


Introduction
The graphics pipeline is a system used in all modern graphics and a brief overview of its steps is given in this report also listing where bottlenecks may occur and where modern graphics cards can use parallelisation techniques to perform some of the graphical operations very quickly. Following this, the mathematical process needed to convert a vertex from its local coordinate system into localised device coordinates ready to be displayed is show in detail. In addition, a clipping plane equation is also shown and stated weather the point will be drawn or clipped. Finally, these two tasks are written in code using OpenGL, C++ and GLM libraries to show how it would be made easier and very quick in code, and to show that our answers match.
Graphics Pipeline
The graphics pipeline is a process that represents the individual steps that happen between an application executing and pixels being displayed. There are several different steps within the pipeline and after each stage is completed their output is used in the next stage of the pipeline. J. F. Hughes et al [1] states that “The graphics pipeline consists of four main parts: vertex geometry processing and transformation, triangle processing (through rasterization) and fragment generation, texturing and lighting, and fragment-combination operations for assembling the final image.” The first stage mentioned is the vertex geometry, this is a section of the pipeline that is utilise by writing a vertex shader. Vertex shaders are responsible for every single vertex within the output that is being generated and defining its location and any transformation operations that are needed. It is important to note that there is a separate instance of the vertex shader for every individual vertex. This means if the output scene being computed contains 500,000 vertices, the vertex shader will be executed 500,000 times [2]. Using this information, it is very easy to see how this could become computationally expensive and potentially even bottleneck the program if there is inefficient or unnecessary code within the vertex shader. However, modern graphics processing units (GPUs) contain many cores capable of very fast mathematical calculations meaning we can execute these instances of the shaders in parallel at a large quantity making the GPU a very powerful piece of hardware for modern graphics rendering.
Following this a rasterization process happens after the vertex shader has completed, this takes the data provided and, usually triangles, and process them one by one to generate all the pixels that are contained within the triangles area. The result of this is known as fragments and are pushed into the fragment shader for the next stage of the pipeline to execute [1].
The fragment shader is responsible for providing colour to each pixel based on different variables in the scene such as lighting or textures. It is important to note that similarly to the vertex shader, the fragment shader has a separate instance for each individual pixel that is drawn to the screen. This means the same computational difficulties apply and need to utilise the modern, powerful GPUs to use parallelisation techniques to make this process much more efficient [2].
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This is overview of the graphics pipeline is what is utilised in modern graphics rendering which have been made possible by the level of power and efficiency of modern GPUs. Utilising this hardware using shaders is a very useful and efficient way of creating graphics and is what enables us in the modern day to have such advanced graphics and real time ray tracing within games.
It is very easy to see how inefficient code within the shaders or unnecessary calculations being done within the shader can cause computations issues and lag or latency for the output given the number of times the shaders must be run to render a single frame, with modern games aiming to produce a minimum of 60 frames per second. Therefore, it is important to only include necessary code within the shaders to minimise any computational issues that may arise.
One way we can lower the computational power needed is by utilising the power of matracies and the ability to concatenate them together and still yield the same result. This means that when converting a point from model space, to view space and then eye space this is 3 separate matrix multiplications, and if there are a large number of vertices, this would execute 3 time per vertex. However, if we simply concatenate the 3 matracies together by multiplying them before passing them into the shader, we only have to do a singular multiplication per vertex reducing the power needed by 1 third.
Task 1

Vertex position = (1, 2, -3)
Rotation angle = 30 degrees
translation = (2.5, 0, -1)
Viewpoint (eye) = (0, 4, -1)
Up Vector (Y) = (0, 1, 0)
Look At Point (target) (0.5, 0, 0)
Field of View = (38 degrees)
Near Plane Distance = 1.5
Far plane distance = 80

There are many transformations that need to happen to move objects from their local object space into localised device coordinate so they can be displayed on2D screens for us all to see. A lot of this transformation process usually takes place within the Vertex Shader, which is the first step of the graphics pipeline when it is activated.
The first stage of transforming a point requires a model matrix and a translation matrix as the graphics calculations are done primarily using matracies. A model matrix is simply a 4x4 identity matrix with the x, y and z coordinated of the point populating the top three slots in the fourth column. The translation matrix similarly is a 4x4 identity matrix with values populating the same three spots in the fourth column, however these are values representing the translation distance for each axis. Multiplying these two matracies together results in the original point being translated in its own local object space. This transformation is shown below:

Model Matrix: M = 
Translation Matrix for the X: T = 

P’ = T * P   =  = 	= p’ = (3.5, 2, -3, 1)

The above transformation is responsible for translating the point 2.5 along the x-axis. Similarly, points can be rotated around axis using a 4x4 rotation matrix. The rotation around the Y axis of our already translated point P’ is shown below:
Rotation Matrix: R =  
P’’ = R * p’ =  *  =  
p’’ = 

