positioned at top-left, scales up and down using sine wave

The key insight is that we can render the same VAO multiple times with different
transformation matrices to create distinct objects in the scene.
Key Learning Points
	Object Instancing: Same geometry, different transformations
	Sine Wave Animation: Using trigonometric functions for smooth scaling
	Matrix Independence: Each draw call uses its own transformation matrix
	Performance: Multiple draw calls vs instanced rendering considerations
	Transformation Variety: Rotation vs scaling animations

Mathematical Background
	Sine Wave Scaling: sin(time) creates oscillation between -1 and 1
	Absolute Scaling: Using abs(sin(time)) to prevent negative scaling
	Time-based Animation: System time drives smooth, continuous motion
	Matrix Composition: Different combinations of transformations per object

Visual Effect
Two containers are displayed simultaneously:
	Bottom-right container rotates smoothly around its center
	Top-left container pulses in size, scaling larger and smaller rhythmically

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.TransformationsExercise1.run_example()
Press ENTER to exit the example.
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LearnOpenGL 5.2 - Transformations Exercise 2
This exercise demonstrates rendering multiple objects with different transformation
behaviors in the same scene. It showcases two containers: one that rotates around
a translated position (orbiting effect), and another that scales rhythmically
based on a sine wave, creating a pulsing effect.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial exercises:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/5.2.transformations_exercise2
Exercise Focus
This exercise demonstrates:
	Multiple Object Rendering: Drawing the same geometry with different transformations
	Combined Transformations: Translation + rotation vs translation + scaling
	Time-based Animations: Using time for both rotation and scaling effects
	Transformation Order Effects: How TR and TS create orbiting/corner-scaling behavior

Framework Adaptation Notes
State Management
Uses map-based state following the 4.x texture examples pattern:
%{
  program: program_id,
  vao: vertex_array_id,
  vbo: vertex_buffer_id,
  ebo: element_buffer_id,
  texture1_id: texture1_id,
  texture2_id: texture2_id
}
Vertex Layout
Vertex attributes match EAGL's standard layout:
	location = 0: Position (vec3)
	location = 2: Texture coordinates (vec2)

The shader uses aTexCoord at location 2 to match EAGL.Buffer conventions.
Transformation Differences
Container 1 (Bottom-right, orbiting):
	translate(0.5, -0.5, 0.0) first
	rotate(time, 0, 0, 1) second
	Creates an orbiting effect around the world origin (not its own center)

Container 2 (Top-left, corner-scaling):
	translate(-0.5, 0.5, 0.0) first
	scale(sin(time), sin(time), sin(time)) second
	Creates scaling from the world origin corner (not its own center)

Educational Notes
Matrix Order Matters
The order of transformations affects the final result:
	Container 1: T * R = First translate, then rotate around world origin = orbiting
	Container 2: T * S = First translate, then scale from world origin = corner scaling
	To rotate/scale around object center: use R  T or S  T instead

Animation Techniques
	Rotation: Continuous rotation using time directly
	Scaling: Sine wave creates rhythmic pulsing between 0 and 1
	Multiple Objects: Same VAO/geometry, different transformation matrices

Performance Considerations
	Single VAO/VBO setup used for both containers
	Matrix calculations per frame for animations
	Uniform updates for each object before drawing

Keybindings
	ENTER: Exit the example (when enter_to_exit: true)
	ESC: Alternative exit method
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LearnOpenGL 2.1 - Colors
This example introduces the fundamental concepts of lighting in OpenGL by demonstrating
how colors interact with light sources. It renders a coral-coloured cube illuminated by
a white light source, showing the basic principle of colour reflection.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://learnopengl.com/code_viewer_gh.php?code=src/2.lighting/1.colors/colors.cpp
Framework Adaptation Notes
This example demonstrates:
	Basic lighting setup with object and light source
	Colour multiplication for simple lighting effects
	Dual shader programs for different object types
	Foundation concepts for more advanced lighting models

Key Learning Points
	Colour Theory: How light colour affects object appearance
	Shader Organisation: Using multiple shader programs in one scene
	Light Source Visualisation: Rendering the light position as a visible object
	Basic Lighting Math: Colour multiplication as light reflection

Lighting Concepts
Colour Reflection
When light hits an object, the object absorbs some colours and reflects others.
The colour we perceive is the combination of the light colour and the object's
material properties.
Mathematical Representation
result_colour = light_colour * object_colour
For example:
	White light (1.0, 1.0, 1.0) × Coral object (1.0, 0.5, 0.31) = (1.0, 0.5, 0.31)
	Green light (0.0, 1.0, 0.0) × Coral object (1.0, 0.5, 0.31) = (0.0, 0.5, 0.0)

Visual Effect
The scene shows:
	A coral-coloured cube at the origin (object being lit)
	A small white cube representing the light source position
	Basic colour interaction demonstrating light reflection principles

Controls
	W/A/S/D: Move camera forward/left/backward/right
	Mouse Movement: Look around (first-person view)
	Scroll Wheel: Zoom in/out (field of view)
	ENTER: Exit

Usage
EAGL.Examples.LearnOpenGL.Lighting.Colors.run_example()
Press ENTER to exit.

      


      
        Summary


  
    Functions
  


    
      
        run_example(opts \\ [])

      


    





      


      
        Functions

        


    

  
    
      
    
    
      run_example(opts \\ [])



        
          
        

    

  


  


  


        

      


  

  
    
    EAGL.WindowBehaviour - eagl v0.9.0
    
    

    


  
  

    
EAGL.WindowBehaviour behaviour
    



      
Behaviour for OpenGL window applications.
Defines callbacks for OpenGL window lifecycle management with
automatic context setup and event handling.
Usage
defmodule MyApp do
  use EAGL.Window

  @impl true
  def setup do
    # Initialize shaders, load models, etc.
    {:ok, initial_state}
  end

  @impl true
  def render(width, height, state) do
    # Clear and render your scene
    :gl.clearColor(0.2, 0.3, 0.3, 1.0)
    :gl.clear(@gl_color_buffer_bit)
    # ... render content
    :ok
  end

  @impl true
  def cleanup(state) do
    # Clean up resources
    :ok
  end
end

# Run the application
EAGL.Window.run(MyApp, "My OpenGL App")
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        cleanup(any)

      


        Called when the window is being closed.
Should clean up resources in state.



    


    
      
        handle_event(event, state)

      


        Called when an event occurs (keyboard, mouse, etc.).
This callback is optional. If not implemented, events are ignored.
Should return {:ok, new_state} to continue with updated state.



    


    
      
        render(width, height, state)

      


        Called when the window needs to be rendered.
The OpenGL context is already current and the viewport is set.



    


    
      
        setup()

      


        Called when the OpenGL context is ready and shaders should be created.
Should return {:ok, state} or {:error, reason}



    





      


      
        Callbacks
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          @callback cleanup(any()) :: :ok


      


Called when the window is being closed.
Should clean up resources in state.

  



  
    
      
    
    
      handle_event(event, state)


        (optional)


        
          
        

    

  


  

      

          @callback handle_event(event :: any(), state :: any()) :: {:ok, any()}


      


Called when an event occurs (keyboard, mouse, etc.).
This callback is optional. If not implemented, events are ignored.
Should return {:ok, new_state} to continue with updated state.
Event types:
	{:key, key_code} - Keyboard key press
	{:mouse_motion, x, y} - Mouse movement (for camera look around)
	{:mouse_wheel, x, y, wheel_rotation, wheel_delta} - Scroll wheel (for zoom)
	:tick - Animation frame tick (60 FPS)


  



  
    
      
    
    
      render(width, height, state)



        
          
        

    

  


  

      

          @callback render(width :: float(), height :: float(), state :: any()) :: :ok


      


Called when the window needs to be rendered.
The OpenGL context is already current and the viewport is set.

  



  
    
      
    
    
      setup()



        
          
        

    

  


  

      

          @callback setup() :: {:ok, any()} | {:error, term()}


      


Called when the OpenGL context is ready and shaders should be created.
Should return {:ok, state} or {:error, reason}

  


        

      


  

  
    
    WX.Const - eagl v0.9.0
    
    

    


  
  

    
WX.Const 
    



      
wxWidgets constants for GUI and OpenGL canvas management.
Use this module to inject wxWidgets constants as module attributes.
Usage
defmodule MyModule do
  use WX.Const

  # Now you can use @wx_vertical, @wx_gl_rgba, @wx_expand, etc.
end
Categories
This module provides constants for:
	OpenGL canvas attributes (WXGL*)
	Layout directions and sizer flags
	Window styles and background styles
	Event types and window management
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OpenGL buffer and vertex array object management.
Provides Wings3D-inspired helper functions for common VAO/VBO/EBO operations
with meaningful abstractions for vertex attribute setup.
The module includes type-safe helpers for common vertex attributes like
position, color, texture coordinates, and normals.
Original Source
Buffer management patterns and helper functions are inspired by Wings3D's
wings_gl.erl module:
https://github.com/dgud/wings/blob/master/src/wings_gl.erl
Usage
import EAGL.Buffer

# Simple position-only vertices
vertices = [-0.5, -0.5, 0.0, 0.5, -0.5, 0.0, 0.0, 0.5, 0.0]
{vao, vbo} = create_position_array(vertices)

# Custom vertex attributes with type-safe configuration
attributes = [
  vertex_attribute(location: 0, size: 3, type: :float, stride: 24, offset: 0),   # position
  vertex_attribute(location: 1, size: 3, type: :float, stride: 24, offset: 12)  # color
]
{vao, vbo} = create_vertex_array(vertices, attributes)

# Or use standard attribute helpers
attributes = [
  position_attribute(stride: 24, offset: 0),
  color_attribute(stride: 24, offset: 12)
]
{vao, vbo} = create_vertex_array(vertices, attributes)

# Indexed geometry (rectangles, models)
vertices = [0.5, 0.5, 0.0, 0.5, -0.5, 0.0, -0.5, -0.5, 0.0, -0.5, 0.5, 0.0]
indices = [0, 1, 3, 1, 2, 3]
{vao, vbo, ebo} = create_indexed_position_array(vertices, indices)

# Use OpenGL directly for rendering
:gl.bindVertexArray(vao)
:gl.drawElements(@gl_triangles, 6, @gl_unsigned_int, 0)

# Clean up
delete_vertex_array(vao, vbo)
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        buffer_target()

      


    


    
      
        buffer_usage()

      


    


    
      
        vao_id()

      


    


    
      
        vertex_attribute()

      


    


    
      
        vertex_attribute_name()

      


    


    
      
        vertex_attribute_type()

      


    





  
    Functions
  


    
      
        color_attribute(opts \\ [])

      


        Creates a standard colour attribute configuration (location 1, vec3, float).



    


    
      
        create_indexed_array(vertices, indices, attributes, opts \\ [])

      


        Creates a VAO with VBO and EBO for indexed geometry.
Returns {vao, vbo, ebo} tuple.



    


    
      
        create_indexed_position_array(vertices, indices)

      


        Creates a simple indexed VAO with position-only vertices (3 floats per vertex).
Convenience wrapper for indexed geometry with positions only.



    


    
      
        create_position_array(vertices)

      


        Creates a simple VAO with position-only vertices (3 floats per vertex).
Convenience wrapper for the most common case.



    


    
      
        create_vertex_array(vertices, attributes, opts \\ [])

      


        Creates a VAO with a single VBO containing vertex data.
Returns {vao, vbo} tuple.



    


    
      
        delete_indexed_array(vao, vbo, ebo)

      


        Deletes a VAO and its associated VBO and EBO.



    


    
      
        delete_vertex_array(vao, vbos)

      


        Deletes a VAO and its associated VBOs.



    


    
      
        indices_to_binary(indices)

      


        Converts a list of indices to binary format for OpenGL.



    


    
      
        normal_attribute(opts \\ [])

      


        Creates a standard normal attribute configuration (location 3, vec3, float).



    


    
      
        position_attribute(opts \\ [])

      


        Creates a standard position attribute configuration (location 0, vec3, float).



    


    
      
        texture_coordinate_attribute(opts \\ [])

      


        Creates a standard texture coordinate attribute configuration (location 2, vec2, float).



    


    
      
        vertex_attribute(opts)

      


        Creates a vertex attribute configuration with type safety and sensible defaults.



    


    
      
        vertex_attributes(attr_types)

      


        Creates a list of vertex attributes with automatic stride and offset calculation.
This is a higher-level helper that eliminates the redundancy of manually
specifying stride and offset for common interleaved vertex layouts.



    


    
      
        vertex_attributes(first_type, second_type)

      


    


    
      
        vertex_attributes(first_type, second_type, third_type)

      


    


    
      
        vertex_attributes(first_type, second_type, third_type, fourth_type)

      


    


    
      
        vertices_to_binary(vertices)

      


        Converts a list of vertex floats to binary format for OpenGL.
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          @type buffer_id() :: non_neg_integer()


      



  



  
    
      
    
    
      buffer_target()



        
          
        

    

  


  

      

          @type buffer_target() :: non_neg_integer()


      



  



  
    
      
    
    
      buffer_usage()



        
          
        

    

  


  

      

          @type buffer_usage() :: non_neg_integer()


      



  



  
    
      
    
    
      vao_id()



        
          
        

    

  


  

      

          @type vao_id() :: non_neg_integer()


      



  



  
    
      
    
    
      vertex_attribute()



        
          
        

    

  


  

      

          @type vertex_attribute() :: %{
  location: non_neg_integer(),
  size: 1..4,
  type: vertex_attribute_type(),
  normalized: boolean(),
  stride: non_neg_integer(),
  offset: non_neg_integer()
}


      



  



  
    
      
    
    
      vertex_attribute_name()



        
          
        

    

  


  

      

          @type vertex_attribute_name() :: :position | :color | :texture_coordinate | :normal


      



  



  
    
      
    
    
      vertex_attribute_type()



        
          
        

    

  


  

      

          @type vertex_attribute_type() :: non_neg_integer()
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      color_attribute(opts \\ [])



        
          
        

    

  


  

      

          @spec color_attribute(keyword()) :: vertex_attribute()


      


Creates a standard colour attribute configuration (location 1, vec3, float).

