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[bookmark: _Toc69745725]1. Introduction
The User Guide describes how to best experience the application developed for this assignment, whereas the Demonstration of Application shows off the various aspects of this implementation. Following the demo, an explanation of how the features were implemented will be highlighted in sections four through six. Emerging trends in shader development will be discussed in section seven – with the topic of focus being clustered shading.


[bookmark: _Toc69745726]2. User Guide
Key bindings available:
· Press ‘ESC’ to close the application during runtime.
· Press ‘W’ to move forwards.
· Press ‘A’ to move left.
· Press ‘S’ to move backwards.
· Press ‘D’ to move right.
· Hold ‘SPACEBAR’ to have a flashlight follow where the camera looks.
· Hold ‘1’ to enable the left screen sharpen filter.
· Hold ‘2’ to enable the right screen blur filter.
· Hold ‘3’ to enable the mirror quad, which mirrors the right side of the screen to the left.
The scene is populated with two objects; a helicopter, designed by ameer66 [1], and a plane beneath it. There are multiple lights in the scene too – one directional light, and three-point lights (red, green, blue respectively). A spotlight follows where the camera is looking while spacebar is held. The helicopter rotates gradually so that you can view the effects of lights on a moving object.
Please note that this solution was run on a debug, x86 configuration – you may have issues running the application otherwise.
[image: ]
[bookmark: _Toc69745697]Figure 1 Solution configurations


[bookmark: _Toc69745727]3. Demonstration of Application
[image: ]
[bookmark: _Toc68559344][bookmark: _Toc68790546][bookmark: _Toc69745698]Figure 2 Chopper, simply hovering
[image: ]
[bookmark: _Toc68559345][bookmark: _Toc68790547][bookmark: _Toc69745699]Figure 3 Chopper, under the effects of both green and red point lights
[image: ]
[bookmark: _Toc68559346][bookmark: _Toc68790548][bookmark: _Toc69745700]Figure 4 Chopper being put under a sharpen filter on the left side of the screen
[image: ]
[bookmark: _Toc68559347][bookmark: _Toc68790549][bookmark: _Toc69745701]Figure 5 Chopper being put under a blur filter, evidently seen in the text on the side of the chopper being blurred on the right side of the screen
[image: ]
[bookmark: _Toc68559348][bookmark: _Toc68790550][bookmark: _Toc69745702]Figure 6 Chopper under the effects of sharpen (left side) and blur (right side) filters. Note the gradient in the middle clearly separating the two currently active filters.


[bookmark: _Toc69745728]4. Importing Objects
The “Open Asset Importer” library (ASSIMP) was utilised in importing objects into this implementation [2]. A class “cModel” was established to encapsulate the properties of imported data, which are read from files (e.g., .’obj’, ‘.fbx’, etc) using an assimp object:
[image: ]
[bookmark: _Toc68790551][bookmark: _Toc69745703]Figure 7 Instantiating the assimp object
By passing our importer a file path and any number of additional arguments which can modify imported data using post processing, a returned scene object holds all the mesh data read in from a file, e.g., vertices on our object mesh, or indices pointing to said vertices. All of this data is formatted into nodes which have their own self-contained set of data, as seen below:
[image: ]
[bookmark: _Toc68790552][bookmark: _Toc69745704]Figure 8 Diagram of nodes and node properties that ASSIMP uses when files are loaded, credit to Vries [3]
To access the relevant data and store it in an accessible format, rather than just an aiScene, we use recursion to loop through nodes in our scene, similar to a depth first search:
[image: ]
[bookmark: _Toc68790553][bookmark: _Toc69745705]Figure 9 Recursive node traversal and mesh loading

[image: ]
[bookmark: _Toc68790554][bookmark: _Toc69745706]Figure 10 Illustrative diagram of how the traversal of aiScene takes place
Nodes can be traversed, and each holds mesh data (vertices and indices). So once we land on a new node, we begin gathering together all the mesh data held at this node:
[image: ]
[bookmark: _Toc68790555][bookmark: _Toc69745707]Figure 11 Loading mesh data from a node
Firstly, we setup a vector to hold all vertices and their corresponding positions, texture coordinates, and normals. The way in which data is read is as follows:
1. Begin checking for positions, which are first in line to be added to the vertices vector.
2. Next, check if there are any texture coordinates – if none provided for this mesh, push back dummy values, as we are not allowed to skip reading texture coordinates.
3. Push back normal – there will always be some provided, as earlier we passed in “aiProcess_Gen_Smooth_Normals” when running the “ReadFile” function from our importer. What this does, is that the importer will create smooth normals for us. This will be useful in lighting calculations, where smooth versus flat normals matter.
Once all this data is read, it gets passed to our custom mesh class which simply establishes the necessary vertex arrays, vertex buffers and index buffers in a format the GPU can use when we want to perform a draw call.
[image: ]
[bookmark: _Toc68790556][bookmark: _Toc69745708]Figure 12 Custom mesh class formatting data we pass in so that the GPU can utilise them


[bookmark: _Toc69745729]5. Shaders
The chosen shader effects for this assignment are sharpen and blur filters. A first render pass was conducted using a Blinn-Phong shader, where the framebuffer rendered to is captured in a texture. This texture can be sampled through, pixel by pixel, and using an image kernel to convolve neighbouring pixels results in a fragment shaded onto our quad which spans the bounds of our screen, much like putting a translucent filter in front of our eyes.

[bookmark: _Toc69745730]5.1. First Pass – Blinn-Phong Illumination
Before the first render pass, it was specified that various lighting solutions would be used (e.g., directional lights). Each light has its own ambient and diffuse properties, whereas the specular property is dependent on both the material properties of the surface light hits, in addition to the angle at which the camera is viewing this surface. The ambient, diffuse, and specular factors, each of which are the final intensities for each light, when summed will provide a colour value for each fragment.
[image: ]
[bookmark: _Toc68790557][bookmark: _Toc69745709]Figure 13 How different light calculations influence Phong lighting, image credit to Wikipedia [4]

[image: Visual comparison: Blinn–Phong highlights are larger than Phong with the same exponent, but by lowering the exponent, they can become nearly equivalent.]
[bookmark: _Toc68790558][bookmark: _Toc69745710]Figure 14 Blinn-Phong versus Phong lighting, image credit to Wikipedia [5]
With regards to the ambient and diffuse properties of the fragment we wish to output, this was calculated as seen below:
[image: ]
[bookmark: _Toc68790559][bookmark: _Toc69745711]Figure 15 Ambient and diffuse colour outputs in "BlinnPhong.frag"
All lights affecting the fragment are put through these calculations, where the influence of each is split up into three parts; the diffuse, ambient, and specular colour outputs. The ambient was tackled by simply taking the colour of our light and multiplying it by its current intensity, where this falls off with distance using point and spotlights (i.e., attenuation), until the ambient factor becomes zero.
The diffuse lighting relies on a dot product calculation between two vectors; the normal of the surface being hit, and the incident ray. The result of the dot product calculation returns cos(theta), which scales between 0 (where theta, i.e., the angle between incident and normal is greater than or equal to 90 degrees), and 1, where theta is zero. We clamp out of range values between these extremes so that the factor does not result in negative or excessive diffuse factors, and this results in a multiplying factor which scales our diffuse colour.
The core issue with specular properties is that if the camera is viewing a fragment at an angle of greater than ninety degrees to the incident ray, the specular contribution becomes negative, which is not correct. The below image summarises this issue well:
[image: Image of Phong's reflection vectors being incorrect when larger than 90 degrees]
[bookmark: _Toc68790560][bookmark: _Toc69745712]Figure 16 Viewing angle greater than ninety degrees (left), versus viewing angle within ninety degrees (right), image credit to Vries [6]
According to Halladay, one way to approach this is to get a halfway vector and perform a dot product between this and the vector from the fragment to our camera position [7, pp. 172-174]. This is used in calculations that determine a resultant specular factor which avoids the specular issue of Phong lighting:
[image: ]
[bookmark: _Toc68790561][bookmark: _Toc69745713]Figure 17 Specular lighting calculations in the file "BlinnPhong.frag"