The new point P’’ that has been created as a result of translating along the x-axis and rotating around the y-axis. The point has now been transformed but it is still within its local object space, there are additional matrix multiplications that need to be done before the point can be translated into localized device coordinates. The first step is to convert the point into world space using what is known as a look-at transformation. The steps needed to calculate a look-at matrix are shown below: 
Camera Axis
FWD = normalize(eye – target) = normalize(Viewpoint – Look at Point)
FWD = normalize((0, 4, -1) – (0.5, 0, 0))
FWD = normalize(-0.5, 4, -1)
Normalization


FWD = 
FWD = (-0.12, 0.96, -0.24)

Side = normalize(-FWD X Y)
Side = normalize((0.12, -0.96, 0.24) X (0, 1, 0))
Cross Product
(0.12, -0.96, -0.24) X (0, 1, 0) = ((-0.96 * 0 – 0.24*1), (0.12*0 – 0.24*0), (0.12*1 – -0.96*0))
= (-0.24, 0, 0.12)
Side = normalize(-0.24, 0, 0.12)
Side = (-0.89, 0, 0.44)

Up = normalize(Side X -FWD) = normalize((-0.89, 0, 0.44) X (0.12, -0.96, 0.24))
Up = normalize(0.42, 0.26, 0.85)
Up = (0.43, 0.26, 0.86)

Side = (-0.89, 0, 0.44)
Up = (0.43, 0.26, 0.86)
FWD = (-0.12, 0.96, -0.24)


Dot Product
Side . Eye = (-0.89, 0, 0.44) . (0, 4, -1)
(-0.89 * 0) + (0 * 4) + (0.44 * -1)
0 + 0 + -0.44 = 0.44
Side . Eye = -0.44

Up . Eye = (0.43, 0.26, 0.86) . (0, 4, -1)
(0.43 * 0) + (0.26 * 4) + (0.86 * -1)
Up . Eye = 0.18

-FWD . Eye = (0.12, -0.96, 0.24) . (0, 4, -1)
(0.12 * 0) + (-0.96 * 4) + (0.24 * -1)
-FWD . Eye = -4.08

Look-at matrix = 

P’’’ =  *  = 

P’’’ now represents the point that has been converted into world space, this however is still not the stage where it is ready to be displayed. A projection transformation needs to be done to transform the point into localised device coordinates ready to be sent further into the pipeline. The projection matrix is built as follows:

Near Plane Distance = 1.5
Far plane distance = 80
q = 
A = 
B = 
C = 

q =  = 6.59
A =  = 6.59
B =  =  = -1.03
C =  =  = -3.05

Perspective matrix = 
P’’’’ =  *  = 
Task 2
 = 0;  where p0 = (2.5 ,2 ,4)  and  n = (-1,2,0)
X  = (1, 2, -3)
N = normalize(-1, 2, 0) = (-0.44, 0.89, 0)
X . N  = 1.34
P0 . N = 0.68
1.34 + 0.68 = 2.02
The point has a distance of 2.2 from the surface of the plane, this would mean that the point would not be culled as it is in front of the culling plane and not behind it meaning it would not be culled.
Task 3
#include <iostream>
#include <math.h>

#include "glm/glm.hpp"
#include <glm/gtc/matrix_transform.hpp>

using namespace std;

void main()
{
	glm::vec3 vertPos = { 1, 2, -3 };
	glm::vec3 translation = { 2.5, 0, -1 };
	glm::vec3 viewPoint = { 0, 4, -1 };
	glm::vec3 Y = { 0, 1, 0 };
	glm::vec3 lookAtPoint = { 0.5, 0 ,0 };

	glm::mat4 model = glm::translate(glm::mat4(1.0), vertPos);
	glm::mat4 view = glm::lookAt(viewPoint, lookAtPoint, Y);

	float rotationAngle = 30;//degrees
	float FOV = 38.0f;//degrees

	float nearPlaneDistance = 1.5;
	float farPlaneDistance = 80;

	
	//---------Task 1----------
	model = glm::translate(model, glm::vec3(translation.x, 0, 0));
	
	model = glm::rotate(model, glm::radians(rotationAngle), glm::vec3(0, 1, 0));

	glm::mat4 mvMatrix = view * model;
	
	glm::mat4 perspective = glm::perspective(FOV, 1.0f, nearPlaneDistance, farPlaneDistance);
	//----------------------------

	//--------Task 2-------------
	glm::vec3 N = { -1, 2, 0 };
	glm::vec3 P0 = { 2.5, 2, 4 };

	float distFromPlane = (glm::dot(vertPos, glm::normalize(N)) + (glm::dot(P0, glm::normalize(N))));

	//---------------------------

}

This code shown is an example of both how we can perform these actions quickly from task 1 and 2 using libraries such as GLM to build our look-at and perspective matracies for us using built in functions at very high speed.
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