  



    

  
    
      
    
    
      create_indexed_array(vertices, indices, attributes, opts \\ [])



        
          
        

    

  


  

      

          @spec create_indexed_array([float()], [integer()], [vertex_attribute()], keyword()) ::
  {vao_id(), buffer_id(), buffer_id()}


      


Creates a VAO with VBO and EBO for indexed geometry.
Returns {vao, vbo, ebo} tuple.
Parameters
	vertices: List of floats representing vertex data
	indices: List of integers representing vertex indices
	attributes: List of vertex_attribute structs
	opts: Options for buffer creation

Options
	usage: Buffer usage pattern (default: :static_draw)

Example
vertices = [0.5, 0.5, 0.0, 0.5, -0.5, 0.0, -0.5, -0.5, 0.0, -0.5, 0.5, 0.0]
indices = [0, 1, 3, 1, 2, 3]

attributes = [position_attribute()]
{vao, vbo, ebo} = create_indexed_array(vertices, indices, attributes)

  



  
    
      
    
    
      create_indexed_position_array(vertices, indices)



        
          
        

    

  


  

      

          @spec create_indexed_position_array([float()], [integer()]) ::
  {vao_id(), buffer_id(), buffer_id()}


      


Creates a simple indexed VAO with position-only vertices (3 floats per vertex).
Convenience wrapper for indexed geometry with positions only.
Example
vertices = [0.5, 0.5, 0.0, 0.5, -0.5, 0.0, -0.5, -0.5, 0.0, -0.5, 0.5, 0.0]
indices = [0, 1, 3, 1, 2, 3]  # Two triangles forming a rectangle
{vao, vbo, ebo} = create_indexed_position_array(vertices, indices)

  



  
    
      
    
    
      create_position_array(vertices)



        
          
        

    

  


  

      

          @spec create_position_array([float()]) :: {vao_id(), buffer_id()}


      


Creates a simple VAO with position-only vertices (3 floats per vertex).
Convenience wrapper for the most common case.
Example
vertices = [-0.5, -0.5, 0.0, 0.5, -0.5, 0.0, 0.0, 0.5, 0.0]
{vao, vbo} = create_position_array(vertices)

  



    

  
    
      
    
    
      create_vertex_array(vertices, attributes, opts \\ [])



        
          
        

    

  


  

      

          @spec create_vertex_array([float()], [vertex_attribute()], keyword()) ::
  {vao_id(), buffer_id()}


      


Creates a VAO with a single VBO containing vertex data.
Returns {vao, vbo} tuple.
Parameters
	vertices: List of floats representing vertex data
	attributes: List of vertex_attribute structs
	opts: Options for buffer creation

Options
	usage: Buffer usage pattern (default: :static_draw)

Example
vertices = [-0.5, -0.5, 0.0, 0.5, -0.5, 0.0, 0.0, 0.5, 0.0]

# Type-safe approach
attributes = [
  position_attribute(),
  color_attribute(stride: 24, offset: 12)
]
{vao, vbo} = create_vertex_array(vertices, attributes)

  



  
    
      
    
    
      delete_indexed_array(vao, vbo, ebo)



        
          
        

    

  


  

      

          @spec delete_indexed_array(integer(), integer(), integer()) :: :ok


      


Deletes a VAO and its associated VBO and EBO.

  



  
    
      
    
    
      delete_vertex_array(vao, vbos)



        
          
        

    

  


  

      

          @spec delete_vertex_array(integer(), [integer()]) :: :ok


          @spec delete_vertex_array(integer(), integer()) :: :ok


      


Deletes a VAO and its associated VBOs.

  



  
    
      
    
    
      indices_to_binary(indices)



        
          
        

    

  


  

      

          @spec indices_to_binary([integer()]) :: binary()


      


Converts a list of indices to binary format for OpenGL.

  



    

  
    
      
    
    
      normal_attribute(opts \\ [])



        
          
        

    

  


  

      

          @spec normal_attribute(keyword()) :: vertex_attribute()


      


Creates a standard normal attribute configuration (location 3, vec3, float).

  



    

  
    
      
    
    
      position_attribute(opts \\ [])



        
          
        

    

  


  

      

          @spec position_attribute(keyword()) :: vertex_attribute()


      


Creates a standard position attribute configuration (location 0, vec3, float).

  



    

  
    
      
    
    
      texture_coordinate_attribute(opts \\ [])



        
          
        

    

  


  

      

          @spec texture_coordinate_attribute(keyword()) :: vertex_attribute()


      


Creates a standard texture coordinate attribute configuration (location 2, vec2, float).

  



  
    
      
    
    
      vertex_attribute(opts)



        
          
        

    

  


  

      

          @spec vertex_attribute(keyword()) :: vertex_attribute()


      


Creates a vertex attribute configuration with type safety and sensible defaults.
Options
	location: Attribute location in shader (required)
	size: Number of components (1-4, required)
	type: Data type (default: :float)
	normalized: Whether to normalize fixed-point data (default: false)
	stride: Byte offset between consecutive attributes (default: 0 for tightly packed)
	offset: Byte offset of first component in buffer (default: 0)

Examples
# Position attribute (vec3)
pos_attr = vertex_attribute(location: 0, size: 3)

# Color attribute with custom stride and offset
color_attr = vertex_attribute(location: 1, size: 3, type: :float, stride: 24, offset: 12)

# Normalized integer attribute
normal_attr = vertex_attribute(location: 2, size: 3, type: :byte, normalized: true)

  



  
    
      
    
    
      vertex_attributes(attr_types)



        
          
        

    

  


  

      

          @spec vertex_attributes([vertex_attribute_name()]) :: [vertex_attribute()]


      


Creates a list of vertex attributes with automatic stride and offset calculation.
This is a higher-level helper that eliminates the redundancy of manually
specifying stride and offset for common interleaved vertex layouts.
Usage
# List syntax
attributes = vertex_attributes([:position, :color])

# Multiple arguments syntax
attributes = vertex_attributes(:position, :color, :texture_coordinate)
Supported Attribute Types
See vertex_attribute_name/0 for the complete type definition.
	:position - 3 floats (x, y, z) at location 0
	:color - 3 floats (r, g, b) at location 1
	:texture_coordinate - 2 floats (s, t) at location 2
	:normal - 3 floats (nx, ny, nz) at location 3

Examples
# Position and color (stride=24, offsets: 0, 12)
{vao, vbo} = create_vertex_array(vertices, vertex_attributes([:position, :color]))

# Position, color, texture (stride=32, offsets: 0, 12, 24)
attributes = vertex_attributes(:position, :color, :texture_coordinate)
{vao, vbo} = create_vertex_array(vertices, attributes)
The function automatically calculates:
	Stride: Total size of one vertex (sum of all attribute sizes)
	Offsets: Cumulative byte offset for each attribute
	Locations: Sequential starting from 0


  



  
    
      
    
    
      vertex_attributes(first_type, second_type)



        
          
        

    

  


  

      

          @spec vertex_attributes(vertex_attribute_name(), vertex_attribute_name()) :: [
  vertex_attribute()
]


      



  



  
    
      
    
    
      vertex_attributes(first_type, second_type, third_type)



        
          
        

    

  


  

      

          @spec vertex_attributes(
  vertex_attribute_name(),
  vertex_attribute_name(),
  vertex_attribute_name()
) :: [vertex_attribute()]


      



  



  
    
      
    
    
      vertex_attributes(first_type, second_type, third_type, fourth_type)



        
          
        

    

  


  

      

          @spec vertex_attributes(
  vertex_attribute_name(),
  vertex_attribute_name(),
  vertex_attribute_name(),
  vertex_attribute_name()
) :: [vertex_attribute()]


      



  



  
    
      
    
    
      vertices_to_binary(vertices)



        
          
        

    

  


  

      

          @spec vertices_to_binary([float()]) :: binary()


      


Converts a list of vertex floats to binary format for OpenGL.
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OpenGL error checking and reporting utilities.
Provides Wings3D-inspired error handling patterns with meaningful
abstractions for development and debugging.
Original Source
Error handling patterns are inspired by Wings3D's wings_gl.erl module:
https://github.com/dgud/wings/blob/master/src/wings_gl.erl
Usage
import EAGL.Error

# Check for errors with context
check("After buffer creation")

# Get error descriptions
error_string(1280)  # "GL_INVALID_ENUM"

# Raise on error (debugging)
check!("Critical operation")

      


      
        Summary


  
    Functions
  


    
      
        check(context \\ "OpenGL")

      


        Check for OpenGL errors and print them.
Similar to Wings3D's check_error/2 function.



    


    
      
        check!(context \\ "OpenGL")

      


        Check for OpenGL errors and raise an exception if one is found.
Useful for development and debugging.



    


    
      
        error_string(error_code)

      


        Get a human-readable string for an OpenGL error code.
Similar to Wings3D's error_string/1 function.



    





      


      
        Functions

        


    

  
    
      
    
    
      check(context \\ "OpenGL")



        
          
        

    

  


  

      

          @spec check(String.t()) :: :ok | {:error, String.t()}


      


Check for OpenGL errors and print them.
Similar to Wings3D's check_error/2 function.
Parameters
	context: String describing the context where the error check is performed

Returns
	:ok if no error
	{:error, error_message} if an error occurred

Example
EAGL.Error.check("After buffer creation")
EAGL.Error.check("Shader compilation")

  



    

  
    
      
    
    
      check!(context \\ "OpenGL")



        
          
        

    

  


  

      

          @spec check!(String.t()) :: :ok


      


Check for OpenGL errors and raise an exception if one is found.
Useful for development and debugging.

  



  
    
      
    
    
      error_string(error_code)



        
          
        

    

  


  

      

          @spec error_string(integer()) :: String.t()


      


Get a human-readable string for an OpenGL error code.
Similar to Wings3D's error_string/1 function.
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EAGL.Math 
    



      
GLM-compatible 3D math library for OpenGL applications.
Provides comprehensive vector, matrix, and quaternion operations with
OpenGL integration based on the GLM library. All functions work with Erlang's tuple-in-list
format required by wx OpenGL bindings.
Usage
import EAGL.Math

# Vector operations
position = vec3(1.0, 2.0, 3.0)
direction = vec3(0.0, 1.0, 0.0)
result = vec_add(position, direction)
length = vec_length(position)

# Matrix transformations
model = mat4_translate(vec3(5.0, 0.0, 0.0))
view = mat4_look_at(
  vec3(0.0, 0.0, 5.0),  # eye
  vec3(0.0, 0.0, 0.0),  # target
  vec3(0.0, 1.0, 0.0)   # up
)
projection = mat4_perspective(radians(45.0), 16.0/9.0, 0.1, 100.0)

# Quaternion rotations
rotation = quat_from_axis_angle(vec3(0.0, 1.0, 0.0), radians(45.0))

# All values work directly with EAGL.Shader uniform functions
set_uniform(program, "model", model)
set_uniform(program, "view", view)
set_uniform(program, "projection", projection)

      


      
        Summary


  
    Types
  


    
      
        mat2()

      


    


    
      
        mat3()

      


    


    
      
        mat4()

      


    


    
      
        quat()

      


    


    
      
        vec2()

      


    


    
      
        vec3()

      


    


    
      
        vec4()

      


    





  
    Functions
  


    
      
        a <<~ b

      


        Convenience operator for the less common form of matrix multiplication, 3x3
The right-to-left arrow reminds us of the order of application



    


    
      
        a <~ b

      


        Convenience operator for the most common form of matrix multiplication, 4x4
The right-to-left arrow reminds us of the order of application



    


    
      
        abs_val(x)

      


        Absolute value.



    


    
      
        angle_between(a, b)

      


        Calculate angle between two vectors in radians.



    


    
      
        clamp(value, min_val, max_val)

      


        Clamp value between min and max.



    


    
      
        cross(list1, list2)

      


        Compute the cross product of two 3D vectors.



    


    
      
        degrees(radians)

      


        Convert radians to degrees.



    


    
      
        distance(v1, v2)

      


        Calculate the distance between two points (vectors).



    


    
      
        distance_squared(v1, v2)

      


        Calculate the squared distance between two points (avoids sqrt).



    


    
      
        dot(list1, list2)

      


        Compute the dot product of two vectors (2D, 3D, or 4D).



    


    
      
        face_normal(v0, v1, v2)

      


        Calculate face normal from three vertices (assumes counter-clockwise winding).



    


    
      
        fract(x)

      


        Fractional part of x (x - floor(x)).



    


    
      
        inverse_sqrt(x)

      


        Fast inverse square root approximation.



    


    
      
        length_squared(list)

      


        Compute the squared length of a vector (avoids sqrt).



    


    
      
        lerp(a, b, t)

      


        Linear interpolation between two values.



    


    
      
        mat2(a, b, c, d)

      


        Create a 2x2 matrix.



    


    
      
        mat2_identity()

      


        Create a 2x2 identity matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat3(a, b, c, d, e, f, g, h, i)

      


        Create a 3x3 matrix.



    


    
      
        mat3_identity()

      


        Create a 3x3 identity matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat3_mul(list1, list2)

      


        Multiply two 3x3 matrices.
All matrices are in column-major order for OpenGL compatibility.



    


    
      
        mat3_transpose(list)

      


        Transpose a 3x3 matrix.
Input and output matrices are in column-major order for OpenGL compatibility.



    


    
      
        mat4(a, b, c, d, e, f, g, h, i, j, k, l, m, n, o, p)

      


        Create a 4x4 matrix.



    


    
      
        mat4_identity()

      


        Create a 4x4 identity matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_inverse(list)

      


        Create the inverse of a 4x4 matrix using the adjugate method.
Returns the original matrix if it's not invertible (determinant is zero).
Input and output matrices are in column-major order for OpenGL compatibility.
Note this is the only function not from the original OpenGl GLM library.



    


    
      
        mat4_look_at(eye, center, up)

      


        Create a look-at view matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_mul(list1, list2)

      


        Multiply two 4x4 matrices.
All matrices are in column-major order for OpenGL compatibility.



