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The work of this report has been completed under the supervision of Gordon DIckers. I declare that this report is the product of my own work and is not being submitted for any other degree etc.

May Davies.

[bookmark: _Toc94563079]Abstract
The following report goes over 2 tasks. The first task is a rough calculation of how the graphics pipeline is used with matrices in order to display 3D graphics to the user, while the second task is an attempt to calculate the distance between a plane and a point. The final task, is a programmed demonstration of the previous 2 tasks.
[bookmark: _Toc94563080]Introduction
An important part of graphics programming is the usage of maths. This report will cover some of the mathematics that are used in the graphics pipeline in order to display graphics to a user. In particular, the mathematics of where a vertex of an object is rendered, and the mathematics behind the “camera” that a user will view a graphical application through. This report will primarily focus on how this is done in OpenGL, which is an application programming interface (abbreviated to API) that is used as one of the means available to display graphics [8], there are others as well such as DirectX, however are not this reports concern.
[bookmark: _Toc94563081]Task 1
In order to successfully set up a camera, it is important to consider that this is a step by step process, made up of several different spaces. Firstly, is the object space, which will be the space for each individual object, with its own axis for the vertices that make up said object. From here then is the world space, which contains multiple objects. The objects have had a model transformation applied to them to get to this point. Then, from here, a view transform is applied to move the world in to what is known as view space (or camera space, or I space). Lastly, after this, a projection transformation is done in order to finish setting up the camera, as well as hidden surface removal. After this is done, this is then placed within the viewport of the programmers choice.
The following is a diagram to illustrate this explanation.World Space
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It should be noted that the camera is made up of a frustum, and within the frustum is the view model. There is also a near and far plane that make up the camera, and a field of view. These determine how far things are from the camera, and if an object is actually within view of the camera.

And now, the goal of task 1 is to prove this, using the following data
	Vertex
	Rotation Angle
	Translation

	(3, 1, -3)
	80.0 Degrees
	(-1, 2, -1)



	Viewpoint
	Up Vector
	Look At Point
	Field of View
	Near Plane
	Far Plane

	(0, 4.5, -1)
	(0, 1, 0)
	(2, 0, 0)
	37 Degrees
	1.0
	90



Firstly, the vertex will be translated along the X axis, then rotated around the Y axis. From here, this will be converted in to view space and a perspective projection will be applied. Will this transformed point be within the view volume?
As there is only a single point, the assumption that will be made here is that it is only the point that will go through a model transform.
[bookmark: _Toc94563082]Model View Transform
Firstly, the vertex (3, 1, -3) is to be translated.
      *      =   = 
So, the translated result so far is 2, 3, -4 and 1. Now to rotate around the Y Axis.

 *  =  

From here a scaler would then be needed on top of this, however as no scaler has been provided, the scale value shall be defaulted to 1.
 = 
V’ = Rx*v
V’ = (-3.58, 3, -2.64, 1)
Model matrix (M) =  Rx*T
V’’ = M*v

Model matrix is made from the translation of an object, a rotation transform and a where applicable a scale transform
T =       R =    S = 

M = T . R . S
If the vertex’ position is then multiplied by M, then this should move the vertex in to world space [1].

Vertex in world space =  *  = 
(this is probably wrong, though kept it in just in case its correct.)
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The camera’s position is currently (0, 4.5, -1), with an up vector of (0, 1, 0), A Look At of (2,0 ,0) with a field of view of 37 degrees, a near plane of 1.0 and a far plane of 90.
It should be noted that the camera does not actually move itself, and is effectively at the origin[3]. Instead, everything else moves around the camera instead, to give the illusion that the camera is moving.
Firstly, the position needs to be inversed for the camera, so, the position of the camera will now be (0, -4.5, 1). Camera orientation will not be touched in this case, as LookAt will be used in task 3, which should mean not having to manually calculate the angle of the camera. If there was an angle (such as for example, 45 degrees, the angle would be inversed to -45).
It should be noted that in order to get the right vector (which was not given), it is possible to get the right vector for the camera from the cross product of the up vector and the cameras direction [2].
It should also be noted that the direction is retrieved by taking the position of the camera’s target away from the camera’s position, and then normalizing the result, though this doesn’t matter here as we already have the direction.
Right axis: (0, 1, 0) x (2, 0, 0) = (0, 0, -2) 
Normalized right axis: (0, 0, -1)
The lookAt matrix, according to [2], is made up of the right vector, the up vector, and the direction vector. Then, this is multiplied by an identity matrix that is combined with the camera position vector.
So in this case, should the calculations so far be correct, the LookAt matrix should look as follows:

