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Preface.
Whether we aim to generate a mechanic, an algorithm, create a tool, or engage in other
programming endeavors, a common practice that define us as developers is the act of

revisiting mathematical equations while attempting to solve programming challenges.

On more than one occasion, we have encountered the same challenge: How do | translate
certain equations into code? Due to our nature, there are times when we simply cannot
recall mathematical symbols or the order of an operation, leading to distraction in our

work or even frustration.

This book is designed to assist Unity developers in creating effective tools within the
software for visualizing equations in their projects. Through a combination of theory and
practical examples, readers will learn to apply mathematical concepts and programming
tools to create dynamic and engaging visualizations that illustrate mathematical concepts

in a clear and accessible manner.

Who this book is for.
This book has been written for Unity developers seeking to enhance their knowledge in
solving and visualizing mathematical functions, as well as creating professional tools. It is
assumed that the reader already knows and understands the Unity development engine;

therefore, will not delve into the details of it.

Although previous knowledge of the C# programming language will be of great help in
understanding some of the content presented in this book, it is not a strict requirement

for the reader.

It will be essential to have a basic foundation of knowledge in arithmetic and algebra to
grasp some of the concepts that will be addressed throughout the book. Nevertheless, there
will be a review of mathematical operations and functions necessary to fully understand

what is being developed.



Conventions.
In this book, you will find a carefully curated selections of texts designed to stand out
from the rest of the information. These texts, identified with the style « Function », focus
on essential operations, variables, and methods for the effective implementation of code.
Furthermore, a clear distinction has been made between the terms "method" and "function;"

the latter is used to refer to functions included within the scope of a method.

The code block is presented consistently throughout the book:

public class ExampleClass : MonoBehaviour

{

void Start ()

Errata.
While writing this book, we have taken precautions to ensure the accuracy of its content.
Nevertheless, we must remember that we are human beings, and it is highly possible that

some points may not be well-explained or there may be errors in spelling or grammar.

If you come across a conceptual error, a code mistake, or any other issue, we appreciate you
sending a message to contact@jettelly.com with the subject line "VE Errata." By doing so,
you will be helping other readers reduce their frustration and improving each subsequent

version of this book in future updates.

Furthermore, if you have suggestions for adding sections of interest, please feel free to send

us an email, and we will consider including such information in future editions.


mailto:contact@jettelly.com

Piracy.
Please consider supporting our team. Before copying, reproducing, or distributing this
material without our consent, it's important to remember that Jettelly is an independent and

self-funded studio. Any illegal practices could negatively impact the integrity of our work.

This book is protected by copyright, and we take the protection of our licenses very
seriously. If you come across this book on a platform other than Jettelly or discover an
illegal copy, we sincerely appreciate if you contact us via email at contact@jettelly.com
(and attach the link if possible), so that we can seek a solution. We greatly appreciate your

cooperation and support.


mailto:contact@jettelly.com

Chapter 1.

Dot Product.




1.1. Introduction to the function.

We will begin our adventure by paying attention to the following equation:

(1.1.a)

Can you identify which function or operation the above equation belongs to? It is quite
common to find this type of equations in programming-oriented books. They are used to

illustrate a function that yields a specific result.

Given the title of this chapter, you may have already discovered to which operation the
equation in Figure 1.1.a belongs. This equation refers to the algebraic definition of the Dot
Product (also known as the Scalar Product) of two n-dimensional vectors « A » and « B »

defined in Euclidean space.

Its symbol « T » (sigma) represents the summation of scalar terms in a sequence, that is,
a sum of constant values, complex numbers, or real numbers, which start at « i » and end

at « m », both variables.

It's worth remembering that a variable, as the name suggests, refers to a value that varies
over time, such as a person’s age. Age can be 1, 2, 3, and so on, but it will never be a constant

value. Why is that? Because time marches on, unfortunate, doesn't it?