[bookmark: _Toc69745731]5.2. Second Pass – Render Effects
One possible method of producing certain effects on-screen is by using textures. According to Möller, post processing effects can be achieved by applying a texture we want to manipulate to a screen-filling quadrilateral [8, pp. 513-514]. This is due to the fragment shaders sampling through every pixel on a texture, which we can take advantage of in performing new calculations on a per pixel basis.
To acquire what the camera sees as a texture, it is necessary that we define our own framebuffer to render to before the first pass takes place. Once we define this, we generate a texture of dimensions equal to the window size, then attach it to the framebuffer we made, where what gets drawn to our framebuffer also gets drawn to our texture.
[image: ]
[bookmark: _Toc69745714]Figure 18 Utilising our own framebuffers and generating a texture to attach.
Now that a texture has been made, we can manipulate it using custom fragment shaders. One such method of manipulating these textures is by using “Image kernels”, described by Powel as a form of convolution [9]. This means that, for each pixel, we can use a 3x3 or 5x5 grid overlay to pick out individual neighbouring pixels, multiply them by the corresponding kernel element, and sum the results for a new convolved fragment to output.
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[bookmark: _Toc68790562][bookmark: _Toc69745715]Figure 19 Example of pixels (left) being overlayed with a kernel (right)

[image: ]
[bookmark: _Toc68790563][bookmark: _Toc69745716]Figure 20 Example of getting neighbouring pixels and performing convolution, credit to Powell [9]
Using this knowledge, we can say that in the fragment shader we want to grab the current texel being sampled from and perform convolution with kernel weightings determining the weightings of neighbour texels.
[image: ]
[bookmark: _Toc68790564][bookmark: _Toc69745717]Figure 21 Screenshot of the "BoxBlur.frag" shader main function.
[image: ]
[bookmark: _Toc69745718]Figure 22 Screenshot of the "Sharpen.frag" shader main function.
As seen in Figure 18, we know that given our current texture coordinate, any neighbouring coordinate can be accessed through an offset in the x or y direction (otherwise known as ‘s’ and ‘t’ axis respectively, in the context of texture mapping). By iterating through each kernel element, we can use the incrementing index value to access the corresponding offset stored in a look-up table. This way, we can accurately determine the offset of the texel we want to apply kernel weightings to, and sum this to our resultant fragment output, thus producing an image effect using kernels. Between the blur and sharpen shaders, the main difference is in the kernel weightings, otherwise the implementation is the same.
In the main application, the effects of two filters can be activated either individually or simultaneously by pressing keys ‘1’ and ‘2’, which can be determined by polling window keyboard input and acquiring the corresponding ASCII values [10].
[image: ]
[bookmark: _Toc68790565][bookmark: _Toc69745719]Figure 23 Activating filters based on user input in main.cpp
In the above code, meshList[0] and meshList[1] contain quads that span the left half and right half of the screen respectively. The texture coordinates for each are set to only sample from the left and right halves of the framebuffer texture, and they can be toggled on and off by holding down particular keys.


[bookmark: _Toc69745732]6. Test Schedule
For each key feature of the implementation, multiple test cases will be presented. The format of test schedules is as follows:
	Test Case ID
	Test Description
	Prerequisites (e.g., user input)

	Expected Result
	Actual Result
	Status (pass / fail)



	Case 1
	Various file formats can be loaded into the scene using assimp
	Suitable file formats are accessible within the scope of the VS solution

	The asset importer can access and load into memory models of varying file formats, e.g., ‘.obj’ or ‘.fbx’
	[image: ]
[image: ]
For this test, two files were created – “TestMonkeyOBJ” and “TestMonkeyFBX”, where each file is of format ‘.obj’ and ‘.fbx’ respectively. As seen in the above images, from both the console window and watch list, models can be loaded into memory.
	PASS



	Case 2
	Loaded models can be rendered
	Asset importer has loaded an object for the scene to render

	Models loaded by the asset importer into our scene can be rendered
	[image: ]
[image: ]
As seen in the above screenshot of the rendering context, the previously loaded monkey objects can be rendered on screen after being loaded into memory.
	PASS





	Case 3
	Models can be rotated over time
	Asset importer has loaded an object for the scene to render

	Models are smoothly rotated by changing their rotation by a set amount each frame update
	[image: ]
As seen in prior screenshots, models can be assigned varying rotations. The above code utilises glm::rotation, with a gradually incrementing rotation value in degrees (converted to radians on usage). Measures are taken to ensure the floating point value is constrained between the range 0-360, otherwise the value would increment indefinitely.
	PASS





	Case 4
	Diffuse light properties can be adjusted to produce varying results
	Light with diffuse properties greater than zero instantiated in the scene

	Lights with varying diffuse properties have measurably different lighting effects
	[image: ]
[image: ]
The first image describes a red point light with very high diffuse intensity (100.0f), whereas the second describes a very low diffuse intensity (1.0f). A comparison of the two images shows measurably different effects due to the change in diffuse intensity.
	PASS





	Case 5
	Ambient light properties can be adjusted to produce varying results
	Light with ambient properties greater than zero instantiated in the scene

	Lights with varying ambient properties have measurably different lighting effects
	[image: ]
[image: ]
The first image describes a red point light with very high ambient intensity (100.0f), whereas the second describes a very low ambient intensity (1.0f). A comparison of the two images shows measurably different effects due to the change in ambient intensity.
	PASS





	Case 6
	Specular highlight properties can be adjusted to produce varying results
	Object with specular properties greater than zero instantiated in the scene

	Objects with varying specular properties have measurably different reflective effects
	[image: ]
[image: ][image: ]
In the first image, the monkey on the left is “TestMonkeyOBJ2”, whereas the one on the right is “TestMonkeyOBJ”. As seen in the first code snapshot, “shinyMaterial” has high specular properties, whereas “dullMaterial” has low specular properties. In choosing one material per monkey, it is evident that the specular properties have a measurable effect on shininess for objects.
	PASS





	Case 7
	Textures can be made from our own framebuffer
	1. Custom framebuffer and colour buffer are instantiated.
2. Colour buffer is attached to custom framebuffer.

	What gets rendered to our custom framebuffer is captured in a texture which we can apply to meshes
	[image: ]
[image: ]
In the above image, on the left half side of the screen is a quad which samples all pixels on the right half of our texture captured from our framebuffer, and samples along the u-axis in reverse. The result is what you see on screen, mirrored down the middle, effectively confirming our framebuffer texture creation has succeeded.
	PASS





	Case 8
	Textures can be sharpened using a custom shader
	Sharpen shader is bound before rendering a model.

	Upon being bound, the sharpen shader will apply a sharpen effect to textures
	[image: ]
A noticeable sharp outline can be seen on the left side of the helicopter when the shader is activated upon key ‘1’ being held.
	PASS





	Case 9
	Textures can be blurred using a custom shader
	Blur shader is bound before rendering a model.

	Upon being bound, the blur shader will apply a blur effect to textures
	[image: ]
A slight blur can be seen applied to the text on the side of the helicopter upon key ‘2’ being held.
	PASS





[bookmark: _Toc69745733]7. Emerging Trends in GPU Programming
Many contemporary shaders render on a per pixel bases, however the need to calculate lighting in every instance adds up in computational cost as the complexity of a scene grows. One potential approach to reducing computational cost is by utilising “Clustered Shading”.
“Clustered shading is an efficient and versatile rendering algorithm capable of using both forward and deferred shading systems. It divides the view frustum into a 3D grid of blocks or “clusters” and quickly computes a list of lights intersecting each active volume.” [11]
To contrast, Tiled Shading is a method which samples through tiles in a two-dimensional screen space, with no depth characteristics by default:
[image: ]
[bookmark: _Toc69745720]Figure 24 Tiled shading 2D (left) versus clustered shading represented in 2D (right). [8, p. 899]
[image: ]
[bookmark: _Toc69745721]Figure 25 Example of how lights are calculated through cell intersection. [11]
[image: ]
[bookmark: _Toc69745722]Figure 26 Results of Clustered Shading intersecting the cells in Figure 25. [11]

[image: ]
[bookmark: _Toc69745723]Figure 27 Resultant lighting calculations done in Tiled Shading [11]