    


    
      
        mat4_ortho(left, right, bottom, top, z_near, z_far)

      


        Create an orthographic projection matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_perspective(fov_y, aspect_ratio, z_near, z_far)

      


        Create a perspective projection matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_rotate(axis, angle)

      


        Create a rotation matrix from axis and angle.



    


    
      
        mat4_rotate_x(angle)

      


        Create a rotation matrix around the X axis.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_rotate_y(angle)

      


        Create a rotation matrix around the Y axis.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_rotate_z(angle)

      


        Create a rotation matrix around the Z axis.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_scale(v)

      


        Create a scale matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_transform_point(list1, list2)

      


        Multiply a 3D vector by a 4x4 matrix (treating vector as point with w=1).
Returns a 3D vector with the w component divided out.



    


    
      
        mat4_transform_vec4(list1, list2)

      


        Multiply a 4D vector by a 4x4 matrix.



    


    
      
        mat4_transform_vector(list1, list2)

      


        Multiply a 3D vector by a 4x4 matrix (treating vector as direction with w=0).
Used for transforming direction vectors (normals, etc.) where translation should be ignored.



    


    
      
        mat4_translate(v)

      


        Create a translation matrix.
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        mat4_transpose(list)

      


        Transpose a 4x4 matrix.
Input and output matrices are in column-major order for OpenGL compatibility.



    


    
      
        mix(x, y, a)

      


        Mix (linear interpolation) between two values.



    


    
      
        mod(x, y)

      


        Modulo operation that works with floats.



    


    
      
        normalize(list)

      


        Normalize a vector to unit length (2D, 3D, or 4D).



    


    
      
        parallel?(a, b, tolerance \\ 0.001)

      


        Check if two vectors are parallel (dot product close to ±1).



    


    
      
        perpendicular?(a, b, tolerance \\ 0.001)

      


        Check if two vectors are perpendicular (dot product close to 0).



    


    
      
        project(a, b)

      


        Project vector a onto vector b.



    


    
      
        quat(x, y, z, w)

      


        Create a quaternion.
Quaternions are represented as {x, y, z, w} where w is the scalar component.
This follows the (x, y, z, w) convention commonly used in graphics programming.



    


    
      
        quat_conjugate(list)

      


        Conjugate a quaternion (negate x, y, z components).



    


    
      
        quat_from_axis_angle(axis, angle)

      


        Create a quaternion from axis-angle representation.



    


    
      
        quat_from_euler(pitch, yaw, roll)

      


        Create a quaternion from Euler angles (pitch, yaw, roll in radians).



    


    
      
        quat_identity()

      


        Create an identity quaternion (no rotation).



    


    
      
        quat_mul(list1, list2)

      


        Multiply two quaternions.



    


    
      
        quat_normalize(q)

      


        Normalize a quaternion.



    


    
      
        quat_rotate_vec3(q, v)

      


        Rotate a 3D vector by a quaternion.



    


    
      
        quat_slerp(q1, q2, t)

      


        Spherical linear interpolation between two quaternions.



    


    
      
        quat_to_mat3(list)

      


        Convert quaternion to rotation matrix (3x3).
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        quat_to_mat4(q)

      


        Convert quaternion to rotation matrix (4x4).
Matrix is stored in column-major order for OpenGL compatibility.



    


    
      
        radians(degrees)

      


        Convert degrees to radians.



    


    
      
        reflect(incident, normal)

      


        Reflect a vector around a normal.



    


    
      
        refract(incident, normal, eta)

      


        Refract a vector around a normal with given refractive index ratio.



    


    
      
        reject(a, b)

      


        Reject vector a from vector b (perpendicular component).



    


    
      
        sigil_i(string, opts)

      


        A sigil to create index data from a string.



    


    
      
        sigil_m(string, opts)

      


        A sigil to create a matrix from a string.



    


    
      
        sigil_v(string, opts)

      


        A sigil to create vertex data from a string.



    


    
      
        sign(x)

      


        Sign function (-1, 0, or 1).



    


    
      
        smooth_step(edge0, edge1, x)

      


        Smooth step function (Hermite interpolation).



    


    
      
        step(edge, x)

      


        Step function (returns 0.0 if x < edge, 1.0 otherwise).



    


    
      
        vec2(x, y)

      


        Create a 2D vector.



    


    
      
        vec2_zero()

      


        Create a zero vector (2D).



    


    
      
        vec3(x, y, z)

      


        Create a 3D vector.



    


    
      
        vec3_one()

      


        Create a 3D vector with all components set to 1.



    


    
      
        vec3_unit_x()

      


        Create the X unit vector (1, 0, 0).



    


    
      
        vec3_unit_y()

      


        Create the Y unit vector (0, 1, 0).



    


    
      
        vec3_unit_z()

      


        Create the Z unit vector (0, 0, 1).



    


    
      
        vec3_zero()

      


        Create a zero vector (3D).



    


    
      
        vec4(x, y, z, w)

      


        Create a 4D vector.



    


    
      
        vec4_zero()

      


        Create a zero vector (4D).



    


    
      
        vec_add(list1, list2)

      


        Add two vectors component-wise.



    


    
      
        vec_length(list)

      


        Compute the length (magnitude) of a vector (2D, 3D, or 4D).



    


    
      
        vec_lerp(list1, list2, t)

      


        Linear interpolation between two vectors.



    


    
      
        vec_negate(list)

      


        Negate a vector (multiply by -1).



    


    
      
        vec_scale(list, s)

      


        Multiply a vector by a scalar.



    


    
      
        vec_sub(list1, list2)

      


        Subtract two vectors component-wise.



    





      


      
        Types

        


  
    
      
    
    
      mat2()



        
          
        

    

  


  

      

          @type mat2() :: [{float(), float(), float(), float()}]


      



  



  
    
      
    
    
      mat3()



        
          
        

    

  


  

      

          @type mat3() :: [
  {float(), float(), float(), float(), float(), float(), float(), float(),
   float()}
]


      



  



  
    
      
    
    
      mat4()



        
          
        

    

  


  

      

          @type mat4() :: [
  {float(), float(), float(), float(), float(), float(), float(), float(),
   float(), float(), float(), float(), float(), float(), float(), float()}
]


      



  



  
    
      
    
    
      quat()



        
          
        

    

  


  

      

          @type quat() :: [{float(), float(), float(), float()}]


      



  



  
    
      
    
    
      vec2()



        
          
        

    

  


  

      

          @type vec2() :: [{float(), float()}]


      



  



  
    
      
    
    
      vec3()



        
          
        

    

  


  

      

          @type vec3() :: [{float(), float(), float()}]


      



  



  
    
      
    
    
      vec4()



        
          
        

    

  


  

      

          @type vec4() :: [{float(), float(), float(), float()}]


      



  


        

      

      
        Functions

        


  
    
      
    
    
      a <<~ b



        
          
        

    

  


  

      

          @spec mat3() <<~ mat3() :: mat3()


      


Convenience operator for the less common form of matrix multiplication, 3x3
The right-to-left arrow reminds us of the order of application

  



  
    
      
    
    
      a <~ b



        
          
        

    

  


  

      

          @spec mat4() <~ mat4() :: mat4()


      


Convenience operator for the most common form of matrix multiplication, 4x4
The right-to-left arrow reminds us of the order of application

  



  
    
      
    
    
      abs_val(x)



        
          
        

    

  


  

      

          @spec abs_val(float()) :: float()


      


Absolute value.

  



  
    
      
    
    
      angle_between(a, b)



        
          
        

    

  


  

      

          @spec angle_between(vec3(), vec3()) :: float()


      


Calculate angle between two vectors in radians.

  



  
    
      
    
    
      clamp(value, min_val, max_val)



        
          
        

    

  


  

      

          @spec clamp(float(), float(), float()) :: float()


      


Clamp value between min and max.

  



  
    
      
    
    
      cross(list1, list2)



        
          
        

    

  


  

      

          @spec cross(vec3(), vec3()) :: vec3()


      


Compute the cross product of two 3D vectors.

  



  
    
      
    
    
      degrees(radians)



        
          
        

    

  


  

      

          @spec degrees(float()) :: float()


      


Convert radians to degrees.

  



  
    
      
    
    
      distance(v1, v2)



        
          
        

    

  


  

      

          @spec distance(vec2(), vec2()) :: float()


          @spec distance(vec3(), vec3()) :: float()


          @spec distance(vec4(), vec4()) :: float()


      


Calculate the distance between two points (vectors).

  



  
    
      
    
    
      distance_squared(v1, v2)



        
          
        

    

  


  

      

          @spec distance_squared(vec2(), vec2()) :: float()


          @spec distance_squared(vec3(), vec3()) :: float()


          @spec distance_squared(vec4(), vec4()) :: float()


      


Calculate the squared distance between two points (avoids sqrt).

  



  
    
      
    
    
      dot(list1, list2)



        
          
        

    

  


  

      

          @spec dot(vec2(), vec2()) :: float()


          @spec dot(vec3(), vec3()) :: float()


          @spec dot(vec4(), vec4()) :: float()


      


Compute the dot product of two vectors (2D, 3D, or 4D).

  



  
    
      
    
    
      face_normal(v0, v1, v2)



        
          
        

    

  


  

      

          @spec face_normal(vec3(), vec3(), vec3()) :: vec3()


      


Calculate face normal from three vertices (assumes counter-clockwise winding).

  



  
    
      
    
    
      fract(x)



        
          
        

    

  


  

      

          @spec fract(float()) :: float()


      


Fractional part of x (x - floor(x)).

  



  
    
      
    
    
      inverse_sqrt(x)



        
          
        

    

  


  

      

          @spec inverse_sqrt(float()) :: float()


      


Fast inverse square root approximation.

  



  
    
      
    
    
      length_squared(list)



        
          
        

    

  


  

      

          @spec length_squared(vec2()) :: float()


          @spec length_squared(vec3()) :: float()


          @spec length_squared(vec4()) :: float()


      


Compute the squared length of a vector (avoids sqrt).

  



  
    
      
    
    
      lerp(a, b, t)



        
          
        

    

  


  

      

          @spec lerp(float(), float(), float()) :: float()


      


Linear interpolation between two values.

  



  
    
      
    
    
      mat2(a, b, c, d)



        
          
        

    

  


  

      

          @spec mat2(float(), float(), float(), float()) :: mat2()


      


Create a 2x2 matrix.

  



  
    
      
    
    
      mat2_identity()



        
          
        

    

  


  

      

          @spec mat2_identity() :: mat2()


      


Create a 2x2 identity matrix.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat3(a, b, c, d, e, f, g, h, i)



        
          
        

    

  


  

      

          @spec mat3(
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float()
) :: mat3()


      


Create a 3x3 matrix.

  



  
    
      
    
    
      mat3_identity()



        
          
        

    

  


  

      

          @spec mat3_identity() :: mat3()


      


Create a 3x3 identity matrix.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat3_mul(list1, list2)



        
          
        

    

  


  

      

          @spec mat3_mul(mat3(), mat3()) :: mat3()


      


Multiply two 3x3 matrices.
All matrices are in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat3_transpose(list)



        
          
        

    

  


  

      

          @spec mat3_transpose(mat3()) :: mat3()


      


Transpose a 3x3 matrix.
Input and output matrices are in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4(a, b, c, d, e, f, g, h, i, j, k, l, m, n, o, p)



        
          
        

    

  


  

      

          @spec mat4(
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float(),
  float()
) :: mat4()


      


Create a 4x4 matrix.

  



  
    
      
    
    
      mat4_identity()



        
          
        

    

  


  

      

          @spec mat4_identity() :: mat4()


      


Create a 4x4 identity matrix.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_inverse(list)



        
          
        

    

  


  

      

          @spec mat4_inverse(mat4()) :: mat4()


      


Create the inverse of a 4x4 matrix using the adjugate method.
Returns the original matrix if it's not invertible (determinant is zero).
Input and output matrices are in column-major order for OpenGL compatibility.
Note this is the only function not from the original OpenGl GLM library.

  



  
    
      
    
    
      mat4_look_at(eye, center, up)



        
          
        

    

  


  

      

          @spec mat4_look_at(vec3(), vec3(), vec3()) :: mat4()


      


Create a look-at view matrix.
Matrix is stored in column-major order for OpenGL compatibility.
This implements GLM's lookAtRH (right-handed) convention to properly
support OpenGL's default right-handed coordinate system.

  



  
    
      
    
    
      mat4_mul(list1, list2)



        
          
        

    

  


  

      

          @spec mat4_mul(mat4(), mat4()) :: mat4()


      


Multiply two 4x4 matrices.
All matrices are in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_ortho(left, right, bottom, top, z_near, z_far)



        
          
        

    

  


  

      

          @spec mat4_ortho(float(), float(), float(), float(), float(), float()) :: mat4()


      


Create an orthographic projection matrix.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_perspective(fov_y, aspect_ratio, z_near, z_far)



        
          
        

    

  


  

      

          @spec mat4_perspective(float(), float(), float(), float()) :: mat4()


      


Create a perspective projection matrix.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_rotate(axis, angle)



        
          
        

    

  


  

      

          @spec mat4_rotate(vec3(), float()) :: mat4()


      


Create a rotation matrix from axis and angle.

  



  
    
      
    
    
      mat4_rotate_x(angle)



        
          
        

    

  


  

      

          @spec mat4_rotate_x(float()) :: mat4()


      


Create a rotation matrix around the X axis.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_rotate_y(angle)



        
          
        

    

  


  

      

          @spec mat4_rotate_y(float()) :: mat4()


      


Create a rotation matrix around the Y axis.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_rotate_z(angle)



        
          
        

    

  


  

      

          @spec mat4_rotate_z(float()) :: mat4()


      


Create a rotation matrix around the Z axis.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_scale(v)



        
          
        

    

  


  

      

          @spec mat4_scale(vec3()) :: mat4()


      


Create a scale matrix.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_transform_point(list1, list2)



        
          
        

    

  


  

      

          @spec mat4_transform_point(mat4(), vec3()) :: vec3()


      


Multiply a 3D vector by a 4x4 matrix (treating vector as point with w=1).
Returns a 3D vector with the w component divided out.