LookAt:    *  

LookAt = 

[bookmark: _Toc94563084]Projection Matrix (or perspective projection)
The next important part in graphics now that the camera can be used, is perspective, in order to add depth, so that things can actually appear closer or further away from the camera, by displaying for example the vertex with the largest z value first to the user in comparison to the objects behind it[3].
Fortunately, when it will come to coding, GLM already has a function for creating the perspective projection, with options including FoV, aspect ratio, the near plane and the far plane [4].
Essentially, the near and far planes will allow for only objects that are within their range to be rendered, while everything that is either behind the far plane or in front of the near plane (i.e past the camera behind it), is clipped [5].
There are two ways the perspective can be done, one is by using a cube, and the other is by using a frustum. This can be done with the following formula:
[image: A screenshot of a computer
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[Figure 1.0, adapted from [5]]
So, the matrix in this case for the perspective projection will end up looking as follows:
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For this task, a plane has been created with the equation  = 0.
 holds the value of (2.5, 2, 4) and n hols the value of (-1, 2, 0). The plane was made for culling. The purpose of this task is to check if the vertex mentioned previously in task 1 is culled by this plane or not.
So, this is the formula with these numbers substituted in.




The problem here, is that because this is a dot product, the original x is lost. This is an issue as there are multiple possible answers and the original value is no longer recoverable, for instance, x could be substituted with (-2.5, -2, 0), or (5.5, 2, 0) or even more numbers, which would still result in the original formula being equal to 0 if substituted in.
So, for the sake of assumption, if x where to be say (5.5, 2, 0), then the distance from the plane that the vertex would be as follows:


Ignoring the plane for now (as the formula for its creation is not ax + by + cz + d = 0)
Calculating purely the distance between p0 and the vertex that was given, since it is known that p0 is at the very least on the surface of the plane somewhere.



This is the distance of the plane from the point, as the plane was made the subject. However this is not accurate regardless as the plane still has its own normal vector, and an unknown x value. Combined with the plane being made in a different way to the usual ax + by + cz + d = 0[6][7], this task was not completed to the point of a conclusive answer.
[bookmark: _Toc94563086]Task 3
The purpose of task 3 is to write a solution to both task 1 and task 2 in C++ to check the answers obtained in these tasks. The GLM library has been used, though as it was not necessary, no graphical display has been included. This section will mostly consist of a testing section. If code is desired, please see Appendix A.
Note: An x64 PC is required to run this program, as it has been written for x64.

[bookmark: _Toc94563087]Test Log
	Test No.
	Desc.
	Exp. result
	Result
	Success? Y/N, Notes

	1
	Check that camera initialises with the correct data
	Camera variables should output their default values.
	[image: ]
	Yes

	2
	Check data that is initialised in the initial matrix is output correctly
	Matrix should be populated by an identity matrix, and by the translation
	[image: ]
	Yes.
Note:
Glm::to_string unfortunately doesn’t allow for a new line for each part of the matrix, so it is a bit awkward to read.

	3
	Display resolution
	Resolution of 1280x720 should be output
	[image: ]
	Yes

	
4

	Transform the vertex
	Vertex should be translated and transformed, should output (2, 3, -4, 1)
	[image: ]
	Yes

	5
	Rotation values should be calculated correctly
	Expecting 
(-3.58, 3,-2.64,1)
	[image: ]
	No.
Currently unsure why this doesn’t work????

	6
	Eye Matrix should display matrix that isn’t empty
	Have not calculated this, but it definitely should not be 0.
	[image: ]
[image: ]
	No.
Try out lookAt instead?

	7
	Setting up GLM look at
	Should be able to get glmLookAt working just fine with the camera settings
	[image: ]
	No.
Camera needs to have the variables set to vec3 not vec4.

	8
	LookAt matrix should be the same as predicted
	See prediction for lookat in task 1
	[image: ]
	No.
This did not use a right vector. Opted to use view point as position, up vector as…. Well, up vector, and look at point as target.

	9
	Set up projection matrix
	Projection matrix gets set up by using glm’s perspective function.
	[image: ]
	Yes
Note: This was never calculated, as the original workings for this were not based on glm’s perspective.

