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[bookmark: _Toc225588482]Introduction
Real-time graphics rendering is a key component of modern day gaming which requires mass processing of visual data. The use of Graphic Processing Units enables highly parallel computation, making them well suited for image-based operations such as post-processing effects [1], [2]. Shaders, which are small programs that run directly on the GPU, allow developers to alter the graphical output at different stages within the rendering pipeline [3].
This report presents the design and implementation of a shader-based application that applies two distinct image processing effects to different regions of a rendered image. Specifically, edge detection on the left half of the image and colour inversion on the right half. 
The report explores the theoretical foundations of both effects, outlines the design of the application, explains the shader implementation, and evaluates the effectiveness and performance of the solution.
[bookmark: _Toc225588483]Background and Research
[bookmark: _Toc225588484]GPU and Shaders
Graphical Processing Units (GPUs) are designed to handle parallel operations simultaneously. Unlike CPUs, which are optimised for sequential processing and complex logic, GPUs excel at performing the same operation across multiple pieces of data such as pixels on an image, this makes them ideal for real-time rendering [1], [2].
Shaders are programs written in languages such as GLSL and are executed directly on the GPU [3]. There are various types of shaders however only two are required, the vertex shader which is in control of the final position of a 3D model on a 2D screen. The other that is required is the fragment shader, this determines the final colour of each pixel on the screen.
One important advantage of GPU processing is that fragment shaders operate in parallel across pixels, meaning that operations such as image filtering scale efficiently with the resolution [1]. This makes GPUs particularly effective for post-processing effects, where the same operation must be applied to every pixel of an image.
In addition, shaders form part of a larger programmable pipeline, where vertex shaders handle the geometry processing and fragment shaders determine the final pixel output. In this project, the fragment shader is the most important stage, as it is responsible for implementing both image effects. By performing these calculations on the GPU rather than the CPU, the application avoids bottlenecks and achieves real-time performance [6].