  



  
    
      
    
    
      mat4_transform_vec4(list1, list2)



        
          
        

    

  


  

      

          @spec mat4_transform_vec4(mat4(), vec4()) :: vec4()


      


Multiply a 4D vector by a 4x4 matrix.

  



  
    
      
    
    
      mat4_transform_vector(list1, list2)



        
          
        

    

  


  

      

          @spec mat4_transform_vector(mat4(), vec3()) :: vec3()


      


Multiply a 3D vector by a 4x4 matrix (treating vector as direction with w=0).
Used for transforming direction vectors (normals, etc.) where translation should be ignored.

  



  
    
      
    
    
      mat4_translate(v)



        
          
        

    

  


  

      

          @spec mat4_translate(vec3()) :: mat4()


      


Create a translation matrix.
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mat4_transpose(list)



        
          
        

    

  


  

      

          @spec mat4_transpose(mat4()) :: mat4()


      


Transpose a 4x4 matrix.
Input and output matrices are in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      mix(x, y, a)



        
          
        

    

  


  

      

          @spec mix(float(), float(), float()) :: float()


      


Mix (linear interpolation) between two values.

  



  
    
      
    
    
      mod(x, y)



        
          
        

    

  


  

      

          @spec mod(float(), float()) :: float()


      


Modulo operation that works with floats.

  



  
    
      
    
    
      normalize(list)



        
          
        

    

  


  

      

          @spec normalize(vec2()) :: vec2()


          @spec normalize(vec3()) :: vec3()


          @spec normalize(vec4()) :: vec4()


      


Normalize a vector to unit length (2D, 3D, or 4D).

  



    

  
    
      
    
    
      parallel?(a, b, tolerance \\ 0.001)



        
          
        

    

  


  

      

          @spec parallel?(vec3(), vec3(), float()) :: boolean()


      


Check if two vectors are parallel (dot product close to ±1).

  



    

  
    
      
    
    
      perpendicular?(a, b, tolerance \\ 0.001)



        
          
        

    

  


  

      

          @spec perpendicular?(vec3(), vec3(), float()) :: boolean()


      


Check if two vectors are perpendicular (dot product close to 0).

  



  
    
      
    
    
      project(a, b)



        
          
        

    

  


  

      

          @spec project(vec3(), vec3()) :: vec3()


      


Project vector a onto vector b.

  



  
    
      
    
    
      quat(x, y, z, w)



        
          
        

    

  


  

      

          @spec quat(float(), float(), float(), float()) :: quat()


      


Create a quaternion.
Quaternions are represented as {x, y, z, w} where w is the scalar component.
This follows the (x, y, z, w) convention commonly used in graphics programming.

  



  
    
      
    
    
      quat_conjugate(list)



        
          
        

    

  


  

      

          @spec quat_conjugate(quat()) :: quat()


      


Conjugate a quaternion (negate x, y, z components).

  



  
    
      
    
    
      quat_from_axis_angle(axis, angle)



        
          
        

    

  


  

      

          @spec quat_from_axis_angle(vec3(), float()) :: quat()


      


Create a quaternion from axis-angle representation.

  



  
    
      
    
    
      quat_from_euler(pitch, yaw, roll)



        
          
        

    

  


  

      

          @spec quat_from_euler(float(), float(), float()) :: quat()


      


Create a quaternion from Euler angles (pitch, yaw, roll in radians).

  



  
    
      
    
    
      quat_identity()



        
          
        

    

  


  

      

          @spec quat_identity() :: quat()


      


Create an identity quaternion (no rotation).

  



  
    
      
    
    
      quat_mul(list1, list2)



        
          
        

    

  


  

      

          @spec quat_mul(quat(), quat()) :: quat()


      


Multiply two quaternions.

  



  
    
      
    
    
      quat_normalize(q)



        
          
        

    

  


  

      

          @spec quat_normalize(quat()) :: quat()


      


Normalize a quaternion.

  



  
    
      
    
    
      quat_rotate_vec3(q, v)



        
          
        

    

  


  

      

          @spec quat_rotate_vec3(quat(), vec3()) :: vec3()


      


Rotate a 3D vector by a quaternion.

  



  
    
      
    
    
      quat_slerp(q1, q2, t)



        
          
        

    

  


  

      

          @spec quat_slerp(quat(), quat(), float()) :: quat()


      


Spherical linear interpolation between two quaternions.

  



  
    
      
    
    
      quat_to_mat3(list)



        
          
        

    

  


  

      

          @spec quat_to_mat3(quat()) :: mat3()


      


Convert quaternion to rotation matrix (3x3).
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      quat_to_mat4(q)



        
          
        

    

  


  

      

          @spec quat_to_mat4(quat()) :: mat4()


      


Convert quaternion to rotation matrix (4x4).
Matrix is stored in column-major order for OpenGL compatibility.

  



  
    
      
    
    
      radians(degrees)



        
          
        

    

  


  

      

          @spec radians(float()) :: float()


      


Convert degrees to radians.

  



  
    
      
    
    
      reflect(incident, normal)



        
          
        

    

  


  

      

          @spec reflect(vec3(), vec3()) :: vec3()


      


Reflect a vector around a normal.

  



  
    
      
    
    
      refract(incident, normal, eta)



        
          
        

    

  


  

      

          @spec refract(vec3(), vec3(), float()) :: vec3()


      


Refract a vector around a normal with given refractive index ratio.

  



  
    
      
    
    
      reject(a, b)



        
          
        

    

  


  

      

          @spec reject(vec3(), vec3()) :: vec3()


      


Reject vector a from vector b (perpendicular component).

  



  
    
      
    
    
      sigil_i(string, opts)



        
          
        

    

  


  

A sigil to create index data from a string.
Returns a flat list of integers, perfect for element array buffer indices,
face definitions, or any other integer-based data.
Supports comments using '#' - everything after '#' on a line is ignored.
Works with module attributes since sigils are evaluated at compile time.
Examples
# Simple triangle indices
~i"0 1 2"

# Quad indices (two triangles)
~i"0 1 2  2 3 0"

# Cube indices with comments
~i'''
# Front face
0 1 2  2 3 0
# Back face
4 5 6  6 7 4
# Left face
7 3 0  0 4 7
# Right face
1 5 6  6 2 1
# Top face
3 2 6  6 7 3
# Bottom face
0 1 5  5 4 0
'''

# Triangle strip indices
~i'''
0 1 2   # first triangle
1 3 2   # second triangle (shares edge 1-2)
2 3 4   # third triangle (shares edge 2-3)
'''
Module Attributes
# Define index data as module attributes
@quad_indices ~i'''
0 1 2  # first triangle
2 3 0  # second triangle
'''

@cube_indices ~i'''
# All 12 triangles for a cube
0 1 2  2 3 0    # front
4 5 6  6 7 4    # back
7 3 0  0 4 7    # left
1 5 6  6 2 1    # right
3 2 6  6 7 3    # top
0 1 5  5 4 0    # bottom
'''

def get_quad_indices, do: @quad_indices
def get_cube_indices, do: @cube_indices

  



  
    
      
    
    
      sigil_m(string, opts)



        
          
        

    

  


  

A sigil to create a matrix from a string.
Automatically determines matrix size based on the number of floats:
	4 floats: creates a 2x2 matrix
	9 floats: creates a 3x3 matrix
	16 floats: creates a 4x4 matrix

Supports comments using '#' - everything after '#' on a line is ignored.
Works with module attributes since sigils are evaluated at compile time.
Examples
# 2x2 matrix (single line)
~m"1.0 0.0 0.0 1.0"

# 2x2 matrix with comments
~m'''
1.0 0.0  # row 1
0.0 1.0  # row 2
'''

# 3x3 identity matrix with detailed comments
~m'''
1.0 0.0 0.0  # X axis
0.0 1.0 0.0  # Y axis
0.0 0.0 1.0  # Z axis
'''

# 4x4 transformation matrix
~m'''
1.0 0.0 0.0 5.0  # X axis + translation
0.0 1.0 0.0 0.0  # Y axis
0.0 0.0 1.0 0.0  # Z axis
0.0 0.0 0.0 1.0  # homogeneous coordinate
'''
Module Attributes
# Define matrices as module attributes for reuse
@identity_4x4 ~m'''
1.0 0.0 0.0 0.0  # identity matrix
0.0 1.0 0.0 0.0
0.0 0.0 1.0 0.0
0.0 0.0 0.0 1.0
'''

@projection_matrix ~m'''
1.81 0.0  0.0   0.0   # perspective projection
0.0  2.41 0.0   0.0   # 45° FOV, 16:9 aspect
0.0  0.0 -1.002 -0.2  # near=0.1, far=100.0
0.0  0.0 -1.0   0.0
'''

def get_identity, do: @identity_4x4
def get_projection, do: @projection_matrix

  



  
    
      
    
    
      sigil_v(string, opts)



        
          
        

    

  


  

A sigil to create vertex data from a string.
Returns a flat list of floats, perfect for vertex arrays, texture coordinates,
normals, colors, or any other vertex attribute data.
Supports comments using '#' - everything after '#' on a line is ignored.
Works with module attributes since sigils are evaluated at compile time.
Examples
# Simple triangle vertices (x, y, z)
~v"0.0 0.5 0.0  -0.5 -0.5 0.0  0.5 -0.5 0.0"

# Triangle with comments
~v'''
0.0  0.5 0.0   # top vertex
-0.5 -0.5 0.0  # bottom left
0.5  -0.5 0.0  # bottom right
'''

# Quad vertices with texture coordinates
~v'''
# Position    # Texture coords
-1.0  1.0 0.0  0.0 1.0  # top left
 1.0  1.0 0.0  1.0 1.0  # top right
 1.0 -1.0 0.0  1.0 0.0  # bottom right
-1.0 -1.0 0.0  0.0 0.0  # bottom left
'''

# Color data (RGB)
~v'''
1.0 0.0 0.0  # red
0.0 1.0 0.0  # green
0.0 0.0 1.0  # blue
'''
Module Attributes
# Define vertex data as module attributes
@triangle_vertices ~v'''
0.0  0.5 0.0   # top
-0.5 -0.5 0.0  # bottom left
0.5  -0.5 0.0  # bottom right
'''

@quad_indices ~v"0 1 2  2 3 0"  # triangle indices

def get_triangle_vertices, do: @triangle_vertices
def get_quad_indices, do: @quad_indices

  



  
    
      
    
    
      sign(x)



        
          
        

    

  


  

      

          @spec sign(float()) :: float()


      


Sign function (-1, 0, or 1).

  



  
    
      
    
    
      smooth_step(edge0, edge1, x)



        
          
        

    

  


  

      

          @spec smooth_step(float(), float(), float()) :: float()


      


Smooth step function (Hermite interpolation).

  



  
    
      
    
    
      step(edge, x)



        
          
        

    

  


  

      

          @spec step(float(), float()) :: float()


      


Step function (returns 0.0 if x < edge, 1.0 otherwise).

  



  
    
      
    
    
      vec2(x, y)



        
          
        

    

  


  

      

          @spec vec2(float(), float()) :: vec2()


      


Create a 2D vector.

  



  
    
      
    
    
      vec2_zero()



        
          
        

    

  


  

      

          @spec vec2_zero() :: vec2()


      


Create a zero vector (2D).

  



  
    
      
    
    
      vec3(x, y, z)



        
          
        

    

  


  

      

          @spec vec3(float(), float(), float()) :: vec3()


      


Create a 3D vector.

  



  
    
      
    
    
      vec3_one()



        
          
        

    

  


  

      

          @spec vec3_one() :: vec3()


      


Create a 3D vector with all components set to 1.

  



  
    
      
    
    
      vec3_unit_x()



        
          
        

    

  


  

      

          @spec vec3_unit_x() :: vec3()


      


Create the X unit vector (1, 0, 0).

  



  
    
      
    
    
      vec3_unit_y()



        
          
        

    

  


  

      

          @spec vec3_unit_y() :: vec3()


      


Create the Y unit vector (0, 1, 0).

  



  
    
      
    
    
      vec3_unit_z()



        
          
        

    

  


  

      

          @spec vec3_unit_z() :: vec3()


      


Create the Z unit vector (0, 0, 1).

  



  
    
      
    
    
      vec3_zero()



        
          
        

    

  


  

      

          @spec vec3_zero() :: vec3()


      


Create a zero vector (3D).

  



  
    
      
    
    
      vec4(x, y, z, w)



        
          
        

    

  


  

      

          @spec vec4(float(), float(), float(), float()) :: vec4()


      


Create a 4D vector.

  



  
    
      
    
    
      vec4_zero()



        
          
        

    

  


  

      

          @spec vec4_zero() :: vec4()


      


Create a zero vector (4D).

  



  
    
      
    
    
      vec_add(list1, list2)



        
          
        

    

  


  

      

          @spec vec_add(vec2(), vec2()) :: vec2()


          @spec vec_add(vec3(), vec3()) :: vec3()


          @spec vec_add(vec4(), vec4()) :: vec4()


      


Add two vectors component-wise.

  



  
    
      
    
    
      vec_length(list)



        
          
        

    

  


  

      

          @spec vec_length(vec2()) :: float()


          @spec vec_length(vec3()) :: float()


          @spec vec_length(vec4()) :: float()


      


Compute the length (magnitude) of a vector (2D, 3D, or 4D).

  



  
    
      
    
    
      vec_lerp(list1, list2, t)



        
          
        

    

  


  

      

          @spec vec_lerp(vec2(), vec2(), float()) :: vec2()


          @spec vec_lerp(vec3(), vec3(), float()) :: vec3()


          @spec vec_lerp(vec4(), vec4(), float()) :: vec4()


      


Linear interpolation between two vectors.

  



  
    
      
    
    
      vec_negate(list)



        
          
        

    

  


  

      

          @spec vec_negate(vec2()) :: vec2()


          @spec vec_negate(vec3()) :: vec3()


          @spec vec_negate(vec4()) :: vec4()


      


Negate a vector (multiply by -1).

  



  
    
      
    
    
      vec_scale(list, s)



        
          
        

    

  


  

      

          @spec vec_scale(vec2(), float()) :: vec2()


          @spec vec_scale(vec3(), float()) :: vec3()


          @spec vec_scale(vec4(), float()) :: vec4()


      


Multiply a vector by a scalar.