	TASK 2
	TASK 2
	TASK 2
	TASK 2
	TASK 2

	1
	“solve” x with (-2.5, -2, 9)
	X should be solved to 0.
	[image: ]
	Yes

	2
	“solve” x with (5.5, 2.0, 0.0)
	X should be solved to 0
	[image: ]
	Yes

	3
	Find the distance between the 2 points
	Distance should be -49.75
	[image: ]
	No.
Can’t use ^. Will need to multiply by the same 2 numbers instead.

	4
	Find the distance between 2 points
	Should be -49.75
	[image: ]
	No.
Currently using GLM’s sqrt, either that or the formula is too disorganised in code.
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//Graphics and GLM
#include "GL/glew.h"
#include "GLFW/glfw3.h"
#include "glm/glm.hpp"
#include "glm/gtx/transform.hpp"
#include "glm/gtc/matrix_transform.hpp"
#include "glm/ext.hpp"
#include "glm/gtx/string_cast.hpp"


//Input based
#include <iostream>
#include <string>
#include <sstream>


//Working in standard namespace
using namespace std;


//Vertex
glm::vec4 myVectorToUse(3.0, 1.0, -3.0,1.0);
const float PI = 3.14159265359;
//converts radians to degrees.
float rotationAngle = 80.0f * (180/PI);
glm::vec4 myTranslatedVector(-1.0, 2.0, -1.0,1.0);
//glm::vec3 rotationalAxis( 0.0 , 1.0 , 0.0 );


glm::vec4 vectorTransformed(0.0, 0.0, 0.0, 0.0);

//The matrix that will be used.
glm::mat4 myMatrixToUse = {
	1.0, 0.0, 0.0, 0.0,
	0.0, 1.0, 0.0, 0.0,
	0.0, 0.0, 1.0, 0.0,
	-1.0, 2.0, -1.0, 1.0
};

//Scaler. Scaler wasn't necessary, but included a matrix for it just in the event it may be needed.
glm::mat4 scalingMatrix;
//eye/camera/view matrix.
glm::mat4 eyeMatrix;
//projection matrix for depth in the camera
glm::mat4 projMat;

//identity matrix, kept incase it would be used.
glm::mat4 theIdentityMatrix = glm::mat4(1.0f);


//Camera
glm::vec3 cameraViewPoint(0.0, 4.5, -1.0);
glm::vec3 cameraUpVect(0.0, 1.0, 0.0);
glm::vec3 cameraLookAtPoint(2.0, 0.0, 0.0);
//camera stuff for projection
float cameraFoV = 37.0f;
float cameraNearPlane =1.0f;
float cameraFarPlane =90.0f;

//the matrix. for the.... camera.
glm::mat4 matrixForCamera;

//window variables, keeping them just for aspect ratio if its needed later.
int width = 1280;
int height = 720;
//unused.
float aspectRatio;


//main loop. As things were not being repeated, I chose against coding in OOP.
int main(void)
{

	//welcomes the user to the program, explaining that it is a calculation of the work done in task 1 and 2.
	cout << "Welcome! This program will now begin to go through the calculations for the graphics pipeline" << endl;
	//gives a disclaimer of how results may be different to that done on paper as on paper would likely be in row major not columb major.
	//The reason for this? Open GL is columb major for some reason?
	//why?????
	//directX is row major??????
	cout << "Starting up with: The moel View Transform. Disclaimer: GLM is Column major not row major, so work done in row major must be readjusted for columb major!" << endl;
	//relays information to the user
	cout << "Information: " << endl;
	cout << "Camera statistics" << endl;
	//tells the user about the data that is inside the camera variables.
	cout << "Camera viewpoint is: "<< glm::to_string(cameraViewPoint)  << endl;
	cout << "Camera Up Vector is: " << glm::to_string(cameraUpVect) << endl;
	cout << "Camera Look At Point is: " << glm::to_string(cameraLookAtPoint) << endl;
	//tells the user about the data that is set for the FOV and the near/far planes for clipspace
	cout << "FOV:" << cameraFoV << " Near Plane: " << cameraNearPlane << " Far Plane: " << cameraFarPlane << endl;
	cout << endl;
	//tells the user information about the other vectors and matrices.
	//unfortunately to_string() does not allow for a new line between each section of a matrix so it gets a little ugly.
	cout << "getting vertex information..." << endl;
	cout << "vector myVectorToUse:  " << glm::to_string(myVectorToUse) << endl;
	cout << "vertex angle (converted to radians): " << rotationAngle << endl;
	cout << "translated vector: " << glm::to_string(myTranslatedVector) << endl;
	cout << "Initial matrix: "<< endl << glm::to_string(myMatrixToUse) << endl;

	cout << endl;
	//Included screen resolution as a "just in case".
	cout << "Your screen resolution (only in theory~!) is: " << height << "x" << width << endl;
	cout << endl;
	