Clustered Shading builds upon Tiled Shading’s commonly known problem of depth discontinuity, where the lack of z-depth when subdividing our view frustum means that meshes that land behind other meshes will be considered in lighting calculations, even though they are being occluded. In contrast, Clustered Shading will subdivide the frustum along the z-axis and identify that the occluded mesh is not intersected by the lights and will perform fewer lighting calculations as a result. Contrast Figure 26 with Figure 27 – you can see that in Tiled Shading, the red light is being calculated across many tiles, however in Clustered Shading, this is culled to very few cells. 
It is worth noting however that the cross-sectional size of a cluster increases with distance from the frustum, effectively checking larger volumes for light intersection. This is due to a perspective shift from an orthogonal view, so we must adjust the subdivision of a frustum into clusters appropriately. Some optimisations exist for this, such as the exponential growth of a cluster versus using uniform subdivision of a frustum [12], such as seen below:
[image: ]
[bookmark: _Toc69745724]Figure 28 Depth subdivision schemes: (a), uniform subdivision of normalized device coordinates; (b), uniform subdivision in view space; and (c), exponential spacing in view, proposed by Olsson et al. [12]

Currently, the implementation for this assignment makes use of Forward Shading – i.e., simply calculate all lights on a per pixel basis [6]. As mentioned earlier, the computational cost of this grows with scene complexity at O(mesh∗lights) as our algorithmic complexity. This changes to an algorithmic complexity of O(mesh+lights) using Clustered Shading, greatly improving the runtime efficiency. 
Another perk of this is that calculations can be conducted CPU side, because of not needing mesh information – we just need to build a cluster grid and cull lights based on intersections. This frees up GPU resources, which can be used for other costly processes. Contrast this with the current implementations’ forward shading method, which necessitates full use of mesh information (e.g., normals).
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Appendix
Appendix 1 – main.cpp
// Definitions
#define STB_IMAGE_IMPLEMENTATION

// Standard includes
#include <stdio.h>
#include <string.h>
#include <cmath>
#include <vector>

// External includes
#include <GL/glew.h>
#include <GLFW/glfw3.h>

#include <glm\glm.hpp>
#include <glm\gtc\matrix_transform.hpp>
#include <glm\gtc\type_ptr.hpp>

#include <assimp/Importer.hpp>

// Custom classes
#include "Globals.h"
#include "cMesh.h"
#include "cShader.h"
#include "cWindow.h"
#include "cCamera.h"
#include "cTexture.h"
#include "cDirectionalLight.h"
#include "cPointLight.h"
#include "cSpotLight.h"
#include "cMaterial.h"
#include "cModel.h"

std::vector<Mesh*> meshList;

void CreateMeshes()
{
	unsigned int leftScreenQuadIndices[] = {
		0,	1,	2,
		2,	3,	0
	};
	GLfloat leftScreenQuadVertices[] = {
	//	x		y		z		u		v		nX		nY		nZ
		-1.0f,	1.0f,	0.0f,	0.0f,	1.0f,	0.0f,	0.0f,	0.0f,	// Top left
		-1.0f,	-1.0f,	0.0f,	0.0f,	0.0f,	0.0f,	0.0f,	0.0f,	// Bottom left
		0.0f,	-1.0f,	0.0f,	0.5f,	0.0f,	0.0f,	0.0f,	0.0f,	// Bottom middle
		0.0f,	1.0f,	0.0f,	0.5f,	1.0f,	0.0f,	0.0f,	0.0f	// Top middle
	};
	Mesh* leftScreenQuad = new Mesh();
	leftScreenQuad->CreateMesh(leftScreenQuadVertices, leftScreenQuadIndices, 32, 6);
	meshList.push_back(leftScreenQuad);

	unsigned int rightScreenQuadIndices[] = {
		0,	1,	2,
		2,	3,	0
	};
	GLfloat rightScreenQuadVertices[] = {
	//	x		y		z		u		v		nX		nY		nZ
		0.0f,	1.0f,	0.0f,	0.5f,	1.0f,	0.0f,	0.0f,	0.0f,	// Top middle
		0.0f,	-1.0f,	0.0f,	0.5f,	0.0f,	0.0f,	0.0f,	0.0f,	// Bottom middle
		1.0f,	-1.0f,	0.0f,	1.0f,	0.0f,	0.0f,	0.0f,	0.0f,	// Bottom right
		1.0f,	1.0f,	0.0f,	1.0f,	1.0f,	0.0f,	0.0f,	0.0f	// Top right
	};
	Mesh* rightScreenQuad = new Mesh();
	rightScreenQuad->CreateMesh(rightScreenQuadVertices, rightScreenQuadIndices, 32, 6);
	meshList.push_back(rightScreenQuad);

	unsigned int reverseQuadIndices[] = {
		0,	1,	2,
		2,	3,	0
	};
	GLfloat reverseQuadVertices[] = {
		//	x		y		z		u		v		nX		nY		nZ
			-1.0f,	1.0f,	0.0f,	1.0f,	1.0f,	0.0f,	0.0f,	0.0f,	// Top left
			-1.0f,	-1.0f,	0.0f,	1.0f,	0.0f,	0.0f,	0.0f,	0.0f,	// Bottom left
			0.0f,	-1.0f,	0.0f,	0.5f,	0.0f,	0.0f,	0.0f,	0.0f,	// Bottom middle
			0.0f,	1.0f,	0.0f,	0.5f,	1.0f,	0.0f,	0.0f,	0.0f	// Top middle
	};
	Mesh* reverseQuad = new Mesh();
	reverseQuad->CreateMesh(reverseQuadVertices, reverseQuadIndices, 32, 12);
	meshList.push_back(reverseQuad);
}

int main()
{
#pragma region Local Variables
	// Window
	Window mainWindow;
	Camera camera = Camera(glm::vec3(0.0f, 0.0f, 0.0f), glm::vec3(0.0f, 1.0f, 0.0f), -90.0f, 0.0f, 5.0f, 0.2f);
	GLfloat deltaTime = 0.0f, lastTime = 0.0f;

	// Models
	Model floorOBJ;
	Model chopperOBJ;

	Model testMonkeyOBJ;
	Model testMonkeyOBJ2;
	Model testMonkeyFBX;

	// Materials
	Material shinyMaterial = Material(4.0f, 156);
	Material dullMaterial = Material(0.3f, 4);

	// Lights
	DirectionalLight mainLight;
	PointLight pointLights[MAX_POINT_LIGHTS];
	SpotLight spotLights[MAX_SPOT_LIGHTS];
	unsigned int pointLightCount = 0, spotLightCount = 0;

	// Shaders
	Shader blinnPhongShader, defaultScreenShader, sharpenShader, boxBlurShader;

	// Transformations
	const float toRadians = 3.14159265f / 180.0f;	// If we multiply a floating point angle (in degrees) by this value, it will output a radian value
	float rotation = 0.0f;	// Increment or decrement each frame to rotate the chopper
#pragma endregion

	mainWindow = Window(SCREEN_WIDTH, SCREEN_HEIGHT);
	mainWindow.Initialise();

	CreateMeshes();

	floorOBJ.LoadModel("Models/plane.obj");
	chopperOBJ.LoadModel("Models/chopper.obj");

	testMonkeyOBJ.LoadModel("Models/TestMonkeyOBJ.obj");
	testMonkeyOBJ2.LoadModel("Models/TestMonkeyOBJ2.obj");
	testMonkeyFBX.LoadModel("Models/TestMonkeyFBX.fbx");

	blinnPhongShader.CreateFromFiles("Shaders/shader.vert", "Shaders/BlinnPhong.frag");
	defaultScreenShader.CreateFromFiles("Shaders/Screen.vert", "Shaders/Screen.frag");
	boxBlurShader.CreateFromFiles("Shaders/Screen.vert", "Shaders/BoxBlur.frag");
	sharpenShader.CreateFromFiles("Shaders/Screen.vert", "Shaders/Sharpen.frag");

#pragma region Create Framebuffers
	// Generate and bind a framebuffer
	unsigned int framebuffer;
	glGenFramebuffers(1, &framebuffer);
	glBindFramebuffer(GL_FRAMEBUFFER, framebuffer);