  



  
    
      
    
    
      vec_sub(list1, list2)



        
          
        

    

  


  

      

          @spec vec_sub(vec2(), vec2()) :: vec2()


          @spec vec_sub(vec3(), vec3()) :: vec3()


          @spec vec_sub(vec4(), vec4()) :: vec4()


      


Subtract two vectors component-wise.

  


        

      


  

  
    
    EAGL.Shader - eagl v0.9.0
    
    

    


  
  

    
EAGL.Shader 
    



      
OpenGL shader compilation and program management.
Handles the complex multi-step process of shader compilation, linking,
and uniform management with Wings3D-inspired error handling.
Original Source
Uniform helper functions (uloc/2, set_uloc/3) are inspired by Wings3D's
wings_gl.erl module:
https://github.com/dgud/wings/blob/master/src/wings_gl.erl
Usage
import EAGL.Shader
import EAGL.Math

# Compile and link shaders with typed parameters
{:ok, vertex} = create_shader(:vertex, "vertex.glsl")
{:ok, fragment} = create_shader(:fragment, "fragment.glsl")
{:ok, program} = create_attach_link([vertex, fragment])

# Set uniforms with automatic type detection
set_uniform(program, "model_matrix", model_matrix)
set_uniform(program, "light_position", vec3(10.0, 10.0, 5.0))

# Set multiple uniforms efficiently
set_uniforms(program, [
  model: model_matrix,
  view: view_matrix,
  projection: projection_matrix
])

# Use OpenGL directly for program binding
:gl.useProgram(program)

# Clean up when done
cleanup_program(program)

      


      
        Summary


  
    Types
  


    
      
        mat2()

      


    


    
      
        mat3()

      


    


    
      
        mat4()

      


    


    
      
        program_id()

      


    


    
      
        quat()

      


    


    
      
        shader_id()

      


    


    
      
        shader_type()

      


    


    
      
        uniform_value()

      


    


    
      
        vec2()

      


    


    
      
        vec3()

      


    


    
      
        vec4()

      


    





  
    Functions
  


    
      
        cache_uniform_locations(program, uniform_names)

      


        Convenience function to cache uniform locations for repeated use.
Returns a map of uniform names to their locations.



    


    
      
        check_compile_status(shader)

      


        Checks if a shader compiled successfully.



    


    
      
        check_link_status(program)

      


    


    
      
        cleanup_program(program)

      


        Cleans up a shader program and all its attached shaders.



    


    
      
        cleanup_shader(shader)

      


        Cleans up a shader.



    


    
      
        create_attach_link(shaders)

      


        Creates a program, attaches shaders, links, and returns the link status.



    


    
      
        create_shader(shader_type, file_path)

      


        Creates and compiles a shader from a file.



    


    
      
        create_shader_from_source(shader_type, source, name \\ "inline shader")

      


        Creates and compiles a shader from source code.



    


    
      
        get_uniform_location(program, uniform_name)

      


        Get uniform location for a program. Similar to wings_gl:uloc/2.
Returns the uniform location or -1 if not found.



    


    
      
        set_uniform(program, uniform_name, value)

      


        Set uniform value with automatic type detection. Similar to wings_gl:set_uloc/3.
Supports various EAGL.Math types and basic values.



    


    
      
        set_uniform_at_location(location, matrix)

      


        Set uniform value at a specific location with automatic type detection.



    


    
      
        set_uniforms(program, uniforms)

      


        Convenience function to set multiple uniforms at once.
Takes a program and a list of {name, value} tuples where name can be atom or string.
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          @type mat2() :: EAGL.Math.mat2()
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          @type mat3() :: EAGL.Math.mat3()
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          @type mat4() :: EAGL.Math.mat4()


      



  



  
    
      
    
    
      program_id()



        
          
        

    

  


  

      

          @type program_id() :: non_neg_integer()
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          @type quat() :: EAGL.Math.quat()


      



  



  
    
      
    
    
      shader_id()



        
          
        

    

  


  

      

          @type shader_id() :: non_neg_integer()
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          @type shader_type() :: non_neg_integer()


      



  



  
    
      
    
    
      uniform_value()



        
          
        

    

  


  

      

          @type uniform_value() ::
  vec2()
  | vec3()
  | vec4()
  | mat2()
  | mat3()
  | mat4()
  | quat()
  | float()
  | integer()
  | boolean()
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          @type vec2() :: EAGL.Math.vec2()


      



  



  
    
      
    
    
      vec3()



        
          
        

    

  


  

      

          @type vec3() :: EAGL.Math.vec3()


      



  



  
    
      
    
    
      vec4()



        
          
        

    

  


  

      

          @type vec4() :: EAGL.Math.vec4()
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          @spec cache_uniform_locations(program_id(), [String.t() | atom()]) :: %{
  required(String.t()) => integer()
}


      


Convenience function to cache uniform locations for repeated use.
Returns a map of uniform names to their locations.

  



  
    
      
    
    
      check_compile_status(shader)



        
          
        

    

  


  

Checks if a shader compiled successfully.

  



  
    
      
    
    
      check_link_status(program)



        
          
        

    

  


  


  



  
    
      
    
    
      cleanup_program(program)



        
          
        

    

  


  

Cleans up a shader program and all its attached shaders.

  



  
    
      
    
    
      cleanup_shader(shader)



        
          
        

    

  


  

Cleans up a shader.

  



  
    
      
    
    
      create_attach_link(shaders)



        
          
        

    

  


  

      

          @spec create_attach_link([shader_id()]) :: {:ok, program_id()} | {:error, String.t()}


      


Creates a program, attaches shaders, links, and returns the link status.

  



  
    
      
    
    
      create_shader(shader_type, file_path)



        
          
        

    

  


  

      

          @spec create_shader(shader_type(), String.t()) ::
  {:ok, shader_id()} | {:error, String.t()}


      


Creates and compiles a shader from a file.
Parameters
	shader_type: OpenGL shader type constant (e.g., @gl_vertex_shader, @gl_fragment_shader)
	file_path: Path to the shader file (relative to priv/shaders/ or absolute)

Examples
{:ok, vertex_shader} = create_shader(@gl_vertex_shader, "vertex.glsl")
{:ok, fragment_shader} = create_shader(@gl_fragment_shader, "fragment.glsl")

  



    

  
    
      
    
    
      create_shader_from_source(shader_type, source, name \\ "inline shader")



        
          
        

    

  


  

      

          @spec create_shader_from_source(shader_type(), String.t() | charlist(), String.t()) ::
  {:ok, shader_id()} | {:error, String.t()}


      


Creates and compiles a shader from source code.
Parameters
	shader_type: OpenGL shader type constant (e.g., @gl_vertex_shader, @gl_fragment_shader)
	source: GLSL source code as string or charlist
	name: Optional name for error reporting (defaults to "inline shader")

Examples
vertex_source = "#version 330 core
layout (location = 0) in vec3 aPos;
void main() { gl_Position = vec4(aPos, 1.0); }"
{:ok, shader_id} = create_shader_from_source(@gl_vertex_shader, vertex_source, "my_vertex")

  



  
    
      
    
    
      get_uniform_location(program, uniform_name)



        
          
        

    

  


  

      

          @spec get_uniform_location(program_id(), String.t() | charlist()) :: integer()


      


Get uniform location for a program. Similar to wings_gl:uloc/2.
Returns the uniform location or -1 if not found.

  



  
    
      
    
    
      set_uniform(program, uniform_name, value)



        
          
        

    

  


  

      

          @spec set_uniform(program_id(), String.t() | charlist(), uniform_value()) :: :ok


      


Set uniform value with automatic type detection. Similar to wings_gl:set_uloc/3.
Supports various EAGL.Math types and basic values.

  



  
    
      
    
    
      set_uniform_at_location(location, matrix)



        
          
        

    

  


  

      

          @spec set_uniform_at_location(integer(), uniform_value()) ::
  :ok | {:error, String.t()}


          @spec set_uniform_at_location(integer(), vec3()) :: :ok


          @spec set_uniform_at_location(integer(), vec2()) :: :ok


          @spec set_uniform_at_location(integer(), vec4() | quat()) :: :ok


          @spec set_uniform_at_location(integer(), mat4()) :: :ok


          @spec set_uniform_at_location(integer(), mat3()) :: :ok


          @spec set_uniform_at_location(integer(), mat2()) :: :ok


          @spec set_uniform_at_location(integer(), integer()) :: :ok


          @spec set_uniform_at_location(integer(), float()) :: :ok


          @spec set_uniform_at_location(integer(), boolean()) :: :ok


      


Set uniform value at a specific location with automatic type detection.

  



  
    
      
    
    
      set_uniforms(program, uniforms)



        
          
        

    

  


  

      

          @spec set_uniforms(program_id(), [{atom() | String.t(), uniform_value()}]) :: :ok


      


Convenience function to set multiple uniforms at once.
Takes a program and a list of {name, value} tuples where name can be atom or string.
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EAGL.Texture 
    



      
OpenGL texture management utilities.
Handles texture creation, loading, and parameter configuration with
Wings3D-inspired helper functions, focusing on meaningful abstractions
rather than thin wrappers around OpenGL calls.
Original Source
Texture management patterns and helper functions are inspired by Wings3D's
wings_gl.erl module:
https://github.com/dgud/wings/blob/master/src/wings_gl.erl
Basic Usage
import EAGL.Texture
import EAGL.Error

# Load texture from image file (requires optional stb_image dependency)
{:ok, texture_id, width, height} = load_texture_from_file("priv/images/eagl_logo_black_on_white.jpg")

# Or create procedural textures
{:ok, texture_id, width, height} = create_checkerboard_texture(256, 32)

# Manual texture creation and configuration
{:ok, texture_id} = create_texture()
:gl.bindTexture(@gl_texture_2d, texture_id)
set_texture_parameters(wrap_s: @gl_clamp_to_edge, min_filter: @gl_linear)
load_texture_data(width, height, pixel_data, format: @gl_rgb)
:gl.generateMipmap(@gl_texture_2d)
check("After generating mipmaps")

# Clean up
:gl.deleteTextures([texture_id])
Texture Parameters
Use OpenGL constants for texture parameters:
	Wrapping: @gl_repeat, @gl_mirrored_repeat, @gl_clamp_to_edge, @gl_clamp_to_border
	Filtering: @gl_nearest, @gl_linear, @gl_nearest_mipmap_nearest, @gl_linear_mipmap_linear, etc.
	Format: @gl_rgb, @gl_rgba, @gl_red, @gl_rg

Philosophy
This module provides substantial helper functions rather than thin wrappers:
	create_texture() - Returns {:ok, id} tuples for error handling
	set_texture_parameters() - Type-safe parameter configuration
	load_texture_data() - Handles format/type conversion with defaults
	create_checkerboard_texture() - Generates procedural textures

For simple operations like binding, unbinding, or generating mipmaps,
call the OpenGL functions directly and use EAGL.Error.check() as needed.
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    Functions
  


    
      
        create_checkerboard_texture(size \\ 256, square_size \\ 32)

      


        Creates a simple checkerboard texture for testing purposes.
Returns a tuple of {texture_id, width, height}.



    


    
      
        create_texture()

      


        Creates a new texture object and returns its ID.



    


    
      
        create_textures(count)

      


        Creates multiple texture objects and returns their IDs.



    


    
      
        load_texture_data(width, height, pixel_data, opts \\ [])

      


        Loads pixel data into the currently bound texture.



    


    
      
        load_texture_from_file(file_path, opts \\ [])

      


        Loads a texture from an image file.



    


    
      
        set_texture_parameters(opts \\ [])

      


        Sets texture parameters for wrapping and filtering with type-safe options.
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      filter_mode()



        
          
        

    

  


  

      

          @type filter_mode() :: non_neg_integer()


      



  



  
    
      
    
    
      pixel_type()



        
          
        

    

  


  

      

          @type pixel_type() :: non_neg_integer()


      



  



  
    
      
    
    
      texture_format()



        
          
        

    

  


  

      

          @type texture_format() :: non_neg_integer()


      



  



  
    
      
    
    
      texture_id()



        
          
        

    

  


  

      

          @type texture_id() :: non_neg_integer()


      



  



  
    
      
    
    
      wrap_mode()



        
          
        

    

  


  

      

          @type wrap_mode() :: non_neg_integer()
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      create_checkerboard_texture(size \\ 256, square_size \\ 32)



        
          
        

    

  


  

      

          @spec create_checkerboard_texture(pos_integer(), pos_integer()) ::
  {:ok, texture_id(), pos_integer(), pos_integer()} | {:error, String.t()}


      


Creates a simple checkerboard texture for testing purposes.
Returns a tuple of {texture_id, width, height}.
Parameters
	size: Size of the checkerboard (default: 256)
	square_size: Size of each square (default: 32)

Examples
{:ok, texture_id, width, height} = create_checkerboard_texture()
{:ok, texture_id, width, height} = create_checkerboard_texture(128, 16)

  



  
    
      
    
    
      create_texture()



        
          
        

    

  


  

      

          @spec create_texture() :: {:ok, texture_id()} | {:error, String.t()}


      


Creates a new texture object and returns its ID.

  



  
    
      
    
    
      create_textures(count)



        
          
        

    

  


  

      

          @spec create_textures(pos_integer()) :: {:ok, [texture_id()]} | {:error, String.t()}


      


Creates multiple texture objects and returns their IDs.