We will now perform the following exercise to understand the concept,

5
x= ;(3,. ~1)

(1.1.b)
In Figure 1.1.b, since « i » is equal to 1, the first operation to perform would be (3 *1 - 1),
which results in 2. Subsequently, the value of « i » is replaced by each sequence in the
exercise until it reaches « n », which in this case is equal to 5.
The next summation would be (3 * 2 - 1), and so on continuously.
B*1-1)+(B*2-1)+B*3-1)+(B*4-1)+(3*5-1)
(1.1.0)

Which is the same to say,

24+5+8+11+14

(1.1.d)

Therefore,

40 = 25:(3,. -1)
i=1

(1.1.e)
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Now, returning to the equation shown in Figure 1.1.a, how could we translate such an
equation? This is quite straightforward: the value of « n » refers to the number of dimensions
the vector has, and « i » corresponds to a label for each component. For example, for a

three-dimensional vector, we would have the following operation:

Which is the same to say,
A-B=(A;*B;) + (A; * By) + (43 * B3)
(1.1.9)
Therefore
A-B=(A,*B,)+ (4, *B,) + (A, *B,)
(1.1.h)
If we pay attention to the operation of Figure 1.1.f, we will notice that the variable « n »

has been replaced by a constant value, which is equal to 3; the number of dimensions. This

equation can be read as follows:

The Dot Product between vector A and vector B is equal

to the sum of the products of each component.
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The implementation of the summation in code will depend on the context in which we are

using it. For example, we could use a « for » loop to obtain the equation shown in Figure 1.1.b.

int Summation(int n)
{
int s = 0;
for (int i =1; i € n; in)

{

s+= (3 *xi-1);

}

return s;

(1.1.0)

As we can observe in the previous figure, the « Summation » method returns 40 if « n » is
equal to 5. However, when we talk about vectors, their implementation is different because,

in this case, we would be seeking a result depending on:

If the vectors are points in space.
If the vectors are directions in space.

If we want to obtain the projection of one vector onto the other.

Geometrically, the Dot Product corresponds to the projection of a vector « A » onto vector
« B ». What does this mean? Imagine you are standing on a sunny day, and you have a
light source projecting your shadow on the ground. Now, think about two vectors in three-
dimensional space: vector « A » and vector « B ». The Dot Product between these two can
be interpreted as the projection of one vector onto the other, similar to how light projects

a shadow on the ground.
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It's worth noting that a summation can have different uses depending on the function it
is meant to fulfill. The geometric interpretation of the Dot Product allows us to introduce

another important equation, which is that it is given by,
A-B=|A||lB|Cos6
(1.1.9)
From the previous Figure, this equation yields the same result as the equations in Figure
1.1.h, with the difference that, with the latter, we can obtain the angle « @ » between both

vectors. Considering that the vectors « A » and « B » of the Figure 1.1.a are directions in

space, their implementation could be the same as in the following figure:

float DotProduct(Vector3 p®, Vector3 pl, Vector3 c)
{

Vector3 a = (p0 - c).normalized;
Vector3 b = (pl1 - c).normalized;

return (a.x * b.x) +
(a.y x b.y) +
(a.z * b.2);

(1.1.k)
It's important to note that when working with vectors, we always need a reference point
that acts as the origin of our reference system. In Figure 1.1.k, you can observe that in the
« DotProduct » method, in addition to vectors « a » and « b », a new additional vector called

« ¢ » is used as an argument, which acts as a reference point between « p8 » and « p1 ».
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By subtracting vector « ¢ » from vectors « p8 » and « p1 », we can interpret that vectors
«a»and « b » are directions in space. It's important to highlight that these vectors have

been normalized so that they magnitude is equal to 1.

llall =1
1b]| =1

(1.1.0)
So, we might ask, what can de Dot Product between two vectors be useful for? This will
depend on what we are developing. For example, in a video game mechanics, we could use
this function to determine the direction of one object relative to another.
The Dot Product between two-unit vectors returns the value of the cosine of the angle
between them, so its result is within a range from -1f to 1f. Therefore, this result is
determined based on the position of each vector relative to a reference point. This means

that we could use these values to establish whether an object is in front or behind another.