	// Generate texture which captures our framebuffer
	unsigned int colourBuffer;
	glGenTextures(1, &colourBuffer);
	glBindTexture(GL_TEXTURE_2D, colourBuffer);
	glTexImage2D(GL_TEXTURE_2D, 0, GL_RGB, SCREEN_WIDTH, SCREEN_HEIGHT, 0, GL_RGB, GL_UNSIGNED_BYTE, NULL);	// Framebuffer texture size - resolution scale, i.e., width * height = 100% scale
	glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LINEAR);
	glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR);
	glBindTexture(GL_TEXTURE_2D, 0);
	glFramebufferTexture2D(GL_FRAMEBUFFER, GL_COLOR_ATTACHMENT0, GL_TEXTURE_2D, colourBuffer, 0);

	unsigned int renderBuffer;
	glGenRenderbuffers(1, &renderBuffer);
	glBindRenderbuffer(GL_RENDERBUFFER, renderBuffer);
	glRenderbufferStorage(GL_RENDERBUFFER, GL_DEPTH24_STENCIL8, SCREEN_WIDTH, SCREEN_HEIGHT);
	glBindRenderbuffer(GL_RENDERBUFFER, 0);
	glFramebufferRenderbuffer(GL_FRAMEBUFFER, GL_DEPTH_STENCIL_ATTACHMENT, GL_RENDERBUFFER, renderBuffer);

	// Check framebuffer is correctly configured
	if (glCheckFramebufferStatus(GL_FRAMEBUFFER) != GL_FRAMEBUFFER_COMPLETE)
	{
		std::cout << "Framebuffer is not complete!" << std::endl;
	}
	glBindFramebuffer(GL_FRAMEBUFFER, 0);
#pragma endregion

	// Parameters of glm::perspective:
	//	1 - The angle for our FOV in the y axis
	//	2 - The aspect ratio, found by dividing screen width by screen height
	//	3 - The near plane, where anything in front of this is clipped
	//	4 - The far plane, where anything beyond this is clipped
	glm::mat4 projection = glm::perspective(45.0f, mainWindow.GetBufferWidth() / mainWindow.GetBufferHeight(), 0.1f, 100.0f);	

	mainLight = DirectionalLight(1.0f, 1.0f, 1.0f, 
								0.3f, 0.6f, 
								0.0f, 0.0f, -1.0f);

	pointLightCount++;		// Red point light
	pointLights[0] = PointLight(1.0f, 0.0f, 0.0f,
								1.0f, 10.0f,
								-8.0f, 0.0f, 8.0f,
								0.3f, 0.2f, 0.2f);
	
	pointLightCount++;		// Green point light
	pointLights[1] = PointLight(0.0f, 1.0f, 0.0f,
								10.0f, 10.0f,
								0.0f, 2.0f, -16.0f,
								0.3f, 0.2f, 0.2f);

	pointLightCount++;		// Blue point light
	pointLights[2] = PointLight(0.0f, 0.0f, 1.0f,
								10.0f, 10.0f,
								8.0f, 0.0f, 8.0f,
								0.3f, 0.2f, 0.2f);

	spotLightCount++;		// Flash light
	spotLights[0] = SpotLight(	1.0f, 1.0f, 1.0f,
								0.0f, 0.5f,
								0.0f, 0.0f, 0.0f,
								0.0f, -1.0f, 0.0f,
								1.0f, 0.0f, 0.0f,
								20.0f);
	GLuint uniformProjection = 0, uniformModel = 0, uniformView = 0, uniformEyePosition = 0,
		uniformSpecularIntensity = 0, uniformShininess = 0;

	while (!mainWindow.GetShouldClose())
	{
		// In this application, we are running in seconds. If we were to use SDL, we would be running in milliseconds, so we would need to adjust for this.
		GLfloat currentTime = glfwGetTime();
		GLfloat deltaTime = currentTime - lastTime;
		lastTime = currentTime;

		// Get and handle user input events
		glfwPollEvents();	// glfwPollEvents picks up events such as keyboard presses, mouse movements, clicking to close a window, moving a window, resizing a window, and more!
		bool* keys;
		keys = mainWindow.GetKeys();

		camera.KeyControl(mainWindow.GetKeys(), deltaTime);
		camera.MouseControl(mainWindow.GetXChange(), mainWindow.GetYChange());

		// Bind our own framebuffer
		glBindFramebuffer(GL_FRAMEBUFFER, framebuffer);

		// Clear the window

		// Parameters of glClearColour:
		//	1 - Normalised red value
		//	2 - Normalised green value
		//	3 - Normalised blue value
		//	4 - Normalised alpha value
		glClearColor(0.25f, 0.25f, 0.25f, 1.0f);	// glClear clears a screen, ready for us to draw to a new frame. glClearColor lets us set the colour of our new frame, not just a black void! Remember the colour values you set should be normalised.

		glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);	// We use glClear to clear specific elements of our window. Pixels on screen contain more than just the colour - e.g., stencil data, depth data, and more. So we specify which to clear, as many as we want. In this case, we just clear all the colour buffers.
		glEnable(GL_DEPTH_TEST);

		blinnPhongShader.UseShader();
		uniformModel = blinnPhongShader.GetModelLocation();
		uniformProjection = blinnPhongShader.GetProjectionLocation();
		uniformView = blinnPhongShader.GetViewLocation();
		uniformEyePosition = blinnPhongShader.GetEyePositionLocation();
		uniformSpecularIntensity = blinnPhongShader.GetSpecularIntensityLocation();
		uniformShininess = blinnPhongShader.GetShininessLocation();

		blinnPhongShader.SetDirectionalLight(&mainLight);	// Note: the argument is a pointer, so we pass in the memory address
		blinnPhongShader.SetPointLights(pointLights, pointLightCount);

		if (keys[32]) {
			glm::vec3 lowerLight = camera.GetCameraPosition();
			lowerLight.y -= 0.3f;
			spotLights[0].SetFlash(lowerLight, camera.GetCameraDirection());
		}
		blinnPhongShader.SetSpotLights(spotLights, spotLightCount);

		// View and projection only need to be setup once. Model varies among different objects, so we will setup just view and projection once.
		glUniformMatrix4fv(uniformProjection, 1, GL_FALSE, glm::value_ptr(projection));
		glUniformMatrix4fv(uniformView, 1, GL_FALSE, glm::value_ptr(camera.CalculateViewMatrix()));
		glUniform3f(uniformEyePosition, camera.GetCameraPosition().x, camera.GetCameraPosition().y, camera.GetCameraPosition().z);	// Inside our fragment shader we want to know the eye position, i.e., camera pos
		glm::mat4 model(1.0f); // Setup a 4x4 identity matrix so that we can calculate using it later

		// Floor transformations
		model = glm::mat4(1.0f);
		model = glm::translate(model, glm::vec3(0.0f, -4.0f, -4.0f));
		model = glm::scale(model, glm::vec3(10.0f, 10.0f, 10.0f));
		glUniformMatrix4fv(uniformModel, 1, GL_FALSE, glm::value_ptr(model));
		dullMaterial.UseMaterial(uniformSpecularIntensity, uniformShininess);
		floorOBJ.RenderModel();

		// Chopper transformations
		model = glm::mat4(1.0f);
		model = glm::translate(model, glm::vec3(0.0f, 0.0f, -3.0f));
		model = glm::rotate(model, rotation * toRadians, glm::vec3(0.0f, 1.0f, 0.0f));
		model = glm::scale(model, glm::vec3(0.5f, 0.5f, 0.5f));
		glUniformMatrix4fv(uniformModel, 1, GL_FALSE, glm::value_ptr(model));
		shinyMaterial.UseMaterial(uniformSpecularIntensity, uniformShininess);
		chopperOBJ.RenderModel();

		// TestMonkeyOBJ transformations
		model = glm::mat4(1.0f);
		model = glm::translate(model, glm::vec3(2.0f, 4.0f, -3.0f));
		model = glm::rotate(model, rotation * toRadians, glm::vec3(1.0f, 0.0f, 0.0f));
		model = glm::scale(model, glm::vec3(0.5f, 0.5f, 0.5f));
		glUniformMatrix4fv(uniformModel, 1, GL_FALSE, glm::value_ptr(model));
		dullMaterial.UseMaterial(uniformSpecularIntensity, uniformShininess);
		testMonkeyOBJ.RenderModel();