  



    

  
    
      
    
    
      load_texture_data(width, height, pixel_data, opts \\ [])



        
          
        

    

  


  

      

          @spec load_texture_data(pos_integer(), pos_integer(), binary(), keyword()) :: :ok


      


Loads pixel data into the currently bound texture.
Parameters
	width: Texture width in pixels
	height: Texture height in pixels
	pixel_data: Binary containing pixel data
	opts: Options for format and type

Options
	internal_format: Internal storage format (default: @gl_rgb)
	format: Pixel data format (default: @gl_rgb)
	type: Pixel data type (default: @gl_unsigned_byte)
	level: Mipmap level (default: 0)

Examples
# RGB data
load_texture_data(256, 256, pixel_data, format: @gl_rgb)

# RGBA data with alpha channel
load_texture_data(256, 256, pixel_data,
  internal_format: @gl_rgba,
  format: @gl_rgba
)

  



    

  
    
      
    
    
      load_texture_from_file(file_path, opts \\ [])



        
          
        

    

  


  

      

          @spec load_texture_from_file(
  String.t(),
  keyword()
) :: {:ok, texture_id(), pos_integer(), pos_integer()} | {:error, String.t()}


      


Loads a texture from an image file.
Requires the optional stb_image dependency. If not available, falls back to
checkerboard texture with a helpful warning message.
Parameters
	file_path: Path to the image file (relative to project root or absolute)
	opts: Options for texture loading

Options
	flip_y: Flip image vertically (default: true, matches OpenGL convention)
	fallback_size: Size of fallback checkerboard if image loading fails (default: 256)
	fallback_square_size: Square size for fallback checkerboard (default: 32)

Examples
# Load EAGL logo
{:ok, texture_id, width, height} = load_texture_from_file("priv/images/eagl_logo_black_on_white.jpg")

# Load with custom options
{:ok, texture_id, width, height} = load_texture_from_file("container.jpg", flip_y: false)

  



    

  
    
      
    
    
      set_texture_parameters(opts \\ [])



        
          
        

    

  


  

      

          @spec set_texture_parameters(keyword()) :: :ok


      


Sets texture parameters for wrapping and filtering with type-safe options.
Options
	wrap_s: Wrapping mode for S coordinate (default: @gl_repeat)
	wrap_t: Wrapping mode for T coordinate (default: @gl_repeat)
	min_filter: Minification filter (default: @gl_linear)
	mag_filter: Magnification filter (default: @gl_linear)

Examples
# Use default parameters (repeat wrapping, linear filtering)
set_texture_parameters()

# Custom parameters with type-safe options
set_texture_parameters(
  wrap_s: @gl_clamp_to_edge,
  wrap_t: @gl_clamp_to_edge,
  min_filter: @gl_nearest,
  mag_filter: @gl_nearest
)

  


        

      


  

  
    
    EAGL.Window - eagl v0.9.0
    
    

    


  
  

    
EAGL.Window 
    



      
OpenGL window management and application lifecycle.
Correct window creation with cross-platform OpenGL context setup
and automated event handling based on wings_gl.erl patterns.
Original Source
Window creation timing, context setup, and event handling patterns are
based on Wings3D's wings_gl.erl module:
https://github.com/dgud/wings/blob/master/src/wings_gl.erl
Usage
defmodule MyApp do
  use EAGL.Window

  def run_example do
    # 2D rendering (default)
    EAGL.Window.run(__MODULE__, "My 2D App")

    # 3D rendering with depth testing
    EAGL.Window.run(__MODULE__, "My 3D App", depth_testing: true)

    # Custom size and tutorial mode
    EAGL.Window.run(__MODULE__, "Tutorial",
      size: {1280, 720},
      enter_to_exit: true
    )
  end

  @impl true
  def setup do
    # Initialize shaders, load models, set up state
    {:ok, initial_state}
  end

  @impl true
  def render(width, height, state) do
    # Clear screen and render content
    :gl.clearColor(0.2, 0.3, 0.3, 1.0)
    :gl.clear(@gl_color_buffer_bit)
    # ... render content
    :ok
  end

  @impl true
  def cleanup(state) do
    # Clean up OpenGL resources
    :ok
  end

  # Optional: Handle mouse events for camera control
  @impl true
  def handle_event({:mouse_motion, x, y}, state) do
    # Handle mouse movement for camera look around
    {:ok, updated_state}
  end

  @impl true
  def handle_event({:mouse_wheel, x, y, wheel_rotation, wheel_delta}, state) do
    # Handle scroll wheel for camera zoom
    {:ok, updated_state}
  end
end
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    Functions
  


    
      
        run(callback_module, title)

      


        Creates and runs an OpenGL window using the given callback module.
The callback module must implement the GLWindowBehaviour.



    


    
      
        run(callback_module, title, opts)
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      run(callback_module, title)



        
          
        

    

  


  

      

          @spec run(module(), String.t()) :: :ok | {:error, term()}


      


Creates and runs an OpenGL window using the given callback module.
The callback module must implement the GLWindowBehaviour.
Options:
	size: {width, height} tuple, defaults to {1024, 768}. Sets the initial window size.
	depth_testing: boolean, defaults to false. When true, enables depth testing and requests a depth buffer.
	enter_to_exit: boolean, defaults to false. When true, pressing ENTER will automatically close the window.
	timeout: integer, optional. If set, automatically exits after this many milliseconds for automated testing.


  



  
    
      
    
    
      run(callback_module, title, opts)



        
          
        

    

  


  

      

          @spec run(module(), String.t(), keyword()) :: :ok | {:error, term()}
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EAGL.Model 
    



      
3D model loading and OpenGL integration.
Handles model loading with automatic VAO creation. Currently only supports OBJ files
but can be extended to support other file formats.
Usage
import EAGL.Model

# Load model directly to VAO (most common)
{:ok, model} = load_model_to_vao("teapot.obj")

# Render the model
:gl.bindVertexArray(model.vao)
:gl.drawElements(@gl_triangles, model.vertex_count, @gl_unsigned_int, 0)

# Load model data for custom processing
{:ok, model_data} = load_model("teapot.obj")

# Options for normal generation
{:ok, model} = load_model_to_vao("teapot.obj",
  smooth_normals: true,
  flip_normal_direction: false
)

# List available models
models = list_models()

# Clean up
delete_vao(model.vao)
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    Functions
  


    
      
        delete_vao(vao)

      


        Deletes a vertex array object and its associated buffers.



    


    
      
        list_models()

      


        Lists all available models in the priv/models directory.



    


    
      
        load_model(filename, opts \\ [])

      


        Loads a model from the priv/models directory.
Returns the processed model data ready for OpenGL.



    


    
      
        load_model_to_vao(filename, opts \\ [])

      


        Loads a model and creates a VAO with the model data.
Returns {:ok, %{vao: vao, vertex_count: count}} or {:error, reason}
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      delete_vao(vao)



        
          
        

    

  


  

      

          @spec delete_vao(integer()) :: :ok


      


Deletes a vertex array object and its associated buffers.
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          @spec list_models() :: [String.t()]


      


Lists all available models in the priv/models directory.

  



    

  
    
      
    
    
      load_model(filename, opts \\ [])



        
          
        

    

  


  

      

          @spec load_model(
  String.t(),
  keyword()
) :: {:ok, map()} | {:error, String.t()}


      


Loads a model from the priv/models directory.
Returns the processed model data ready for OpenGL.
Options:
	:flip_normal_direction - boolean, set to true to flip normal direction for all models (default: false)                     This works for both models with existing normals and models that need generated normals.

	:smooth_normals - boolean, set to true to generate smooth normals by averaging across adjacent faces (default: false)              This gives a smoother appearance by eliminating the faceted look.



  



    

  
    
      
    
    
      load_model_to_vao(filename, opts \\ [])



        
          
        

    

  


  

      

          @spec load_model_to_vao(
  String.t(),
  keyword()
) :: {:ok, %{vao: integer(), vertex_count: integer()}} | {:error, String.t()}


      


Loads a model and creates a VAO with the model data.
Returns {:ok, %{vao: vao, vertex_count: count}} or {:error, reason}
The VAO will have the following attributes:
	Location 0: Vertex positions (vec3)
	Location 1: Texture coordinates (vec2)
	Location 2: Normals (vec3)

Options:
	:flip_normal_direction - boolean, set to true to flip normal direction for all models (default: false)                     This works for both models with existing normals and models that need generated normals.
                     Useful when model normals are pointing in the wrong direction for your lighting setup.

	:smooth_normals - boolean, set to true to generate smooth normals by averaging across adjacent faces (default: false)              This gives a smoother appearance by eliminating the faceted look.
              When true, existing normals are ignored and smooth normals are generated.
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Simple Wavefront OBJ file loader.
Currently supports vertices, texture coordinates, normals, and faces.

      


      
        Summary


  
    Functions
  


    
      
        load_obj(file_path, opts \\ [])

      


        Loads an OBJ file and returns vertex data ready for OpenGL.
Returns {:ok, data} where data is a map containing



    





      


      
        Functions

        


    

  
    
      
    
    
      load_obj(file_path, opts \\ [])



        
          
        

    

  


  

      

          @spec load_obj(
  String.t(),
  keyword()
) :: {:ok, map()} | {:error, String.t()}


      


Loads an OBJ file and returns vertex data ready for OpenGL.
Returns {:ok, data} where data is a map containing:
	:vertices - List of floats in x,y,z order
	:tex_coords - List of floats in u,v order
	:normals - List of floats in x,y,z order
	:indices - List of integers for indexed drawing

Options:
	:flip_normal_direction - boolean, set to true to flip normal direction for all models (default: false)                     This works consistently for both models with existing normals and models that need generated normals.
                     For models with existing normals: negates all normal components
                     For models without normals: generates normals with flipped direction

	:smooth_normals - boolean, set to true to generate smooth normals by averaging across adjacent faces (default: false)              This gives a smoother appearance by eliminating the faceted look.
              When true, existing normals are ignored and smooth normals are generated.

	:async - boolean, set to true to enable parallel processing for normal generation (default: true)     This can significantly speed up loading of complex models on multi-core systems.
     Set to false to disable parallel processing (useful for debugging or single-core systems).
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Curated set of 300 OpenGL constants for 3D graphics programming. Additional constants
can be added as needed from the 4,925 constants in the wx/include/gl.hrl file.
Use this module to inject OpenGL constants as module attributes.
Usage
defmodule MyModule do
  use EAGL.Const

  # Now you can use @gl_vertex_shader, @gl_triangles, @gl_texture_2d, etc.
end
Categories
This module provides constants for:
	Shader types and compilation
	Buffer types and usage patterns
	Drawing primitives and polygon modes
	Data types and formats
	Textures and sampling
	Blending and transparency
	Depth and stencil testing
	Matrices and transformations
	Vertex attributes and arrays
	Framebuffers and attachments
	And much more...
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Comprehensive example demonstrating all EAGL.Math functionality.
This showcases vector and quaternion constructor macros, vector operations,
quaternions, matrices, utility functions, and real-world OpenGL usage patterns.

      


      
        Summary


  
    Functions
  


    
      
        constructor_examples()

      


        Example showing various vector and quaternion constructors.



    


    
      
        lighting_demo()

      


        Demonstrate lighting calculations using vectors.



    


    
      
        matrix_operations_demo()

      


        Demonstrate matrix operations.



    


    
      
        opengl_usage_examples()

      


        Example showing how to use these in an OpenGL context.



    


    
      
        quaternion_operations_demo()

      


        Demonstrate quaternion operations.



    


    
      
        run_example(opts \\ [])

      


        Run the math example - consistent interface with other examples.



    


    
      
        transformation_pipeline_demo()

      


        Demonstrate typical OpenGL transformation pipeline.



    


    
      
        utility_functions_demo()

      


        Demonstrate utility and trigonometric functions.



    


    
      
        vector_operations_demo()

      


        Demonstrate vector operations.
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      constructor_examples()



        
          
        

    

  


  

Example showing various vector and quaternion constructors.

  



  
    
      
    
    
      lighting_demo()



        
          
        

    

  


  

Demonstrate lighting calculations using vectors.

  



  
    
      
    
    
      matrix_operations_demo()



        
          
        

    

  


  

Demonstrate matrix operations.

  



  
    
      
    
    
      opengl_usage_examples()



        
          
        

    

  


  

Example showing how to use these in an OpenGL context.

  



  
    
      
    
    
      quaternion_operations_demo()



        
          
        

    

  


  

Demonstrate quaternion operations.

  



    

  
    
      
    
    
      run_example(opts \\ [])



        
          
        

    

  


  

Run the math example - consistent interface with other examples.

  



  
    
      
    
    
      transformation_pipeline_demo()



        
          
        

    

  


  

Demonstrate typical OpenGL transformation pipeline.

  



  
    
      
    
    
      utility_functions_demo()



        
          
        

    

  


  

Demonstrate utility and trigonometric functions.

  



  
    
      
    
    
      vector_operations_demo()



        
          
        

    

  


  

Demonstrate vector operations.
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EAGL.Examples.Teapot 
    



      
Draw a 3D teapot with Phong shading.
Press ENTER to quit
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        run_example(opts \\ [])
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EAGL.Examples.LearnOpenGL.GettingStarted.HelloTriangle 
    



      
LearnOpenGL 2.1 - Hello Triangle
This example demonstrates your first triangle in OpenGL - the foundation of all 3D graphics.
It corresponds to the Hello Triangle tutorial in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/2.1.hello_triangle
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces the core OpenGL rendering pipeline:
vertex data → vertex shader → primitive assembly → fragment shader → framebuffer.
EAGL's framework simplifies the setup while preserving all educational concepts:
	Shader compilation and linking are handled by EAGL.Shader helpers
	VAO/VBO creation uses EAGL.Buffer convenience functions
	Error checking and resource cleanup are automated
	The core OpenGL concepts remain unchanged and visible

Original Tutorial Concepts Demonstrated
	Vertex Data: Defining triangle vertices in normalized device coordinates (-1 to 1)
	Vertex Buffer Objects (VBO): Storing vertex data in GPU memory
	Vertex Array Objects (VAO): Configuring how vertex data is interpreted
	Vertex Shaders: Processing each vertex (position transformation)
	Fragment Shaders: Determining pixel colors
	Rendering Pipeline: glDrawArrays() triggers the complete pipeline

Key Learning Points
	Understanding normalized device coordinates (NDC)
	The relationship between VBOs and VAOs
	How shaders process vertices and fragments
	The OpenGL rendering pipeline flow
	Basic primitive rendering with glDrawArrays

Triangle Geometry
The triangle is defined by 3 vertices in normalized device coordinates:
    (0.0, 0.5)
       /\
      /  \
     /    \
    /______\
(-0.5,-0.5) (0.5,-0.5)
Difference from Previous Examples
	1.1 Hello Window: Just a black window (no geometry)
	1.2 Hello Window Clear: Custom clear color (no geometry)
	2.1 Hello Triangle: First actual geometry rendering with shaders

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.HelloTriangle.run_example()
Press ENTER to exit the example.