[bookmark: _Toc225588485]Edge Detection
Edge detection is a widely used image processing technique that identifies areas where there are strong changes in an image, such as object outlines or sharp transitions. This makes it useful for feature extraction, stylised rendering, and debugging of visual structures [5].
One of the most common approaches to edge detection is the Sobel operator which works by looking at neighbouring pixels and calculating how much the colour changes in both horizontal and vertical directions [4]. This is done by applying two kernel matrices to neighbouring pixels. The magnitude of the resulting gradient indicates the strength of the edge. 
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In comparison to edge detection, colour inversion is a simple process that transforms each pixel’s colour into its complementary value. This is done by subtracting each colour value channel (red, green, blue) from the maximum value.
This operation is computationally inexpensive, as it requires only a single arithmetic calculation per channel. As a result, it is highly efficient and well suited for real-time rendering. Colour inversion is often used for stylistic effects or accessibility features. Its simplicity makes it a useful contrast to more complex effects such as edge detection.
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The application was developed using C++ with OpenGL and GLSL for the shaders. The system loads an image as a texture and renders it onto a screen-aligned quad. The fragment shader is responsible for applying the effects.
The steps of the rendering pipeline are as follows:
1. Image is loaded into memory and uploaded to the GPU as a texture.
2. A full-screen quad is rendered.
3. The texture coordinates are passed to the fragment shader.
4. The fragment shader processes each pixel and outputs the final colour.
This approach ensures that all image processing occurs on the GPU which maximises the performance and efficiency.
[bookmark: _Toc225588489]Splitting the Screen
To apply the different effects to different parts of the image, the screen is divided into two regions based on the texture coordinates. The horizontal coordinate is used to determine whether a pixel lies on either the left or the right half of the screen.
If the x coordinate is less than 0.5 the edge detection effect is applied. Otherwise, the colour inversion is applied. This conditional logic is implemented within the fragment shader, allowing both effects to be handled in a single pass. This design avoids the need for multiple rendering passes or separate shaders, improving efficiency and simplifying the implementation.
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Texture handling plays an important role in the application. The image is loaded using the stb_image library and converted into a format suitable for OpenGL before being uploaded to the GPU. The texture is then sampled in the fragment shader using normalised texture coordinates.
To ensure correct orientation, the image is flipped vertically during loading, as OpenGL and image file formats use different coordinate systems. Additionally, texture parameters such as filtering and wrapping are configured to ensure smooth sampling and avoid visual artifacts.
Efficient texture sampling is particularly important for effects such as edge detection, where multiple samples are taken per pixel. Poor sampling strategies can lead to performance issues, making optimisation an important consideration.
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The edge detection effect is implemented using a convolution-based approach inspired by the Sobel operator [4]. For each pixel, the shader samples neighbouring texels using small offsets relative to the current texture coordinate. These samples are used to approximate the intensity gradients.
Two gradient components are calculated: one in the horizontal direction and one in the vertical direction. These are then combined to produce a gradient magnitude which represents the strength of the edges at that pixel.
The implementation requires multiple texture lookups, typically sampling a 3x3 neighbourhood around each pixel. While this increases computational cost, the parallel nature of GPU execution ensures that the performance remains acceptable for real-time applications.
The final output converted to grayscale to emphasise edge strength, producing a high-contrast image that highlights structural features.
To ensure consistent behaviour across different resolutions, a texel size uniform is passed into the shader. This allows neighbouring pixels to be sampled relative to the size of the texture rather than using fixed offsets. This approach improves accuracy and ensures that the edge detection effect scales correctly regardless of image resolution.
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The colour inversion effect is significantly simpler. The shader samples the original texture colour and subtracts each component from 1.0. this produces the inverted colour which is then directly to the output.
Because this operation only requires a single texture lookup and minimal calculations, it has a very negligible impact on performance. This makes it an ideal example of a lightweight shader effect.
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Both of the effects are implemented within a single fragment shader using conditional branching. The shader evaluates the horizontal texture coordinate to determine which side of the screen the pixel is on and which effect to apply.
While branching can slow down performance, in this case it works well because there are two distinct halves of the screen. This means that neighbouring pixels have usually got the same effect applied.
[bookmark: _Toc225588495]Evaluation
Overall, the application works as expected and clearly shows both effects side by side. The edge detection highlights the outlines and details but is noticeably more computationally expensive due to the extra texture sampling.
On the other hand, the colour inversion had no performance cost and is extremely fast.
One issue with the edge detection is that it can pick up noise in the image easily which can make the result look messy. This could be improved by applying a blur before running the edge detection [8].
There are also other edge detection methods that could be used which may produce different results.
Overall, the solution is flexible and could easily be extended to include more effects or divide the screen in different ways.
The use of a full-screen quad combined with fragment shader processing ensures that all image manipulation occurs entirely on the GPU. This avoids unnecessary CPU involvement and reflects how post-processing effects are implemented in modern game engines.
The decision to use a single shader for both effects improve efficiency by reducing the number of rendering passes. However, this introduces conditional branching within the shader, which can affect performance on some hardware [7]. In this case, the impact is minimal due to the clear separation between the two regions.
The implementation also demonstrates good scalability, as the use of texel-based sampling ensures consistent results across different resolutions. This is an important consideration in real-time applications where screen sizes may vary.
[bookmark: _Toc225588496]Conclusion
In conclusion, this project shows how shaders can be used to apply real-time image processing effects by the GPU. By combining the edge detection and colour inversion into a single shader, it demonstrates both complex techniques and simpler techniques.
The results of the image show that the GPU is very effective for this type of work, especially when dealing with per-pixel operations. While some effects are more expensive than others they can still run efficiently when implemented properly.
This project helped me build a better understanding on how shaders work, how they are implemented and how different algorithms can be applied in real-time graphics.
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Main.cpp
include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "imgui.h"
#include "imgui_impl_glfw.h"
#include "imgui_impl_opengl3.h"
#include "Effects.h"
#include <iostream>

int main()
{
    //Initialise GLFW
    if (!glfwInit())
    {
        std::cerr << "Failed to initialize GLFW" << std::endl;
        return -1;
    }

    glfwWindowHint(GLFW_CONTEXT_VERSION_MAJOR, 3);
    glfwWindowHint(GLFW_CONTEXT_VERSION_MINOR, 3);
    glfwWindowHint(GLFW_OPENGL_PROFILE, GLFW_OPENGL_CORE_PROFILE);
    glfwWindowHint(GLFW_OPENGL_FORWARD_COMPAT, GL_TRUE);