How would we do this?

_I_‘ —L—
p1
0.0 1.0

(1.1.m. https://www.desmos.com/calculator/nmkdargld3)
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In the above figure, we can observe the graphical representation of the Dot Product between
two vectors, where the vector « ¢ » marks the reference point. Assuming that the vector

« p@ » represents the main character and « p1 » represents their enemy, we can note that:

If the Dot Product returns 1f, the enemy is in front of or above our character.

If it returns -1f, then the enemy is behind or below.

1.2. Developing a tool in Unity.

Considering the abstract nature of the above explanation, we will now create a small tool
where we will implement the equation presented in Figure 1.1.a from the previous section.

This tool will help us visualize the behavior of the Dot Product between two vectors.

We will start the process by going to our project (the Project window in Unity) and create
a new script called « DotProductEditor ». Once opened, we will make sure to extend it

from « EditorWindow » for two particular reasons:

Because it will be a visual tool.

Because we will only need an instance of the same object in the Scene view.

As a result, it will be important to both use the « UnityEditor » dependency in the code
and save the script within an « Editor » folder in our project. Why is that? According to

the official software documentation:

Editor-type scripts add functionality
to Unity during development but are

not available in runtime builds.
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In other words, we cannot export a video game or application with Editor graphics.

B Project
+ v

V @ Assets
V @ Jettelly Visualizing Equations
v @ Editor

n DotProductEditor

(1.2.a)

In Unity, it's common to encounter several Editor folders and subfolders within the
Assets directory. While this feature provides some flexibility when defining the project’s
organization, it can also lead to issues if a coherent structure is not established. This can
result in multiple Editor folder nested within subfolders throughout the project, making it

challenging to locate scripts as the project expands in size.

16



To avoid this situation, Unity suggests following "best practices" for organizing your project

and provides the following structure as reference.

Vv @@ Assets
v Art
O Materials
0 Models
O Textures
v @ Audio

0O Music
O Sounds
Vv @ Code
V @ Scripts
O Editor
O shaders
v Level
O Prefabs
O Scenes
D uwu

(1.2.b)

Each time we create a new script, by default, it extends from « MonoBehaviour » and adds

two default methods:

© «void Start ».
0 « void Update ».

17



However, in this case, these methods will not be used since, as mentioned previously, our

script will extend from « EditorWindow ». Therefore, it will be necessary to:

Include the « UnityEditor » dependency.
Extend our script from « EditorWindow ».

Remove default methods.

The « EditorWindow » class is included in the « UnityEditor » dependency. The latter

contains several classes that are useful in tool development, among which we can highlight:

« EditorGUILayout ».
« Handles ».

« Undo ».

using UnityEngine;
using UnityEditor;

public class DotProductEditor : EditorWindow

{

1
2
5]
4
5
()
7
8
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To officially begin the development process, we need to add a method that allows us to
display a window for our tool. To do this, we can perform the following steps as indicated

by Unity on their web platform. There steps are:

Declare a public and static method to display a window in the Editor.
Add the attribute « MenuItem » on the function, mentioned the menu path (where
we want to enlist our tool).

Create and display the new window in the main menu.

public class DotProductEditor : EditorWindow

{
[MenuItem("Tools/Dot Product")]
public static void ShowWindow()

{

DotProductEditor window = (DotProductEditor) GetWindow (typeof
(DotProductEditor), true, "Dot Product");
window.Show();

Following line number 9, the static function « GetWindow », which returns the first
« EditorWindow » of type « t » currently visible on the screen, has up to four arguments,
of which we have used three in the example. The first one refers to the window type,
which is « DotProductEditor ». The second is a Boolean value that determines whether
our window will be a pop-up or not, and finally, the last argument corresponds to the title

that the window will have at the top.
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If everything has worked optimally, a new menu called "Tools" will appear in Unity, which
corresponds to the definition we made earlier using the « MenuItem » attribute in line
number 6. From there, we can access the "Dot Product" window, which currently does not

perform any action.