		// TestMonkeyOBJ2 transformations
		model = glm::mat4(1.0f);
		model = glm::translate(model, glm::vec3(4.0f, 4.0f, -3.0f));
		model = glm::rotate(model, rotation * toRadians, glm::vec3(1.0f, 0.0f, 0.0f));
		model = glm::scale(model, glm::vec3(0.5f, 0.5f, 0.5f));
		glUniformMatrix4fv(uniformModel, 1, GL_FALSE, glm::value_ptr(model));
		shinyMaterial.UseMaterial(uniformSpecularIntensity, uniformShininess);
		testMonkeyOBJ2.RenderModel();

		// TestMonkeyFBX transformations
		model = glm::mat4(1.0f);
		model = glm::translate(model, glm::vec3(-2.0f, 4.0f, -3.0f));
		model = glm::rotate(model, rotation * toRadians, glm::vec3(0.0f, 0.0f, 1.0f));
		model = glm::scale(model, glm::vec3(0.5f, 0.5f, 0.5f));
		glUniformMatrix4fv(uniformModel, 1, GL_FALSE, glm::value_ptr(model));
		dullMaterial.UseMaterial(uniformSpecularIntensity, uniformShininess);
		testMonkeyFBX.RenderModel();

		rotation += 0.05f;
		if (rotation >= 360) {
			rotation = 0;
		}

		glUseProgram(0);	// Once we're done with a shader program, remember to unbind it.

		glBindFramebuffer(GL_FRAMEBUFFER, 0);

		glClearColor(0.25f, 0.25f, 0.25f, 1.0f);
		glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
		glDisable(GL_DEPTH_TEST);

		if (keys[49]) {
			sharpenShader.UseShader();
		}
		else {
			defaultScreenShader.UseShader();
		}
		glBindTexture(GL_TEXTURE_2D, colourBuffer);
		meshList[0]->RenderMesh();

		if (keys[50]) {
			boxBlurShader.UseShader();
		}
		else {
			defaultScreenShader.UseShader();
		}
		glBindTexture(GL_TEXTURE_2D, colourBuffer);
		meshList[1]->RenderMesh();

		if (keys[51]) {
			defaultScreenShader.UseShader();
			glBindTexture(GL_TEXTURE_2D, colourBuffer);
			meshList[2]->RenderMesh();
		}

		glUseProgram(0);

		mainWindow.SwapBuffers();
	}

	return 0;
}


Appendix 2 – cModel.h
#pragma once

#include <vector>
#include <string>
#include <iostream>

#include <assimp/Importer.hpp>
#include <assimp/scene.h>
#include <assimp/postprocess.h>

#include "cMesh.h"
#include "cTexture.h"

class Model
{
public:
	Model();
	~Model();

	void LoadModel(const std::string& fileName);
	void RenderModel();
	void ClearModel();

private:
	void LoadNode(aiNode* node, const aiScene* scene);
	void LoadMesh(aiMesh* mesh, const aiScene* scene);
	void LoadMaterials(const aiScene* scene);

	std::vector<Mesh*> mMeshList;
	std::vector<Texture*> mTextureList;
	std::vector<unsigned int> mMeshToTexture;
};



Appendix 3 – cModel.cpp
#include "cModel.h"

Model::Model()
{
}

Model::~Model()
{
}

void Model::LoadModel(const std::string& fileName)
{
	Assimp::Importer importer;

	// Parameters of ReadFile
	//	1 - The filepath from which we are reading from
	//	2+ - Enums letting us change how we read data
	const aiScene* scene = importer.ReadFile(fileName, 
												aiProcess_Triangulate					// Force the faces we read from to exlusively be tris
												| aiProcess_FlipUVs						// Almost all UV's in OpenGL are flipped on the y axis, so we revert this change
												| aiProcess_GenSmoothNormals			// Smooth the normals across our faces so that as we interpolate along them, the illusion of a smooth surface appears
												| aiProcess_JoinIdenticalVertices );	// Treat repeat vertices as just one point to save memory

	if (!scene) {
		printf("Model (%s) failed to load: %s", fileName, importer.GetErrorString());	// Output error message at %s locations (first being filename, second filepath)
		return;
	}

	LoadNode(scene->mRootNode, scene);
	LoadMaterials(scene);
	std::cout << "Loaded model at path: " << fileName << std::endl;
}

void Model::RenderModel()
{
	for (size_t i = 0; i < mMeshList.size(); i++) {
		unsigned int materialIndex = mMeshToTexture[i];
		if (materialIndex < mTextureList.size() && mTextureList[materialIndex])	// If there is both a valid and existing material index, use this material texture
		{
			mTextureList[materialIndex]->UseTexture();
		}
		mMeshList[i]->RenderMesh();
	}
}

void Model::ClearModel()
{
	for (size_t i = 0; i < mMeshList.size(); i++) {
		if (mMeshList[i]) {
			delete mMeshList[i];
			mMeshList[i] = nullptr;
		}
	}

	for (size_t i = 0; i < mTextureList.size(); i++) {
		if (mTextureList[i]) {
			delete mTextureList[i];
			mTextureList[i] = nullptr;
		}
	}
}

void Model::LoadNode(aiNode* node, const aiScene* scene)
{
	for (size_t i = 0; i < node->mNumMeshes; i++) {
		LoadMesh(scene->mMeshes[node->mMeshes[i]], scene);	// Inside mMeshes are all the IDs for meshes in the scene, so we grab every ID one by one and access the mesh stored at this ID in our scene
	}

	for (size_t i = 0; i < node->mNumChildren; i++) {
		LoadNode(node->mChildren[i], scene);	// Using recursion, we will go through every child mesh for every mesh, meaning we will be conducting something like a depth first search (go the the end of a branch and backtrack once we hit a dead end)
	}
}

void Model::LoadMesh(aiMesh* mesh, const aiScene* scene)
{
	std::vector<GLfloat> vertices;
	std::vector<unsigned int> indices;

	for (size_t i = 0; i < mesh->mNumVertices; i++) {
		vertices.insert(vertices.end(), { mesh->mVertices[i].x, mesh->mVertices[i].y, mesh->mVertices[i].z });
		
		if (mesh->mTextureCoords[0]) 	// The way texture coords is handled here is a bit different. Here, we are checking the first batch of texture coordinates, where mTextureCoords[0] is a group of coords, so if we wanted the u of first tex coord we would say mTexCoords[0][0].
		{
			vertices.insert(vertices.end(), { mesh->mTextureCoords[0][i].x, mesh->mTextureCoords[0][i].y });
		}
		else {
			vertices.insert(vertices.end(), { 0.0f, 0.0f });	// Even if there are no tex coords we must include dummy values because opengl will look for texture coords regardless and we don't want other data to be mixed up with them
		}

		vertices.insert(vertices.end(), { -mesh->mNormals[i].x, -mesh->mNormals[i].y, -mesh->mNormals[i].z });	// Earlier we passed in an enum "aiProcess_GenSmoothNormals" which will auto generate smoothed normals for us so we don't have to plug in dummy values
	}

	for (size_t i = 0; i < mesh->mNumFaces; i++) {
		aiFace face = mesh->mFaces[i];
		for (size_t j = 0; j < face.mNumIndices; j++) {
			indices.push_back(face.mIndices[j]);
		}
	}

	Mesh* newMesh = new Mesh();
	newMesh->CreateMesh(&vertices[0], &indices[0], vertices.size(), indices.size());
	mMeshList.push_back(newMesh);
	mMeshToTexture.push_back(mesh->mMaterialIndex);
}

void Model::LoadMaterials(const aiScene* scene)
{
	mTextureList.resize(scene->mNumMaterials);	// Initialise our vector to the number of materials we use so that we know how many to iterate through
	for (size_t i = 0; i < scene->mNumMaterials; i++) {
		aiMaterial* material = scene->mMaterials[i];
		mTextureList[i] = nullptr;

		if (material->GetTextureCount(aiTextureType_DIFFUSE))	// If at least one diffuse texture in our material, get the path of this texture out of the material
		{
			aiString path;
			if (material->GetTexture(aiTextureType_DIFFUSE, 0, &path) == AI_SUCCESS)	// Store the path to the first (0th) diffuse texture and check if it was successful so that we can load our texture
			{
				int index = std::string(path.data).rfind("\\");	// Find a value (in this case, backslash) starting from the end of the string
				std::string filename = std::string(path.data).substr(index + 1);
				std::string texPath = std::string("Textures/") + filename;

				mTextureList[i] = new Texture(texPath.c_str());
				if (!mTextureList[i]->LoadTexture()) {
					printf("Failed to load texture at: %s\n", texPath);
					delete mTextureList[i];
					mTextureList[i] = nullptr;	// This is known as a safe delete, to stop memory leaks
				}
			}
		}

		if (!mTextureList[i]) {
			mTextureList[i] = new Texture("Textures/plain.png");
			mTextureList[i]->LoadTextureA();
		}
	}
}