	//the matrix gets translated to begin getting in to world space.
	myMatrixToUse = glm::translate(myMatrixToUse, glm::vec3(0.0, 0.0, 0.0));
	vectorTransformed = myMatrixToUse * myVectorToUse;

	cout << "The vector has transformed! " << endl << "This is the result:" << glm::to_string(vectorTransformed) << endl;
	cout << "world space achieved" << endl;
	cout << "There was no scaler set for this assignment, thus the scaler has been set to a scale of 1 by default." << endl;
	cout << "beginning rotation." << endl;
	//glm::mat4 rotationalMatrix(glm::rotate(rotationAngle, rotationalAxis));
	
	//rotation matrix. does not give the results that were expected.
	glm::mat4 rotationMatrix{
		cos(rotationAngle), 0.0, -sin(rotationAngle), 0.0,
		0.0, 1.0, 0.0, 0.0,
		sin(rotationAngle), 0.0, cos(rotationAngle), 0.0,
		0.0, 0.0, 0.0, 1.0
	};
	
	//as said above.
	glm::vec4 rotationResult = (rotationMatrix * vectorTransformed);

	cout << "The results of the rotation are: " << glm::to_string(rotationResult) << endl;

	//old code.
	//cout << "results of rotate are: " << glm::to_string(rotationalMatrix) << endl;


	//starts loading up the camera space.
	cout << "beginning to move to eye space." << endl;

	//the values are inversed for this as the camera is likely facing away from where we want it to point.
	eyeMatrix = glm::translate(glm::mat4(), glm::vec3(0.0, -4.5, 1.0));

	//displays the eye matrix to the user.
	cout << "eye matrix: " << endl << glm::to_string(eyeMatrix) << endl;


	//also applied lookAt as an alternative to the eye matrix. Interestingly it did not require a right angle.
	cout << "Applying lookAt using predefined scenario's camera settings." << endl;
	matrixForCamera = glm::lookAt(cameraViewPoint, cameraLookAtPoint, cameraUpVect);

	//outputs the camera's matrix.
	cout << "This is the matrix for the camera: " << endl;
	cout << glm::to_string(matrixForCamera) << endl;

	cout << endl;
	cout << endl; 
	
	cout << "Applying projection matrix." << endl;
	//applies the projection  perspective matrix
	projMat = glm::perspective(cameraFoV, 16.0f / 9.0f, cameraNearPlane, cameraFarPlane);
	cout << "The aspect ratio is 16:9~!" << endl;
	cout << "The projection matrix looks as follows:" << endl;
	//reads out the projection perspective matrix
	cout << glm::to_string(projMat) << endl;


	//goes over the next task when the user presses enter once or twice.
	cout << "please enter any input to proceed to task 2." << endl;
	cin.get();
	cout << endl << endl << endl << endl << endl << endl << endl << endl << endl << endl << endl << endl << endl << endl << endl << endl;
	cout << "Now beginning task 2" << endl;


	//explanation as to how the distance from the plane is innacurate.
	cout << "the original purpose of this task was to find the distance from the point given in task 1 (3, 1, -3) to a plane." << endl;
	cout << "this is currently innaccurate, as the equation for making the plane was not familiar, and additionally, the x value was unrecoverable." << endl;
	cout << "in fact, theres multiple different values that could potentially result in replacing X for the same output of 0." << endl;
	cout << "the next 2 examples will be of exactly 2 different x values that return the same. " << endl;