i= Hierarchy Dot Product

V¥ Scene*

Main Camera

(1.2.0)

Considering that our tool will be used to represent the behavior of the Dot Product, it will
be necessary to declare three vectors in our code: « p@ », « p1 », and « ¢ » as the reference
point. Furthermore, to project the vectors in their respective window and dynamically modify
their values, it will be necessary to declare some properties of type « SerializedProperty ».
This way, we can ensure that our tool is flexible and efficient enough to accurately represent

the behavior of the Dot Product.
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public class DotProductEditor : EditorWindow
{

public Vector3 m_p0@;

public Vector3 m_pl;

public Vector3 m_c;

private SerializedObject obj;

private SerializedProperty propP@;
private SerializedProperty propPl;
private SerializedProperty propC;

[MenuItem("Tools/Dot Product")]
public static void ShowWindow()

{

DotProductEditor window = (DotProductEditor) GetWindow (typeof
(DotProductEditor), true, "Dot Product");
window.Show();

It will be essential to include some functions in our code to see the vectors in action. When
creating a tool, it's important to note that both the user interface (GUI) and the graphics
added to the scene must be programmed separately. As a result, there will be some values
that need to be initialized, such as the initial position of the vectors. To achieve this, we

will add the following methods to our code.

« OnGUI »: This will help us display information and handle events for our tool in
the Dot Product window.

« SceneGUI »: This corresponds to our own version of the

« Editor.0nSceneGUI » method, which allows us to handle events in the Scene view.
Another method we will include is « OnEnabvle », which will use to initialize values
when the tool is active.

Finally, « OnDisable » will be employ solely for unsubscribing from events.
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private void OnEnable()

{

private void OnDisable()

{

private void OnGUI()
{

private void SceneGUI(SceneView view)

{

It's worth noting that both the « OnEnable » and « OnDisable » methods, as well as
« OnGUI », belongs to « MonoBehaviour », meaning they are native to Unity. In the

previous exercise, we can see them implemented in lines 22, 27, and 32.

One important consideration is that « SceneGUI » should be called every time the Scene
view is updated. However, since it is not native, it will require an event its proper functioning.
This is precisely why it has an argument of type « SceneView », which allows for various

configurations, including subscribing to events.
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private void OnEnable()
{

SceneView.duringSceneGui += SceneGUI;

private void OnDisable()
{

SceneView.duringSceneGui -= SceneGUI;

private void OnGUI() ..

private void SceneGUI(SceneView view)

{

Debug.Log("Being updated!");

As the name suggests, the « SceneView.duringSceneGui » event (lines 24 and 29) is
updated during the use of the Scene view. Consequently, if we active our Dot Product
window and move the cursor within the Scene view area, we can debug the number of

times the « SceneGUI » method is called.

The next step to be performed is to draw the vectors in the Scene view using the
« Handles.FreeMoveHandle » method. However, we must remember that the vectors
«m_p0 » «m_pl» and « m_c » declared earlier have not yet been initialized. Therefore,
if we perform the process at this point, they will all appear in the same position, which
corresponds to "zero" in all their dimensions . To avoid this conflict, we will initialize the

vectors in the « OnEnable » method:
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private void OnEnable()
{
if (m_p@® == Vector3.zero &k m_pl == Vector3.zero)
{
m_pO = new Vector3(0.0f, 1.0f, 0.0f);

m_pl = new Vector3(0.5f, 0.5f, 0.0f);
m_c = Vector3.zero;

SceneView.duringSceneGui += SceneGUI;

The values assigned to the coordinates of « m_p® » and « m_p1 » establish a reference point
to carry out the exercise, so they can be adjusted as desired because they will not generate

changes in the final result of the tool we are developing.