Appendix 4 – BlinnPhong.frag
#version 330		

// Constants
const int MAX_POINT_LIGHTS = 3;
const int MAX_SPOT_LIGHTS = 3;
				
// Structs
struct Light
{
	vec3 colour;
	float ambientIntensity;
	float diffuseIntensity;
};

struct DirectionalLight
{
	Light base;
	vec3 direction;
};

struct PointLight
{
	Light base;
	vec3 position;
	float constant;
	float linear;
	float exponent;
};

struct SpotLight
{
	PointLight base;
	vec3 direction;
	float edge;
};

struct Material
{
	float specularIntensity;
	float shininess;
};

// Input
in vec4 vCol;	
in vec2 vTexCoord;
in vec3 vNormal;
in vec3 vFragPos;

// Output		
out vec4 colour;	

// Uniforms
uniform DirectionalLight directionalLight;
uniform int pointLightCount;
uniform PointLight pointLights[MAX_POINT_LIGHTS];
uniform int spotLightCount;
uniform SpotLight spotLights[MAX_SPOT_LIGHTS];

uniform sampler2D theTexture;
uniform Material material;
uniform vec3 eyePosition;	// i.e., the camera position for any given first person camera

// Functions
vec4 CalcLightByDirection(Light light, vec3 direction)	// Directional lights calculate by direction, whereas point lights partly do the same, thus we use this function for both
{
	vec4 ambientColour = vec4(light.colour, 1.0f) * light.ambientIntensity;

	// Remember: a.b = |a| * |b| * cos(theta). Vectors normalised in calculations so the magnitudes become 1, leaving us with a.b = cos(theta).
	float diffuseFactor = max(dot(normalize(vNormal), normalize(direction)), 0.0f);	// Between 0 and 1. Max lets us clamp to an extreme.
	vec4 diffuseColour = vec4(light.colour * light.diffuseIntensity * diffuseFactor, 1.0f);

	vec4 specularColour = vec4(0.0f, 0.0f, 0.0f, 0.0f);
	if(diffuseFactor > 0.0f)	// Considering the fact that any diffuse factor less than 0 means the surface isn't being hit, it stands to reason specular reflections will not occur either
	{
		vec3 vecFragToEye = normalize(eyePosition - vFragPos);	// We just want to know the direction we need to look in for this fragment, so we normalise the result to unit vector (no magnitude involved)
		
		vec3 halfwayVector = normalize(vecFragToEye + direction);
		float specularFactor = max(0.0f, dot(halfwayVector, vNormal));
		specularFactor = pow(specularFactor, material.shininess);

		specularColour = vec4(light.colour * material.specularIntensity * specularFactor, 1.0f);
	}

	return (ambientColour + diffuseColour + specularColour);
}

vec4 CalcDirectionalLight()
{
	return CalcLightByDirection(directionalLight.base, directionalLight.direction);
}

vec4 CalcPointLight(PointLight pLight)
{
		vec3 direction = vFragPos - pLight.position;	// Unlike directional light, we don't have a predefined direction, so we must do this dynamicaly per light
		float distance = length(direction);	// Make sure we store the distance before we normalise
		direction = normalize(direction);

		vec4 colour = CalcLightByDirection(pLight.base, direction);
		float attenuation = pLight.exponent * distance * distance +	// ax^2 +
							pLight.linear * distance +				// bx +
							pLight.constant;						// c
		
		return (colour / attenuation);	// Add the current attenuated lighting result to the fragment
}

vec4 CalcSpotLight(SpotLight sLight)
{
	vec3 rayDirection = normalize(vFragPos - sLight.base.position);
	float slFactor = dot(rayDirection, sLight.direction);	// Set the spot light factor as the angle between the direction a spot light points and the fragment we are targeting. Used in identifying if a fragment is within our cut-off angle.
	
	// Only calculate the light if it is within our cone of influence
	if(slFactor > sLight.edge)
	{
		return CalcPointLight(sLight.base)							// If we just took the point light calculations as is, we would get hard edges around our spot light.
		* (1.0f - (1.0f - slFactor)*(1.0f/(1.0f - sLight.edge)));	// The rest of the calculation is used in getting a fade effect around the edge of our spot light.
	}
	else
	{
		return vec4(0.0f, 0.0f, 0.0f, 0.0f);;
	}	
}

vec4 CalcPointLights()
{
	vec4 totalColour = vec4(0.0f, 0.0f, 0.0f, 0.0f);	// Holds the sum of attenuated point lights affecting this fragment
	for(int i = 0; i < pointLightCount; i++)
	{
		totalColour += CalcPointLight(pointLights[i]);	// Add the current attenuated lighting result to the fragment
	}

	return totalColour;
}

vec4 CalcSpotLights()
{
	vec4 totalColour = vec4(0.0f, 0.0f, 0.0f, 0.0f);	// Holds the sum of attenuated point lights affecting this fragment
	for(int i = 0; i < spotLightCount; i++)
	{
		totalColour += CalcSpotLight(spotLights[i]);	// Add the current attenuated lighting result to the fragment
	}

	return totalColour;
}

void main()			
{					
	vec4 finalColour = CalcDirectionalLight();
	finalColour += CalcPointLights();
	finalColour += CalcSpotLights();
	colour = texture(theTexture, vTexCoord) * finalColour;
}					


Appendix 5 – BoxBlur.frag
#version 330 core

// Input
in vec2 vTexCoord;

// Output		
out vec4 fragColour;

uniform sampler2D screenTexture;

void main()
{
	// Identify the width of the s-axis (i.e., x-axis in the range 0-1), and height of the t-axis (i.e., y-axis also between 0-1)
	vec2 textureResolution = textureSize(screenTexture, 0);
	float stepS = 1.0f/textureResolution.x;
	float stepT = 1.0f/textureResolution.y;

	// This 3x3 kernel will hold the weightings for which neighbouring pixels have on the one we are sampling.
	float kernel3x3[9];
	kernel3x3[0] = 1.0f,	kernel3x3[1] = 1.0f,	kernel3x3[2] = 1.0f,
	kernel3x3[3] = 1.0f,	kernel3x3[4] = 1.0f,	kernel3x3[5] = 1.0f,
	kernel3x3[6] = 1.0f,	kernel3x3[7] = 1.0f,	kernel3x3[8] = 1.0f;

	// Array of pre-calculated steps to quickly find neighbouring pixels
	vec2 offsetLUT[9];
	offsetLUT[0] = vec2(-stepS, -stepT),	offsetLUT[1] = vec2(0.0f, -stepT),	offsetLUT[2] = vec2(stepS, -stepT),
	offsetLUT[3] = vec2(-stepS, 0.0f),		offsetLUT[4] = vec2(0.0f, 0.0f),	offsetLUT[5] = vec2(stepS, 0.0f),
	offsetLUT[6] = vec2(-stepS, stepT),		offsetLUT[7] = vec2(0.0f, stepT),	offsetLUT[8] = vec2(stepS, stepT);

	vec4 convolvedPixel = vec4(0.0f, 0.0f, 0.0f, 1.0f);	// Stores the fragment resulting from applying the box blur filter kernel
	for(int i = 0; i < 9; i++)
	{
		vec4 tempVec = vec4(texture(screenTexture, vTexCoord + offsetLUT[i]).rgb, 1.0f);
		convolvedPixel += (tempVec * kernel3x3[i]);
	}
	fragColour = convolvedPixel / 9;	// Normalise fragment through dividing by kernel size
}