//closest that was used was instead distance between 2 points.
	cout << "the formula is as follows: x.(-1,2,0) + (2.5, 2, 4).(-1,2,0) = 0" << endl;
	cout << "this shall be solved inline for the first possible answer to x: (-2.5, -2, 9)" << endl;
	glm::vec3 formerDot(2.5, 2, 4);
	glm::vec3 latterDot(-1, 2, 0);
	glm::vec3 firstX(-2.5, -2, 9);
	glm::vec3 firstXDot(-1, 2, 0);
	//wanted the equation to be solved in the output message itself. It works! 
	cout << "x.(-1,2,0) + " << glm::dot(formerDot, latterDot) << "= 0" << endl;
	cout << "substituting x with (-2.5, -2, 9)" << endl;
	cout << glm::to_string(firstX) << "." << glm::to_string(firstXDot)<< "+" << glm::dot(formerDot, latterDot) << "=0" << endl;
	float answer1;
	float answer2;
	answer1 = glm::dot(firstX, firstXDot);
	answer2 = glm::dot(formerDot, latterDot);
	float total;
	total = answer1 + answer2;
	cout << glm::dot(firstX, firstXDot) << " + " << glm::dot(formerDot, latterDot) << "=" << total << endl;
	cout << endl;
	cout << endl;
	cout << endl;


	//goes over one of the other possible many solutions to x.
	cout << "now, the second example: (5.5, 2, 0)" << endl;

	glm::vec3 secondX(5.5, 2.0, 0.0);
	cout << "x.(-1,2,0) + " << glm::dot(formerDot, latterDot) << "= 0" << endl;
	cout << "substituting x with (5.5, 2.0, 0.0)" << endl;
	cout << glm::to_string(secondX) << "." << glm::to_string(firstXDot) << "+" << glm::dot(formerDot, latterDot) << "=0" << endl;
	answer1 = glm::dot(secondX, firstXDot);
	answer2 = glm::dot(formerDot, latterDot);
	total = answer1 + answer2;
	cout << glm::dot(secondX, firstXDot) << " + " << glm::dot(formerDot, latterDot) << "=" << total << endl;

	cout << endl << endl << endl << endl;
	cout << "Due to not being able to recover the original x and unfamiliarity, here is an approximation, that was done by using the distance between 2 points formula of: " << endl;
	cout << "distance = sqrt((x2-x1)^2+(y2-y1)^2+(z2-z1)^2)" << endl;
	cout << "In this case, our xyz1 is the point0 that was given originally for the point on the plane (2.5, 2.0, 4.0)" << endl;
	cout << "meanwhile, xyz2 (or p1) is the point that was used earlier in task 1 (3.0, 1.0, -3.0) " << endl;
	cout << "This is the formula:" << endl;
	cout << "sqrt(((3-2.5)^2)+((1-2)^2)+((-3-4)^2))" << endl;

	//tries to square root the distance between 2 points. the answer was not what was expected. Is the work wrong, or is the code wrong?
	float sqrtAnswer = glm::sqrt(((3.0f - 2.5f) * (3.0f - 2.5f)) + ((1.0f - 2.0f) * (1.0f - 2.0f)) + ((-3.0f - 4.0f) * (-3.0f - 4.0f)));
	cout << "And this is the result: " << sqrtAnswer << endl;

	//closes the program.
	cin.get();
	return 0;
}
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tarting up with: The moel View Transform. Disclaimer: GLM is Column major not roj
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This is the matrix for the camera:
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The projection matrix looks as follows:
mat4xa((-1.543103, 0.000000, 0.000000, 0.000000), (0.000000, -2.743294, 0.000000, 0.000000),
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-(-1,2,8) + 1.5= &

substituting x with (-2.5, -2, 9)

/ec3(-2.560060, -2.600600, O.600000).vec3(-1.000000, 2.006000, 0.006006)+1.
1.5+ 1.5-0
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now, the second example: (5.5, 2, )
X.(-1,2,0) + 1.5= @

substituting x with (5.5, 2.8, ©.0)

vec3(5.500600, 2.000600, 0.006000).vec3(-1.006000, 2.006000, ©.000000)+1.5-0

1.5 + 1.





image17.png
® ca9 -

® oo

llegal, left operand has type ‘float"
ol i e et





image18.png
ue to not being able to recover the original x and unfemiliarity, here is an approximation, that was done by using the
istance between 2 points formula of:
istance = sqrt((x2-x1)"2+(y2-y1)"2+(22-21)"2)
In this case, our xyz1 is the pointe that was given originally for the point on the plane (2.5, 2.8, 4.6)
anwhile, xyz2 (or p1) is the point that was used earlier in task 1 (3.6, 1.0, -3.0)
his is the formula:
Sqrt(((3-2.5)"2)+((1-2)"2)+((-3-4)"2))
nd this is the result: 7.68872
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