Once the values are initialized, we can continue with the process of painting each vector
as "Gizmos" in the Scene view. As mentioned earlier, it will be necessary to use the
« Handles.FreeMoveHandle » function because it returns a new position based on the
user's interaction with the respective handler (the colored point that appears in the scene).
However, to avoid repetitive code, we will implement a new method in our program that

will handle the process.
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void SceneGUI(SceneView view)

{
Handles.color = Color.red;
Vector3 pO = SetMovePoint(m_p@);
Handles.color = Color.green;
Vector3 pl = SetMovePoint(m_pl);
Handles.color = Color.white;
Vector3 ¢ = SetMovePoint(m_c);

Vector3 SetMovePoint(Vector3 pos)
{

float size = HandleUtility.GetHandleSize(Vector3.zero) * 0.15f;
return Handles.FreeMoveHandle(pos, Quaternion.identity,
size, Vector3.zero, Handles.SphereHandleCap);

The « SetMovePoint » method (line of code 54) takes an initial position as an argument
and returns to a new position based on the user’s interaction with the colored point
displayed in the Scene view. If we examine lines of code 47, 49 and 51, we will notice that
three new vectors « p@ », « p1 » and « ¢ », have been declared and initialized using the

method mentioned earlier.

If we return to Unity and try to move the points by clicking and dragging, we will notice
that none of them change position. This mainly happens because we have not returned
the return values of their global counterparts. Now, considering an "optimization" aspect,
we will only carry out the process when there is a difference between the global vectors
and those declared within the « SceneGUI » method. Therefore, it will be essential to use
a conditional statement to determine if there is a difference between them, and we will

assign the new values only when necessary.
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void SceneGUI(SceneView view)

{
Handles.color = Color.red;
Vector3 pO = SetMovePoint(m_p@);
Handles.color = Color.green;
Vector3 pl = SetMovePoint(m_pl);
Handles.color = Color.white;
Vector3 ¢ = SetMovePoint(m_c);

if (m_pO !'= p0 || m_pl !'=p1 || m_c !=c)
{

m_p0® = po;
m_pl = pl;
m_c = c;

Repaint();

If we look at the code line 53, we will see that the vectors « m_p® », « m_p1 », and « m_c »
are updated when their values differ from their respective vectors. In the same process,
the « Repaint » method is invoked (line 59), which updates the values of each vector in

the Dot Product window after interacting with them.

Considering the « SerializedProperty » type properties, which are representations of
serialized fields or properties in the Inspector window, in order for the current value of
each vector « p@ », « p1 », and « ¢ » to be displayed in the Dot Product window, we must
use the « FindProperty » function, which takes a « string » path as an argument and

returns a « SerializedProperty » object.

26



private void OnEnable()
{
if (m_pO® == Vector3.zero &k m_pl == Vector3.zero)
{
{
m_p@ = new Vector3(0.0f, 1.0f, 0.0f);
m_pl = new Vector3(0.5f, 0.5f, 0.0f);
m_c = Vector3.zero;

obj = new SerializedObject(this);
propP@ = obj.FindProperty("m_p08");
propPl = obj.FindProperty("m_p1");
propC = obj.FindProperty("m_c");

SceneView.duringSceneGui += SceneGUI;

Now, we only need to display these properties in the Dot Product window. To do so, it will

be necessary to go to the « OnGUI » method and consider at least three factors:

Call the « SerializedObject.Update » method to update the representation of
serialized objects.

Create a field in the Dot Product window for each property. This can be achieved
using « EditorGUILayout.PropertyField » function.

Update the Scene view when there are value changes in the properties we are
displaying. This can be achieved through

« SerializedObject.ApplyModifiedProperties » function.
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private void OnGUI()

{
obj.Update();

DrawBlockGUI("pB", propP0);
DrawBlockGUI("pl", propPl);
DrawBlockGUI("c", propC);

if (obj.ApplyModifiedProperties())
{
SceneView.RepaintAll();

void DrawBlockGUI(string lab, SerializedProperty prop)
{

EditorGUILayout.BeginHorizontal("box");
EditorGUILayout.LabelField(lab, GUILayout.Width(50));
EditorGUILayout.PropertyField(prop, GUIContent.none);
EditorGUILayout.EndHorizontal();

Note that between lines of code 58 to 64, a new method called « DrawBlockGUI » has been
added, which has two arguments: a « string » text type and a « SerializedProperty »
property. Its function implements a structure that helps organize the properties being
displayed in the Dot Product window. The reason for this function is purely for "optimization"
once again, as otherwise, we would have repetitive code using the same internal structure

for each property in the « OnGUI » method.
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If we go back to Unity and select our tool, we will be able to modify the values of each

vector directly from its respective property.