    GLFWwindow* window = glfwCreateWindow(960, 540, "GPU Programming", NULL, NULL);
    if (!window)
    {
        std::cerr << "Failed to create GLFW window" << std::endl;
        glfwTerminate();
        return -1;
    }
    glfwMakeContextCurrent(window);
    glfwSwapInterval(1); //V-Sync

    //Initialise GLEW
    glewExperimental = GL_TRUE;
    if (glewInit() != GLEW_OK)
    {
        std::cerr << "Failed to initialize GLEW" << std::endl;
        return -1;
    }
    // Initialise ImGui
    IMGUI_CHECKVERSION();
    ImGui::CreateContext();
    ImGui_ImplGlfw_InitForOpenGL(window, true);
    ImGui_ImplOpenGL3_Init("#version 330");

    //Setup effects
    Effects effects;
    effects.LoadImage("../colosseum.jpg");
    effects.CompileShaders("../effects.shader");
    effects.CreateFullScreenQuad();

    //Render Loop
    while (!glfwWindowShouldClose(window))
    {
        glfwPollEvents();

        ImGui_ImplOpenGL3_NewFrame();
        ImGui_ImplGlfw_NewFrame();
        ImGui::NewFrame();
        ImGui::Begin("Option 1");
        ImGui::Text("Left: Sobel Edge Detection");
        ImGui::Text("Right: Colour Inversion");
        ImGui::End();

        ImGui::Render();

        glClearColor(0.1f, 0.1f, 0.1f, 1.0f);
        glClear(GL_COLOR_BUFFER_BIT);
        effects.Draw();
        ImGui_ImplOpenGL3_RenderDrawData(ImGui::GetDrawData());
        glfwSwapBuffers(window);
    }
    //Cleanup
    ImGui_ImplOpenGL3_Shutdown();
    ImGui_ImplGlfw_Shutdown();
    ImGui::DestroyContext();
    effects.Cleanup();
    glfwDestroyWindow(window);
    glfwTerminate();
    return 0;
}

Effects.h
#include <GL/glew.h>
#include <string>

struct ShaderSource
{
    std::string VertexSource;
    std::string FragmentSource;
};

class Effects
{
    private:
    GLuint shaderProgram = 0;
    GLuint textureID     = 0;
    GLuint VAO           = 0;
    GLuint VBO           = 0;
    GLuint EBO           = 0;
    int width =0, height = 0;

    //Read the effects.shader and split at the vertex and fragment tags
    ShaderSource ParseShader(const std::string& filePath);
    //Compile the shaders
    GLuint CompileShader(const std::string& source, GLenum type);
    void CheckShaderError(GLuint shader,const std::string& stage);
    void CheckProgramError(GLuint shader);

    public:
    bool LoadImage(const std::string& filePath);
    bool CompileShaders(const std::string& shaderPath);
    void CreateFullScreenQuad();
    void Draw();
    void Cleanup();

};

Effects.cpp
#define STB_IMAGE_IMPLEMENTATION
#include "stb_image.h"
#include "Effects.h"
#include <fstream>
#include <sstream>
#include <iostream>

ShaderSource Effects::ParseShader(const std::string& filePath)
{
    std::ifstream stream(filePath);
    std::string line;
    std::stringstream ss[2];

    enum class ShaderType
    {
        NONE = -1, VERTEX = 0, FRAGMENT = 1
    };

    ShaderType type = ShaderType::NONE;

    while (getline(stream, line))
    {
        if (line.find("#shader") != std::string::npos)
        {
            if (line.find("vertex") != std::string::npos)
                type = ShaderType::VERTEX;
            else if (line.find("fragment") != std::string::npos)
                type = ShaderType::FRAGMENT;
        }
        else
        {
            ss[(int)type] << line << "\n";
        }
    }
    return { ss[0].str(), ss[1].str() };
}