Appendix 6 – Sharpen.frag
#version 330 core

in vec2 vTexCoord;

out vec4 fragColour;

uniform sampler2D screenTexture;

void main()
{
	// Identify the width of the s-axis (i.e., x-axis in the range 0-1), and height of the t-axis (i.e., y-axis also between 0-1)
	vec2 textureResolution = textureSize(screenTexture, 0);
	float stepS = 1.0f/textureResolution.x;
	float stepT = 1.0f/textureResolution.y;

	// This 3x3 kernel will hold the weightings for which neighbouring pixels have on the one we are sampling.
	float kernel3x3[9];
	kernel3x3[0] = -1.0f,	kernel3x3[1] = 0.0f,	kernel3x3[2] = -1.0f,
	kernel3x3[3] = 0.0f,	kernel3x3[4] = 5.0f,	kernel3x3[5] = 0.0f,
	kernel3x3[6] = -1.0f,	kernel3x3[7] = 0.0f,	kernel3x3[8] = -1.0f;

	// Array of pre-calculated steps to quickly find neighbouring pixels
	vec2 offsetLUT[9];
	offsetLUT[0] = vec2(-stepS, -stepT),	offsetLUT[1] = vec2(0.0f, -stepT),	offsetLUT[2] = vec2(stepS, -stepT),
	offsetLUT[3] = vec2(-stepS, 0.0f),		offsetLUT[4] = vec2(0.0f, 0.0f),	offsetLUT[5] = vec2(stepS, 0.0f),
	offsetLUT[6] = vec2(-stepS, stepT),		offsetLUT[7] = vec2(0.0f, stepT),	offsetLUT[8] = vec2(stepS, stepT);

	vec4 convolvedPixel = vec4(0.0f, 0.0f, 0.0f, 1.0f);	// Stores the fragment resulting from applying the 5x5 blur filter kernel
	for(int i = 0; i < 9; i++)
	{
		vec4 tempVec = vec4(texture(screenTexture, vTexCoord + offsetLUT[i]).rgb, 1.0f);
		convolvedPixel += (tempVec * kernel3x3[i]);
	}
	fragColour = convolvedPixel;
}
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// Parameters of ReadFile
// 1 - The filepath from which we are reading from
// 2+ - Enums letting us change how we read data
const aiScene* scene = importer.ReadFile(fileName,
aiProcess_Triangulate
| aiProcess_FlipUVs
| aiProcess_GenSmoothNormals
| aiProcess_JoinIdenticalVertices );
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LoadNode(aiNode* node, const aiScene* scene)

for (size_t i = 0; i < node->mNumMeshes; i++) {

| LoadMesh(scene->mMeshes [node->mMeshes[i]], scene);

¥

for (size_t i = 0; i < node->mNumChildren; i++) {
LoadNode(node->mChildren[i], scene); // Using r

¥
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Elvoid Mode.

LoadMesh(aiMesh® mesh, const aiscene* scene)

std: :vector<GLfloat> vertices;
std: :vector<unsigned int> indices;

for (size_t i = @; i < mesh->mNumVertices; i++) {
| vertices.insert(vertices.end(), { mesh->mvertices[i].x, mesh->mvertices[i].y, mesh->mvertices[i].z });

if (mesh->mTextureCoords[8])  // The way texture coords is handled here is a bit different. Here, we ¢
I

i | vertices.insert(vertices.end(), { mesh->mTextureCoords[8][i].x, mesh->mTextureCoords[6][i].y });
B

i else {

i vertices.insert(vertices.end(), { 0.6f, @.0f });  // Even if there are no tex coords we must incl

vertices.insert(vertices.end(), { -mesh->mNormals[i].x, -mesh->mNormals[i].y, -mesh->mNormals[i].z });

for (size_t i = @; i < mesh->mNumFaces; i++) {
aiFace face = mesh->mFaces[i];

for (size_t j = 8; j < face.mNumIndices; j++) {
i | indices.push_back(face.mIndices[j]);

¥

Mesh* newMesh = new Mesh();
newMesh->CreateMesh (&vertices[e], &indices[6], vertices.size(), indices.size());
mMeshList.push_back(newtesh) ;

mMeshToTexture. push_back(mesh->nMaterialIndex) ;
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Createdesh(GLfloat* vertices, unsigned int* indices, unsigned int numofvertices, unsigned int numofIndices)

ndexcount ~ numofIndices;

texArTays(1, #9A0); // Generate a Space In memory for a Single vertex array with a given VAD as an 1D - rem

glBindVertexarray(VA0); // For now, we just want to bind a single VAO for our triangle

11 Setup our Tndex Buffer Object, bind it, then generate the buffer data for it
glGensufers(1, &180);

‘g1BindBuFfer(GL_ELENENT_ARRAY_BUFFER, T80); // Specify element array buffer - i.., storing elesents or “indices”
‘glBuFfernata(GL_ELENENT_ARRAY_BUFFER, sizeof (indices[6]) * numofIndices, indices, GL_STATIC DRAM);

glGenguffers(1, VB0); // Works basically the same as gleenVertexarrays, except we do it for every VEO we want per

uffer (GL_ARRAY_BUFFER, VEO);

‘glButferData(GL_ARRAY_BUFFER, sizeof(vertices[a]) * numofVertices, vertices, GLSTATIC.DRAW); // For the sizeof p

glVertexattribrointer(e, 3, GL_FLOAT, GL_FALSE, sizeof(vertices[e]) * 3,

/1 Here e simply say that, the var:

elEnabievertexattribArray(8);  // At location @ in our shader, we are enabling it for us o pass vertex arrays to

/1 Set the vertex attrib pointer for slot 1, the texture coordinates
glVertexattribrointer(1, 2, GL_FLOAT, GL_FALSE, sizeof(vertices[o]) * 8, (void*)(sizeof(vertices[e]) * 3)); // OFfss
glenablevertexattribarray(1);

11 setup vertex normals
glVertexattribrointer(2, 3, GL_FLOAT, GL_FALSE, sizeof(vertices[o]) * 3, (void*)(sizeof(vertices[e]) * 5));
glEnablevertexattribarray(2);

7/ unbind the Vo, then unbind the VA0, followed by T8O
E1BindBuFFer (L_ARRAY_BUFFER, 0);.
eleindvertexarray(e);
‘g1BindBuffer(GL_ELENENT_ARRAY_BUFFER, ©);
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Phong Lighting

- Note: “Phong Reflection” is another name for Phong Lighting.
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vecd ambientColour = vecd(light.colour, 1.0f) * light.ambientIntensity;

// Remember: a.b = |a| * |b| * cos(theta). Vectors normalised in calculations so the mag
float diffuseFactor = max(dot(normalize(vNormal), normalize(direction)), ©.@f); // Betwe
veca diffuseColour = vecd(light.colour * light.diffuselIntensity * diffuseFactor, 1.0f);
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vec3 vecFragToEye = normalize(eyePosition - vFragPos); // We just want to know the direct
vec3 halfuayVector = normalize(vecFragToEye + direction);
Float specularFactor = max(0.0f, dot(halfwayVector, vNormal));

specularFactor = pow(specularfactor, material.shininess);

specularColour = vec4(light.colour * material.specularIntensity * specularFactor, 1.0f);
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// Generate and bind a framebuffer
unsigned int framebuffer;

glGenFramebuffers(1, &framebuffer);
glBindFramebuffer(GL_FRAMEBUFFER, framebuffer);

/1 Generate texture which captures our framebuffer

unsigned int colourBuffer;

glGenTextures(1, &olourBuffer);

glBindTexture(GL_TEXTURE_2D, colourBuffer);

glTexTmage2D(GL_TEXTURE_2D, @, GL_RGB, SCREEN WIDTH, SCREEN_HEIGHT, @, GL_RGB, GL_UNSIGNED_BYTE, NULL);
glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LTNEAR);

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LTNEAR);

glBindTexture(GL_TEXTURE_2D, ©);

glFramebufferTexture2D(GL_FRAMEBUFFER, GL_COLOR_ATTACHMENT®, GL_TEXTURE_2D, colourBuffer, );
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void main()

B{

// Identify the width of the s-axis (i.e., x-axis in the range 0-1), and height of the t-axis (i.e., y-axis alsc
vec2 textureResolution = textureSize(screenTexture, 0);