Dot Product

(1.2.d)
The vectors can be modified either by interacting with them through the Handler or from

the Dot Product window.

Up to this point, we have focused our efforts on creating graphics for our vectors. However,
the purpose of all the aforementioned is to improve our understanding of the behavior
of the Dot Product of two vectors. Therefore, we will continue to implement the method

mentioned in Figure 1.1.k from the previous section.

float DotProduct(Vector3 p@, Vector3 pl, Vector3 c)
{

Vector3 a = (p@ - c).normalized;

Vector3 b (p1l - c).normalized;

return (a.x * b.x) + (a.y * b.y) + (a.z * b.z);
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Considering that the return value of the « DotProduct » method should be displayed
somewhere in our tool, it would be ideal to display a text in the Scene window that shows
the real-time result of the Dot Product between « 4 » and « B ». For this reason, we will
add a new global variable of type « 6UIStyle » and modify its font size, font type, and

color in the « OnEnable » method to obtain a text with a stronger graphical presence.

private GUIStyle guiStyle = new GUIStyle();

[MenuItem("Tools/Dot Product")]
public static void ShowWindow()

private void OnEnable()
{
if (m_pO® == Vector3.zero & m_pl == Vector3.zero)
{
m_p@ = new Vector3(0.0f, 1.0f, 0.0f);
m_pl = new Vector3(0.5f, 0.5f, 0.0f);
m_c = Vector3.zero;

obj = new SerializedObject(this);
propP@ = obj.FindProperty("m_p08");
propPl = obj.FindProperty("m_p1");
propC = obj.FindProperty("m_c");

guiStyle.fontSize = 25;

guiStyle.fontStyle = FontStyle.Bold;
guiStyle.normal.textColor = Color.white;

SceneView.duringSceneGui += SceneGUI;
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From the previous example, in line 15, a new variable of type « GUIStyle » called
« guiStyle » has been declared in our code. This serves the purpose of "styling" the text
that we will display in the Scene view. Then, the values mentioned earlier in lines 38, 39,

and 40 have been modified.

We will now continue by declaring and implementing a new method that we will call
« DrawLabel ». As the name suggests, it will be responsible for drawing both the resulting

value of the Dot Product and the lines that connect each vector in the Scene view.

void DrawlLabel(Vector3 pO, Vector3 pl, Vector3 c)

{
Handles.Label(c, DotProduct(p®, pl, c).ToString("F1"), guiStyle);
Handles.color = Color.black;

Handles.DrawAAPolyLine(3f, p@, c);
Handles.DrawAAPolyLine(3f, pl, c);

We can easily deduce that the arguments of the « DrawLabel » method (line 105) correspond
to the points or vectors that have been previously declared in the « SceneGUI » method.

In line 107, you will find the « Handles. Label » function, which creates a text considering:

A spatial position.
A name for the text.

A style.

Notice that the « DotProduct » method has been used to define the name of the text; it
returns a floating-point number, meaning decimal places. For this reason, the « ToString »
function has been used to change its format, and « F1 » to display only one decimal. The
« Handles.DrawAAPolyLine » function is responsible for generating stylized graphical

lines (anti-aliasing) at the points defined in its arguments.

31



Having completed the process, we should include the « DrawLabel » method at the end
of « SceneGUI » and pass the vectors « p@ », « p1 », and « ¢ » as arguments. If we return
to Unity, we can observe how the value of the "Label" changes based to the position of

«m_pB » and « m_p1 » relative to « m_c ».

void SceneGUI(SceneView view)

{
Handles.color = Color.red;
Vector3 p0 = SetMovePoint(m_p0@);
Handles.color = Color.green;
Vector3 pl = SetMovePoint(m_p1);
Handles.color = Color.white;
Vector3 ¢ = SetMovePoint(m_c);

if (m_p® !'= pO || wm_pl !'=p1 || m_c !=¢c) .