GLuint Effects::CompileShader(const std::string& source, GLenum type)
{
    GLuint id = glCreateShader(type);
    const char* src = source.c_str();
    glShaderSource(id, 1, &src, nullptr);
    glCompileShader(id);

    int result;
    glGetShaderiv(id, GL_COMPILE_STATUS, &result);
    if (result == GL_FALSE)
    {
        int length;
        glGetShaderiv(id, GL_INFO_LOG_LENGTH, &length);
        char* message = (char*)malloc(length * sizeof(char));
        glGetShaderInfoLog(id, length, &length, message);
        std::cout << "Failed to compile "
                  << (type == GL_VERTEX_SHADER ? "vertex" : "fragment")
                  << " shader: " << message << std::endl;
        free(message);
        glDeleteShader(id);
        return 0;
    }
    return id;
}

void Effects::CheckShaderError(GLuint shader, const std::string& stage)
{
    int success = 0;
    glGetShaderiv(shader, GL_COMPILE_STATUS, &success);
    if (!success)
    {
        char log[512];
        glGetShaderInfoLog(shader, 512, nullptr, log);
        std::cerr << "ERROR: " << stage << " shader compile failed:\n" << log << std::endl;
    }
}

void Effects::CheckProgramError(GLuint program)
{
    int success = 0;
    glGetProgramiv(program, GL_LINK_STATUS, &success);
    if (!success)
    {
        char log[512];
        glGetProgramInfoLog(program, 512, nullptr, log);
        std::cerr << "ERROR: Shader program link failed:\n" << log << std::endl;
    }
}

bool Effects::LoadImage(const std::string& filePath)
{
    stbi_set_flip_vertically_on_load(1);

    int channels;
    unsigned char* localBuffer = stbi_load(filePath.c_str(), &width, &height, &channels, 4);

    if (!localBuffer)
    {
        std::cerr << "Failed to load texture: " << filePath << std::endl;
        std::cerr << "stbi_load failed: " << stbi_failure_reason() << std::endl;
        return false;
    }

    glGenTextures(1, &textureID);
    glBindTexture(GL_TEXTURE_2D, textureID);

    glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LINEAR);
    glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR);
    glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_CLAMP_TO_EDGE);
    glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_CLAMP_TO_EDGE);

    glTexImage2D(GL_TEXTURE_2D, 0, GL_RGBA8, width, height, 0, GL_RGBA, GL_UNSIGNED_BYTE, localBuffer);
    glBindTexture(GL_TEXTURE_2D, 0);

    stbi_image_free(localBuffer);
    return true;
}

bool Effects::CompileShaders(const std::string& shaderPath)
{
    ShaderSource src = ParseShader(shaderPath);

    GLuint vs = CompileShader(src.VertexSource,   GL_VERTEX_SHADER);
    GLuint fs = CompileShader(src.FragmentSource, GL_FRAGMENT_SHADER);

    shaderProgram = glCreateProgram();
    glAttachShader(shaderProgram, vs);
    glAttachShader(shaderProgram, fs);
    glLinkProgram(shaderProgram);
    glValidateProgram(shaderProgram);

    CheckProgramError(shaderProgram);

    glDeleteShader(vs);
    glDeleteShader(fs);
    return true;
}

void Effects::CreateFullScreenQuad()
{
    float positions[] = {
        -1.0f,  1.0f,  0.0f, 1.0f,   // top-left
        -1.0f, -1.0f,  0.0f, 0.0f,   // bottom-left
         1.0f, -1.0f,  1.0f, 0.0f,   // bottom-right
         1.0f,  1.0f,  1.0f, 1.0f    // top-right
    };

    unsigned int indices[] = { 0, 1, 2, 0, 2, 3 };

    glGenVertexArrays(1, &VAO);
    glBindVertexArray(VAO);

    glGenBuffers(1, &VBO);
    glBindBuffer(GL_ARRAY_BUFFER, VBO);
    glBufferData(GL_ARRAY_BUFFER, sizeof(positions), positions, GL_STATIC_DRAW);

    glGenBuffers(1, &EBO);
    glBindBuffer(GL_ELEMENT_ARRAY_BUFFER, EBO);
    glBufferData(GL_ELEMENT_ARRAY_BUFFER, sizeof(indices), indices, GL_STATIC_DRAW);