Float stepS = 1.0f/textureResolution.x;

Float stepT = 1.0f/textureResolution.y;

// This 3x3 kernel will hold the weightings for which neighbouring pixels have on the one we are sampling.
Float kernel3x3[9];

kernel3x3[@] = 1.6f,  kernel3x3[1] = 1.6f,  kernel3x3[2] = 1.of,
kernel3x3[3] = 1.6f,  kernel3x3[4] = 1.6f,  kernel3x3[5] = 1.0f,
kernel3x3[6] = 1.6f,  kernel3x3[7] = 1.6f,  kernel3x3[8] = 1.0f;

// Array of pre-calculated steps to quickly find neighbouring pixels

vec2 offsetLUT[9];

offsetlUT[@] = vec2(-stepS, -stepT),  offsetlUT[1] = vec2(@.ef, -stepT), offsetlUT[2] = vec2(stepS, -stepT),
offsetlUT[3] = vec2(-stepS, @.6f), offsetlUT[4] = vec2(@.0f, 8.6f),  offsetlUT[5] = vec2(stepS, 8.6f),
offsetlUT[6] = vec2(-stepS, stepT), offsetlUT[7] = vec2(@.f, stepT), offsetlUT[8] = vec2(stepS, stepT);

vec convolvedPixel = vec4(0.0f, 0.6f, 0.0f, 1.6f); // Stores the fragment resulting from applying the box blur
for(int i = 0; i < 9; i++)
{
vecd tempVec = vec4(texture(screenTexture, vlexCoord + offsetLUT[i]).rgb, 1.6f);
convolvedPixel += (tempVec * kernel3x3[i]);
3

fragColour = convolvedPixel / 9;  // Normalise fragment through dividing by kernel size
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void main()
3{

/1 1dentify the width of the s-axis (i.e., x-axis in the range 0-1), and height of the t-axis (i.e., y-axis alsc
vec2 textureResolution = textureSize(screenTexture, );

Float steps = 1.6f/textureResolution.x;

Float stepT = 1.6f/textureResolution.y;

71 This 3x3 kernel will hold the weightings for which neighbouring pixels have on the one we are sampling.
Float kernel3x3[o!
kernel3x3[0] = -1.0f, kernel3x3[1] = 0.6f,  kernel3x3[2] = -1.of,
kernel3x3[3] = 0.0f,  kernel3x3[4] = 5.0f,  kernel3x3[5] = 0.9f,
kernel3x3[6] = -1.0f, kernel3x3[7] = 0.6f,  kernel3x3[s] = -1.of;

11 Array of pre-calculated steps to quickly find neighbouring pixels
vec2 offsetlUT[9];

OffsetlUT[0] = vec2(-steps, -stepT),  offsetlLUT[1] = vec2(9.0f, -stepT), offsetlUT[2] = vec2(stepS, -stepT),
offsetlUT[3] = vec2(-steps, 0.0f), OffsetlUT[4] = vec2(0.0f, 0.6f),  offsetlUT[5] = vec2(steps, 0.0f),
OffsetlUT[6] = vec2(-steps, stepT),  offsetlLUT[7] = vec2(9.0f, stepT), offsetlUT[5] = vec2(stepS, stepT);

veca convolvedPixel = vec4(0.0f, 0.0f, 8.6f, 1.8); // Stores the fragnent resulting from applying the 5x5 blur
for(int i = ; i < 9 i+h)

{

Veca tempVec = veca(texture(screenTexture, vTexCoord + offsetLUT[]).rgb, 1.0F);
convolvedpixel +- (tempvec * kernel3x3[i]);

b

fragColour = convolvedpixel;
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if (keys[49]) {
| sharpenShader.UseShader();

¥

else {

| defaultScreenShader.UseShader();
¥

glBindTexture(GL_TEXTURE_2D, colourBuffer);
meshList[@]->RenderMesh();
glUseProgram(0) ;

if (keys[5e]) {
| boxBlurShader.UseShader();
¥

else {
| defaultScreenShader.UseShader();
¥

glBindTexture(GL_TEXTURE_2D, colourBuffer);
meshList[1]->RenderMesh();
glUseProgram(0) ;
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// TestMonkeyOB] transformations

model = glm::mat4(1.0f);

model = glm: :translate(model, glm::vec3(2.6f, 4.0f, -3.0f));

model = glm::rotate(model, rotationIncrement * toRadians, glm::vec3(1.0f,
model = glm: :scale(model, glm::vec3(0.5f, 0.5f, 0.5f));
glUniformMatrix4fy(unifornModel, 1, GL_FALSE, glm::value ptr(model));
‘testMonkeyOBJ . RenderModel () ;

// TestMonkeyFBX transformations

model = glm::mat4(1.0f);

model = glm: :translate(model, glm::vec3(-2.0f, 4.0f, -3.0));

model = glm::rotate(model, rotationIncrement * toRadians, glm::vec3(@.0f,
model = glm: :scale(model, glm::vec3(0.5f, 0.5f, 0.5f));
glUniformMatrix4fy(unifornModel, 1, GL_FALSE, glm::value ptr(model));
‘testMonkeyFBX.RenderModel () ;

o.of,

o.of,

0.0f));

1.0f));
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// TestMonkeyFBX transformations

model = glm: :mata(1.0f);

model = glm: :translate(model, glm::vec3(-2.0f, 4.0f, -3.0));

model = otate(model, rotation * toRadians, glm::vec3(0.0f, 0.0f, 1.0));
model = cale(model, glm::vec3(0.5f, 0.5f, 0.5f));

glUniformMatrixafy(uniformModel, 1, GL_FALSE, glm::value_ptr(model));
‘testMonkeyFBX.RenderModel () ;

rotation += 0.05f;

if (rotation >= 360) {
! rotation = 6;]

1
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// Materials
Material shinyMaterial = Material(4.0f, 156);
Material dullMaterial = Material(0.3f, 4);

@ Material:Material(GLfloat specintensity, GLfloat shineFactor)

// Lights R +2 overloads.
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// TestMonkeyOB] transformations

model =

model = glm: :translate(model, glm::vec3(2.0f, 4.0f, -3.0f));

model = otate(model, rotation * toRadians, glm::vec3(1.0f, 0.6f,
model = :scale(model, glm::vec3(0.5F, 0.5F, 0.5F));

glUniformMatrix4fy(unifornModel, 1, GL_FALSE, glm::value_ptr(model));
dullMaterial .UseMaterial (uniformSpecularIntensity, uniformShininess);
‘testMonkey0BJ .RenderModel() ;

// TestMonkeyOBJ2 transformations
model = glm: :mat4(1.0f);

model = glm: :translate(model, glm::vec3(4].0f, 4.0f, -3.0f));
model = glm: :rotate(model, rotation * toRadians, glm::vec3(1.0f, 0.6f,
model = glm: :scale(model, glm::vec3(0.5f, 0.5F, 0.5f));

glUniformMatrix4fy(unifornModel, 1, GL_FALSE, glm::value ptr(model));
shinyMaterial .UseMaterial (uniformSpecularIntensity, uniformShininess);
‘testMonkey0BJ2. RenderModel () ;

0.0f));

0.0f));
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unsigned int reverseQuadIndices[] = {

ioe, 1, 2,

P2, 3, @

¥

GLfloat reverseQuadVertices[] =

L x y 2 o
-1.ef, 1.ef, o.ef, 1.ef,
-1.ef, -1.0f, e.ef, 1.ef,
e.of, -1.6f, e.ef, o.5f,

; o.of, 1.of, e.ef, o.5f,

35

Mesh* reverseQuad = new Mesh();

v
1.0f,
0.0f,
0.0f,
1.0f,

nX
0.0f,
0.0f,
0.0f,
0.0f,

ny
0.0f,
0.0f,
0.0f,
0.0f,

nz
e.0f, // Top left
@0.0f, // Bottom left
@.of, // Bottom middle
e.of  // Top middle

reverseQuad->CreateMesh(reverseQuadVertices, reverseQuadIndices, 32, 12);

meshList.push_back(reverseQuad);
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tiled shading clustered shading
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(a) Uniform NDC.  (b) Uni. view space. (c) Exp. view space.