      


      
        Summary


  
    Functions
  


    
      
        run_example(opts \\ [])
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LearnOpenGL 2.3 - Hello Triangle Exercise 1 (Two Triangles Side by Side)
This example demonstrates drawing multiple triangles with a single draw call.
It solves the first exercise from the Hello Triangle tutorial.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/2.3.hello_triangle_exercise1
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this exercise asks you to draw 2 triangles
next to each other using glDrawArrays by adding more vertices to your data.
EAGL's framework maintains the same approach:
	Single VAO/VBO containing all vertex data
	One glDrawArrays call renders both triangles
	No indexing - each triangle uses 3 unique vertices

Original Tutorial Exercise
Exercise 1: Try to draw 2 triangles next to each other using glDrawArrays
by adding more vertices to your data.
Solution Concepts Demonstrated
	Multiple Primitives: Drawing 2 triangles with one draw call
	Vertex Array Layout: 6 vertices arranged as 2 separate triangles
	Spatial Positioning: Placing triangles side by side in NDC space
	Draw Call Efficiency: Single glDrawArrays for multiple primitives
	Vertex Ordering: Understanding how vertices form triangles

Key Learning Points
	How to structure vertex data for multiple primitives
	The relationship between vertex count and triangle count
	Positioning geometry in normalized device coordinates
	When to use glDrawArrays vs glDrawElements
	Understanding primitive assembly from vertex streams

Triangle Geometry
Two triangles positioned side by side:
Left Triangle:     Right Triangle:
    /\                 /\
   /  \               /  \
  /____\             /____\
6 vertices total: 3 for left triangle + 3 for right triangle
No vertex sharing (unlike indexed rendering)
Difference from Previous Examples
	2.1 Hello Triangle: 1 triangle, 3 vertices
	2.2 Hello Triangle Indexed: 1 rectangle (2 triangles), 4 vertices + indices
	2.3 Exercise 1: 2 triangles, 6 vertices (no sharing)

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.HelloTriangleExercise1.run_example()
Press ENTER to exit the example.
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LearnOpenGL 2.4 - Hello Triangle Exercise 2 (Rectangle with EBO)
This example demonstrates creating two triangles using Element Buffer Objects.
It solves the second exercise from the Hello Triangle tutorial.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/2.4.hello_triangle_exercise2
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this exercise asks you to create two triangles
using a single VAO and VBO, with an Element Buffer Object (EBO) to avoid vertex duplication.
EAGL's framework maintains the same approach:
	Single VAO/VBO/EBO for efficient vertex sharing
	glDrawElements for indexed rendering
	4 vertices create 2 triangles through clever indexing

Original Tutorial Exercise
Exercise 2: Now create the same 2 triangles using an EBO so there are only 4 vertices
in total instead of 6. This is a solution to the previous exercise using indices.
Solution Concepts Demonstrated
	Element Buffer Objects (EBO): Storing indices for vertex reuse
	Vertex Sharing: 4 vertices used to create 2 triangles
	Indexed Rendering: glDrawElements with index buffer
	Memory Efficiency: Reducing vertex data through sharing
	Rectangle Formation: Two triangles forming a quad

Key Learning Points
	How EBOs enable vertex sharing between primitives
	The efficiency difference between indexed and non-indexed rendering
	Understanding triangle winding order and connectivity
	When indexed rendering provides the most benefit
	The relationship between vertex count and primitive count

Rectangle Geometry
Two triangles sharing vertices to form a rectangle:
3 ---- 2
|    / |
|   /  |
|  /   |
| /    |
0 ---- 1
4 vertices total, 6 indices: [0,1,3, 1,2,3]
Triangle 1: vertices 0,1,3 | Triangle 2: vertices 1,2,3
Difference from Previous Examples
	2.3 Exercise 1: 2 triangles, 6 vertices (no sharing)
	2.4 Exercise 2: 2 triangles, 4 vertices + indices (vertex sharing)

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.HelloTriangleExercise2.run_example()
Press ENTER to exit the example.
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LearnOpenGL 2.5 - Hello Triangle Exercise 3 (Multiple Shader Programs)
This example demonstrates using multiple shader programs to render different colored triangles.
It solves the third exercise from the Hello Triangle tutorial.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/2.5.hello_triangle_exercise3
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this exercise asks you to create two triangles
that render with different colors by using different fragment shaders.
EAGL's framework maintains the same approach:
	Two separate VAO/VBO pairs for independent geometry
	Shared vertex shader between both programs
	Different fragment shaders for different colors
	Multiple draw calls with different shader programs

Original Tutorial Exercise
Exercise 3: Create two shader programs where the second program uses a different
fragment shader that outputs the color yellow; draw both triangles again where one
outputs the color orange and the other outputs the color yellow.
Solution Concepts Demonstrated
	Multiple Shader Programs: Creating and managing separate programs
	Shader Reuse: Same vertex shader used in both programs
	Fragment Shader Variants: Different colors from different shaders
	Separate Geometry: Independent VAO/VBO pairs
	Multi-Pass Rendering: Multiple draw calls with different programs

Key Learning Points
	How to create and manage multiple shader programs
	Sharing shaders between different programs
	The relationship between shader programs and rendering state
	When to use separate geometry vs shared geometry
	Understanding the cost of shader program switches

Triangle Geometry and Colors
Two separate triangles with different colors:
Left Triangle (Orange)    Right Triangle (Yellow)
      /\                       /\
     /  \                     /  \
    /____\                   /____\
	Left triangle: Orange fragment shader
	Right triangle: Yellow fragment shader
	Same vertex shader for both triangles

Difference from Previous Examples
	2.3 Exercise 1: 2 triangles, 1 shader program, same color
	2.4 Exercise 2: 2 triangles (rectangle), 1 shader program, same color
	2.5 Exercise 3: 2 triangles, 2 shader programs, different colors

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.HelloTriangleExercise3.run_example()
Press ENTER to exit the example.
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LearnOpenGL 2.2 - Hello Triangle Indexed (Element Buffer Objects)
This example demonstrates Element Buffer Objects (EBO) for efficient indexed rendering.
It shows how to draw a rectangle using two triangles with shared vertices.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/2.2.hello_triangle_indexed
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces Element Buffer Objects (EBOs)
as a way to avoid vertex duplication when drawing complex shapes.
EAGL's framework maintains the same concepts while providing helper functions:
	EBO creation and binding are handled by EAGL.Buffer functions
	The core concept of indexed rendering remains unchanged
	glDrawElements vs glDrawArrays distinction is preserved

Original Tutorial Concepts Demonstrated
	Element Buffer Objects (EBO): Storing vertex indices for reuse
	Indexed Rendering: Drawing with glDrawElements instead of glDrawArrays
	Vertex Sharing: Using 4 vertices to draw 2 triangles (6 vertices worth)
	Memory Efficiency: Avoiding duplicate vertex data
	Triangle Assembly: How indices define triangle connectivity

Key Learning Points
	Understanding indexed vs non-indexed rendering
	Memory efficiency through vertex sharing
	The relationship between vertices and indices
	When to use EBOs vs simple vertex arrays
	Triangle winding order and face culling implications

Rectangle Geometry
The rectangle is defined by 4 vertices with 6 indices (2 triangles):
3 ---- 2
|    / |
|   /  |
|  /   |
| /    |
0 ---- 1
Vertices: 4 unique positions
Indices: [0,1,3, 1,2,3] (2 triangles sharing vertices 0, 1, and 3)
Difference from Previous Examples
	2.1 Hello Triangle: 3 vertices, glDrawArrays (no sharing)
	2.2 Hello Triangle Indexed: 4 vertices + indices, glDrawElements (vertex sharing)

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.HelloTriangleIndexed.run_example()
Press ENTER to exit the example.
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LearnOpenGL 1.1 - Hello Window
This example demonstrates basic window creation and OpenGL context setup.
It corresponds to the first rendering example in the LearnOpenGL tutorial series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/1.1.hello_window
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example shows a completely black window
because no clearing is performed in the render loop. However, EAGL's Window framework
automatically handles basic OpenGL setup including an initial clear for clean state.
To maintain the pedagogical value while working within EAGL's design:
	We set the clear color to black (0.0, 0.0, 0.0) to match the original example
	The framework handles the actual clearing, but we demonstrate the concept
	Comments explain what would happen without framework assistance

Original Tutorial Concepts Demonstrated
	Window Creation: EAGL.Window handles GLFW setup and OpenGL context creation
	Render Loop: The framework manages the main loop and buffer swapping
	Basic Rendering: Shows the foundation for all subsequent examples
	Input Handling: ENTER key to exit (handled by framework)

Key Learning Points
	Understanding the render loop concept
	OpenGL context and window management
	The importance of clearing buffers
	Foundation for more complex rendering

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.HelloWindow.run_example()
Press ENTER to exit the example.
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LearnOpenGL 1.2 - Hello Window Clear
This example demonstrates setting a custom clear color for the OpenGL framebuffer.
It builds upon the 1.1 Hello Window example by showing how to control the background color.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/1.2.hello_window_clear
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces the concept of:
	glClearColor() - setting the clear color state
	glClear(GL_COLOR_BUFFER_BIT) - actually clearing the buffer

EAGL's Window framework automatically handles clearing for clean state, but this example
demonstrates the pedagogical concepts by:
	Explicitly calling glClearColor() to set a custom color
	Showing the difference between state-setting and state-using functions
	Explaining the OpenGL state machine concept

Original Tutorial Concepts Demonstrated
	OpenGL State Machine: glClearColor sets state, glClear uses that state
	Color Buffer Clearing: Essential for preventing visual artifacts
	RGBA Color Values: Understanding the 0.0-1.0 range for color components
	Render Loop Integration: Where clearing fits in the rendering pipeline

Key Learning Points
	Understanding OpenGL's state-setting vs state-using functions
	The importance of clearing buffers each frame
	How color values work in OpenGL (0.0-1.0 range)
	The difference between this and 1.1 (black vs colored background)

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.HelloWindowClear.run_example()
Press ENTER to exit the example.
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LearnOpenGL 3.3 - Shaders Class
This example demonstrates the same vertex colour interpolation as 3.2, but emphasises
the importance of shader abstraction and organisation. It shows how to structure
shader management in a clean, reusable way.
It corresponds to the Shaders Class tutorial in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/3.3.shaders_class
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces shader class abstraction:
	How to encapsulate shader compilation, linking, and error handling
	How to create reusable shader management utilities
	How to provide clean APIs for setting uniforms and using shaders
	The importance of proper resource management and cleanup

EAGL's framework already provides this abstraction through EAGL.Shader:
	create_shader/2 handles compilation with automatic error reporting
	create_attach_link/1 handles linking with error checking
	set_uniform/3 provides type-safe uniform setting
	All following the same patterns as the original tutorial's Shader class

Key Concept: Shader Abstraction
Why shader classes/modules are important:
	Encapsulate complex OpenGL shader operations
	Provide error handling and debugging information
	Enable code reuse across multiple examples
	Simplify shader management in larger applications
	Abstract away low-level OpenGL details

EAGL.Shader Module Features:
	Automatic shader compilation with error reporting
	File-based shader loading from priv/shaders/
	Type-safe uniform setting with automatic type detection
	Resource cleanup and management
	Consistent error handling patterns

Visual Result
Identical to 3.2 Shaders Interpolation:
	Bottom-right corner: Red (1.0, 0.0, 0.0)
	Bottom-left corner: Green (0.0, 1.0, 0.0)
	Top center: Blue (0.0, 0.0, 1.0)
	Interior pixels: Smooth interpolation between these colors

Difference from Previous Examples
	3.2 Shaders Interpolation: Focus on interpolation concept
	3.3 Shaders Class: Same visual result, emphasis on clean shader abstraction

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.ShadersClass.run_example()
Press ENTER to exit the example.
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LearnOpenGL 3.4 - Shaders Exercise 1
This example demonstrates how to modify vertex positions in the vertex shader
to create an upside-down triangle. It shows how vertex transformations can be
applied directly in the shader rather than modifying vertex data.
It corresponds to the first shader exercise in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/3.4.shaders_exercise1
Exercise Description
Original Exercise: "Adjust the vertex shader so that the triangle is upside down"
Solution Approach: Negate the y-coordinate in the vertex shader:
	Original: gl_Position = vec4(aPos, 1.0);
	Modified: gl_Position = vec4(aPos.x, -aPos.y, aPos.z, 1.0);

Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this exercise teaches:
	How vertex shaders can transform vertex positions
	The difference between modifying data vs. modifying shaders
	Understanding coordinate systems and transformations
	How simple mathematical operations in shaders affect rendering

EAGL's framework preserves all these concepts:
	Same vertex data as previous examples (no changes needed)
	Transformation happens entirely in the vertex shader
	Demonstrates shader-based coordinate manipulation

Key Concept: Vertex Transformation
Why transform in the vertex shader:
	More efficient than modifying vertex data on CPU
	Can be combined with other transformations (matrices, etc.)
	Demonstrates the power and flexibility of programmable shaders
	Shows how shaders can manipulate geometry dynamically

Coordinate System Understanding:
	OpenGL uses right-handed coordinate system
	Y-axis points up in normalized device coordinates
	Negating Y flips the triangle vertically
	This is a fundamental transformation concept

Visual Result
Triangle with interpolated colors but flipped upside-down:
	Top corners: Red (right) and Green (left) - now at bottom
	Bottom center: Blue - now at top	Same colour interpolation as 3.2/3.3, just flipped



Learning Objectives
	Understanding vertex shader transformations
	Coordinate system manipulation
	Difference between data modification vs. shader modification
	Basic mathematical operations in GLSL

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.ShadersExercise1.run_example()
Press ENTER to exit the example.
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LearnOpenGL 3.5 - Shaders Exercise 2
This example demonstrates using a uniform variable to apply a horizontal offset
to the triangle position. It combines uniform variables with vertex transformations
to show how application data can control shader behavior.
It corresponds to the second shader exercise in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/3.5.shaders_exercise2
Exercise Description
Original Exercise: "Specify a horizontal offset via a uniform and move the triangle
to the right side of the screen in the vertex shader using this offset value"
Solution Approach: Add uniform to vertex shader and apply to x-coordinate:
	Add: uniform float xOffset; to vertex shader
	Modify: gl_Position = vec4(aPos.x + xOffset, aPos.y, aPos.z, 1.0);
	Set uniform from application: set_uniform(program, "xOffset", 0.5)

Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this exercise teaches:
	How to combine uniforms with vertex transformations
	Passing application data to control shader behavior
	Understanding the difference between vertex attributes and uniforms
	How uniforms affect all vertices in a draw call uniformly

EAGL's framework preserves all these concepts:
	EAGL.Shader.set_uniform/3 handles the uniform setting with type detection
	Same vertex data, transformation applied via uniform in shader
	Demonstrates application-controlled geometry manipulation

Key Concept: Uniform-Controlled Transformations
Why use uniforms for transformations:
	Can change transformation without recompiling shaders
	Same transformation applied to all vertices in draw call
	Efficient way to animate or control geometry
	Foundation for more complex transformations (matrices)

Uniform vs. Vertex Attribute:
	Uniform: Same value for all vertices (global to draw call)
	Vertex Attribute: Different value per vertex (per-vertex data)
	Uniforms perfect for transformations, lighting parameters, time, etc.