    // aPosition: 2 floats, offset 0, stride 16 bytes
    glVertexAttribPointer(0, 2, GL_FLOAT, GL_FALSE, 4 * sizeof(float), (void*)0);
    glEnableVertexAttribArray(0);

    // aTexCoord: 2 floats, offset 8 bytes, stride 16 bytes
    glVertexAttribPointer(1, 2, GL_FLOAT, GL_FALSE, 4 * sizeof(float), (void*)(2 * sizeof(float)));
    glEnableVertexAttribArray(1);

    glBindVertexArray(0);
}

void Effects::Draw()
{
    glUseProgram(shaderProgram);

    GLint texelLoc = glGetUniformLocation(shaderProgram, "u_Texel");
    glUniform2f(texelLoc, 1.0f / (float)width, 1.0f / (float)height);

    GLint opacityLoc = glGetUniformLocation(shaderProgram, "u_Opacity");
    glUniform1f(opacityLoc, 1.0f);

    glActiveTexture(GL_TEXTURE0);
    glBindTexture(GL_TEXTURE_2D, textureID);
    GLint samplerLoc = glGetUniformLocation(shaderProgram, "u_Texture");
    glUniform1i(samplerLoc, 0);

    glBindVertexArray(VAO);
    glDrawElements(GL_TRIANGLES, 6, GL_UNSIGNED_INT, 0);
    glBindVertexArray(0);
}

void Effects::Cleanup()
{
    glDeleteVertexArrays(1, &VAO);
    glDeleteBuffers(1, &VBO);
    glDeleteBuffers(1, &EBO);
    glDeleteTextures(1, &textureID);
    glDeleteProgram(shaderProgram);
}

effects.shader
#shader vertex
#version 330 core

layout(location = 0) in vec2 aPosition;
layout(location = 1) in vec2 aTexCoord;

out vec2 vTexCoord;

void main()
{
    vTexCoord = aTexCoord;
    gl_Position = vec4(aPosition, 0.0, 1.0);
}
#shader fragment
#version 330

in vec2 vTexCoord;
out vec4 FragColor;

uniform sampler2D u_Texture;
uniform vec2 u_Texel;
uniform float u_Opacity;

vec4 applyEdgeDetection()
{
    vec3 kernelX[3] = vec3[](vec3(-1,0,1),vec3(-2,0,2),vec3(-1,0,1));
    vec3 kernelY[3] = vec3[](vec3(-1,-2,-1),vec3(0,0,0),vec3(1,2,1));
    vec3 colourX = vec3(0.0);
    vec3 colourY = vec3(0.0);
    for(int y = -1; y <= 1; y++)
    {
        for(int x = -1; x <= 1; x++)
        {
            vec3 sample = texture(u_Texture, vTexCoord + u_Texel * vec2(x, y)).rgb;
            colourX += kernelX[y+1][x+1] * sample;
            colourY += kernelY[y+1][x+1] * sample;
        }
    }
    float edgeStrength = length(colourX) + length(colourY);
    return vec4(vec3(edgeStrength), 1.0);
}

vec4 applyColourInversion()
{
    vec4 colour = texture(u_Texture, vTexCoord);
    return vec4(1.0 - colour.rgb, 1.0);
}

void main()
{
    vec4 baseColour = texture(u_Texture, vTexCoord);
    vec4 result;

    if(vTexCoord.x < 0.5)
    {
        result = applyEdgeDetection();
    }
    else
    {
        result = applyColourInversion();
    }

    FragColor = mix(baseColour, result, u_Opacity);
}
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