Visual Result
Triangle with interpolated colors moved to the right side of screen:
- Same colour interpolation as 3.2/3.3
	Horizontally offset by uniform value (0.5 units to the right)
	Demonstrates uniform-controlled positioning

Learning Objectives
	Understanding uniform variables in vertex shaders
	Combining uniforms with vertex transformations
	Application-controlled shader behavior
	Difference between uniforms and vertex attributes

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.ShadersExercise2.run_example()
Press ENTER to exit the example.
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LearnOpenGL 3.6 - Shaders Exercise 3
This example demonstrates outputting vertex position as fragment color, showing
how vertex shader outputs are interpolated across the triangle surface and how
coordinate values can be visualized as colors.
It corresponds to the third shader exercise in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/3.6.shaders_exercise3
Exercise Description
Original Exercise: "Output the vertex position to the fragment shader using the
out keyword and set the fragment's color equal to this vertex position (see how
even the vertex position values are interpolated across the triangle). Once you
managed to do this; try to answer the following question: why is the bottom-left
side of our triangle black?"
Solution Approach:
	Add out vec3 vertexPos; to vertex shader
	Set vertexPos = aPos; in vertex shader
	Add in vec3 vertexPos; to fragment shader
	Set FragColor = vec4(vertexPos, 1.0); in fragment shader

Answer to Question: The bottom-left is black because:
	Bottom-left vertex position is (-0.5, -0.5, 0.0)
	Negative values in RGB color space are clamped to 0.0 (black)
	Only positive position values create visible colors

Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this exercise teaches:
	How vertex shader outputs are interpolated by the rasterizer
	Understanding the relationship between coordinate spaces and color spaces
	Visualizing geometric data as color information
	How negative values affect color rendering

EAGL's framework preserves all these concepts:
	Same vertex data and shader input/output patterns
	Demonstrates interpolation and coordinate-to-color mapping
	Shows the visual effects of coordinate system properties

Key Concept: Position-to-Color Mapping
Why this visualization is educational:
	Makes interpolation visible and understandable
	Shows how coordinate values map to color values
	Demonstrates the effect of negative coordinates
	Helps understand the rasterization process

Coordinate to Color Mapping:
	X coordinate → Red channel
	Y coordinate → Green channel
	Z coordinate → Blue channel
	Negative values clamped to 0.0 (black)
	Positive values create visible colors

Visual Result and Analysis
Triangle with position-based coloring:
	Bottom-right (+0.5, -0.5, 0.0): Red channel 0.5, others 0.0 → Dark red
	Bottom-left (-0.5, -0.5, 0.0): All negative/zero → Black
	Top center (0.0, +0.5, 0.0): Green channel 0.5, others 0.0 → Dark green
	Interior pixels: Interpolated between these values

Why bottom-left is black:
	Position (-0.5, -0.5, 0.0) has negative X and Y
	RGB color channels can't be negative (clamped to 0.0)
	Result: (0.0, 0.0, 0.0) = black

Learning Objectives
	Understanding vertex shader output interpolation
	Coordinate space to color space mapping
	Effects of negative values in color calculations
	Visualizing geometric data through color

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.ShadersExercise3.run_example()
Press ENTER to exit the example.
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LearnOpenGL 3.2 - Shaders Interpolation
This example demonstrates vertex colour interpolation in shaders - how colours assigned to vertices
are automatically interpolated across the triangle surface by the rasterizer.
It corresponds to the Shaders Interpolation tutorial in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/3.2.shaders_interpolation
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces vertex attributes for colours:
	How to pass colour data as vertex attributes alongside position data
	How to declare multiple vertex attributes in shaders
	How the rasterizer automatically interpolates values between vertices
	Understanding the difference between per-vertex and per-fragment data

EAGL's framework preserves all these concepts while providing convenience functions:
	EAGL.Buffer.create_vertex_array() handles the VAO/VBO setup with multiple attributes
	The core OpenGL vertex attribute concepts remain unchanged and visible

Key Concept: Fragment Interpolation
What happens during rasterization:
	Triangle has 3 vertices with different colours (red, green, blue)
	Rasterizer determines which pixels are inside the triangle
	For each pixel, it calculates interpolated values based on distance from vertices
	A pixel 70% of the way from red to blue vertex gets 30% red + 70% blue
	This creates smooth colour gradients across the triangle surface

Original Tutorial Concepts Demonstrated:
	Multiple Vertex Attributes: Position (location 0) and Colour (location 1)
	Vertex Attribute Stride: 6 floats per vertex (3 position + 3 colour)
	Vertex Attribute Offsets: Position at offset 0, Colour at offset 3
	Shader Input/Output: Vertex shader outputs colour, fragment shader receives interpolated colour
	Automatic Interpolation: GPU automatically interpolates all vertex shader outputs

Visual Result
The triangle displays a colour gradient:
	Bottom-right corner: Red (1.0, 0.0, 0.0)
	Bottom-left corner: Green (0.0, 1.0, 0.0)
	Top center: Blue (0.0, 0.0, 1.0)	Interior pixels: Smooth interpolation between these colours



Difference from Previous Examples
	3.1 Shaders Uniform: Single colour for entire triangle, changed via uniform
	3.2 Shaders Interpolation: Different colour per vertex, interpolated across surface

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.ShadersInterpolation.run_example()
Press ENTER to exit the example.
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LearnOpenGL 3.1 - Shaders Uniform
This example demonstrates uniform variables in shaders - global variables that remain constant
across all vertices in a draw call but can be updated between draw calls.
It corresponds to the Shaders Uniform tutorial in the LearnOpenGL series.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/3.1.shaders_uniform
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces uniform variables:
	How to declare uniforms in GLSL
	How to get uniform locations from the application
	How to update uniform values using glUniform* functions
	Creating animated effects by updating uniforms per frame

EAGL's framework preserves all these concepts while providing convenience functions:
	EAGL.Shader.set_uniform() handles the glGetUniformLocation + glUniform* pattern
	Error checking and type detection are automated
	The core OpenGL uniform concepts remain unchanged and visible

Key Difference: Animation Timing
Original LearnOpenGL approach: Time calculation happens directly in the render loop:
while (!glfwWindowShouldClose(window)) {
    float timeValue = glfwGetTime();  // Get time in render loop
    float greenValue = sin(timeValue) / 2.0f + 0.5f;
    glUniform4f(vertexColorLocation, 0.0f, greenValue, 0.0f, 1.0f);
    // ... render
}
EAGL approach: Uses the tick handler pattern for clean separation of concerns:
	handle_event(:tick, state) updates time state each frame
	render/3 uses the current time state for animation
	This separates state management from rendering logic

Original Tutorial Concepts Demonstrated
	Uniform Declaration: Declaring uniform vec4 ourColor in the fragment shader
	Uniform Location: Getting the uniform location using glGetUniformLocation
	Uniform Updates: Using glUniform4f to update the uniform value
	Animation: Updating the uniform each frame using sin(time) for color cycling
	Shader Communication: Passing data from application to shader via uniforms

Key Learning Points
	Understanding the difference between attributes and uniforms
	Uniforms are global variables that stay constant per draw call
	Uniforms can be updated between draw calls to create dynamic effects
	Time-based animation using mathematical functions
	The OpenGL uniform system and how it bridges CPU and GPU

Color Animation
The triangle color cycles through a green color animation:
	Color varies from dark green (0.0) to bright green (1.0)
	Uses sin(time) to create smooth oscillation
	Red and blue components remain at 0.0
	Alpha remains at 1.0 (fully opaque)

Difference from Previous Examples
	2.1 Hello Triangle: Static orange triangle with hardcoded fragment color
	3.1 Shaders Uniform: Dynamic color animation using uniform variables

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.ShadersUniform.run_example()
Press ENTER to exit the example.
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LearnOpenGL 4.1 - Textures
This example demonstrates basic texture mapping in OpenGL - applying 2D images to 3D geometry.
It corresponds to the Textures tutorial in the LearnOpenGL series and showcases EAGL's
comprehensive texture loading capabilities.
Original C++ Source
This example is based on the original LearnOpenGL C++ tutorial:
https://github.com/JoeyDeVries/LearnOpenGL/tree/master/src/1.getting_started/4.1.textures
Framework Adaptation Notes
In the original LearnOpenGL C++ tutorial, this example introduces textures:
	Loading image files using stb_image.h library
	Creating OpenGL texture objects
	Setting texture parameters (wrapping, filtering)
	Texture coordinates and sampling
	Binding textures before rendering

EAGL's framework preserves all these concepts while providing enhanced functionality:
	Real Image Loading: Uses the same stb_image library as the original tutorial
	Graceful Degradation: Automatic fallback to checkerboard patterns when images unavailable
	Pixel Alignment Handling: Proper handling of non-4-byte-aligned image widths
	Y-Axis Correction: Automatic Y-flip to match OpenGL coordinate conventions
	Format Detection: Automatic channel detection (RGB, RGBA) and format selection

EAGL vs Original Implementation
Original LearnOpenGL approach: Uses stb_image.h to load container.jpg:
int width, height, nrChannels;
unsigned char *data = stbi_load("container.jpg", &width, &height, &nrChannels, 0);
glTexImage2D(GL_TEXTURE_2D, 0, GL_RGB, width, height, 0, GL_RGB, GL_UNSIGNED_BYTE, data);
stbi_image_free(data);
EAGL approach: Enhanced image loading with comprehensive error handling:
{:ok, texture_id, width, height} = load_texture_from_file("priv/images/eagl_logo_black_on_white.png")
	Same underlying library: Uses stb_image (optional dependency)
	Enhanced error handling: {:ok, result} tuples and comprehensive fallbacks
	Pixel alignment fix: glPixelStorei(GL_UNPACK_ALIGNMENT, 1) for arbitrary image widths
	Coordinate system handling: Automatic Y-flip for OpenGL convention
	Educational value: Works with or without external dependencies

Technical Improvements
This implementation includes several technical enhancements over basic texture loading:
	Pixel Alignment: Handles images whose width × channels isn't 4-byte aligned
	The 418×418 EAGL logo tests this fix (418 × 4 = 1672 bytes per row)
	Prevents diagonal texture skewing common with arbitrary image dimensions


	Y-Axis Handling: Proper coordinate system conversion
	Images typically have (0,0) at top-left
	OpenGL expects (0,0) at bottom-left
	Automatic Y-flip ensures textures appear right-side up


	Format Detection: Automatic channel count handling
	1 channel → GL_RED
	2 channels → GL_RG
	3 channels → GL_RGB
	4 channels → GL_RGBA



Original Tutorial Concepts Demonstrated
	Texture Objects: Creating texture IDs with create_texture()
	Texture Binding: Binding textures with :gl.bindTexture()
	Texture Parameters: Setting wrap and filter modes with set_texture_parameters()
	Texture Data: Loading pixel data with load_texture_data()
	Mipmaps: Generating mipmaps with :gl.generateMipmap()
	Texture Coordinates: Adding texture coordinates to vertex data
	Texture Sampling: Using sampler2D and texture() in fragment shader

Key Learning Points
	Understanding texture coordinates (0,0 to 1,1 mapping)
	Texture wrapping modes (repeat, clamp, etc.)
	Texture filtering (nearest vs linear)
	The relationship between vertex attributes and fragment shader inputs
	How textures are sampled and interpolated across triangles
	Pixel alignment considerations for arbitrary image dimensions
	Coordinate system differences between image formats and OpenGL

State Management Evolution
This example marks change in the LearnOpenGL series implementation.
Starting with textures, our OpenGL state becomes more complex as we need to track
multiple resources: shader programs, vertex arrays, buffers, and now texture objects.
From 4.1 forward, we transition to map-based state management for better
maintainability and readability as examples grow in complexity.
Vertex Data Structure
The rectangle uses interleaved vertex data:
	Position (3 floats): x, y, z coordinates
	Color (3 floats): r, g, b values (for potential mixing)
	Texture coordinates (2 floats): s, t coordinates

Texture Mapping
The rectangle is mapped with texture coordinates:
	Bottom-left: (0.0, 0.0)
	Bottom-right: (1.0, 0.0)
	Top-right: (1.0, 1.0)
	Top-left: (0.0, 1.0)

Dependencies
	Optional: {:stb_image, "~> 0.6"} for real image loading
	Fallback: Procedural checkerboard generation when stb_image unavailable
	Educational: Works in both scenarios with helpful guidance

Usage
EAGL.Examples.LearnOpenGL.GettingStarted.Textures.run_example()
Press ENTER to exit the example.
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Runs EAGL unit tests for quick development feedback.
This focuses on unit tests without the slower example integration tests.
Examples
mix eagl.test
mix eagl.test --verbose
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        Callback implementation for Mix.Task.run/1.
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Callback implementation for Mix.Task.run/1.
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