DrawLabel(p®, pl, c);

Dot Product

(1.2.e)
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As mentioned earlier, the normalized Dot Product return a real number in a range from
-1f to 1f with respect to a reference point. If we return to Unity and modify the position

of the vectors in the Scene view, we will notice that:

©) Regardless of the position of « ¢ », the return value will be 1f if « p@ » and « p1 »
are in the same direction.
Similarly, the return value will be -1f if « p@ » and « p1 » are in the opposite direction.

©
©) The return value will be "zero" If « p0 » and « p1 » are perpendicular.

The functionality of our tool is ready up to this point; however, we will add a surface, a
line parallel to vector « ¢ » as a "feature" that will help us to visualize the difference in
position between « p@ » and « p1 ». To carry out this process, we will once again use the
« Handles.DrawAAPolyLine » function, which, as we already know, requires two vectors

to generate graphics.

Dot Product

(1.2.f)
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As we can see in the previous Figure, a new vector has been referenced to the left side of
vector « ¢ » (white point), creating a right triangle. To determine a new position, we must
consider:

The direction between « p@ » and « ¢ ».

The arctangent of the opposite side divided by the adjacent side.

The rotation of the resulting angle.

To achieve this, it will be necessary to apply the following equation:
R=C+ HP
(1.2.9)
From the Figure 1.2.g, « C » refers to the vector we defined as the central point, « H »
corresponds to the Quaternion rotation of the angle resulting from calculating the arctangent
of the direction of the vector « p@ - ¢ ». Finally, « P » is a vector with a magnitude equal

to the distance between « € » and the new vector « R ».

Considering that a new vector would generate a right-angled triangle if it is to the right or

left of « € », we could use the following trigonometric relationship to determine its angle:

oc
0 = atan—
ac

(1.2.h)
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But how would we do this? To achieve this, we will return to our code and add a new

method called « WorldRotation »,

121 Vector3 WorldRotation (Vector3 p, Vector3 c, Vector3 pos)
122 {

123 return Vector3.zero;
124
125

At the moment, our method does not perform any operations. However, if we pay attention

to its arguments, we will notice that it has three vectors; three input positions.

Since the arctangent requires the opposite and adjacent side, the first operation we need

to perform within the method is to calculate the direction between « P » and « C ».

121 Vector3 WorldRotation (Vector3 p, Vector3 c, Vector3 pos)
122 {

123 Vector2 dir = (p - c).normalized;
124

125 return Vector3.zero;

126

Next, we would need to calculate the arctangent as shown in Figure 1.2.h. To do this, we
can use the static method « Atan2 », which returns the angle in radians. It's worth noting

that we will need to use the « Mathf.Rad2Deg » function to convert the result to degrees.
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Vector3 WorldRotation (Vector3 p, Vector3 c, Vector3 pos)
{

Vector2 dir = (p - c).normalized;

float ang = Mathf.Atan2(dir.y, dir.x) * Mathf.Rad2Deg;

return Vector3.zero;

Finally, we need to convert the angle from degrees to rotation. To do this, it's necessary to

understand the nature of the « Quaternions ».

The Quaternions were discovered by William Rowan Hamilton in 1843. These are used to
represent rotations, and in fact, the « Rotation » property in Unity (found in the Transform

component) corresponds to this data type.

Continuing with the operation, we simply need to transform the angle obtained previously
into a Quaternion. For this, we can use the « AngleAxis » function, which generates a
rotation based on an axis. Considering that our 3D tool is designed within a two-dimensional

plane, we will use the « Z » axis for its rotation.

121 Vector3 WorldRotation (Vector3 p, Vector3 c, Vector3 pos)
122 {
123 Vector2 dir = (p - c).normalized;

float ang = Mathf.Atan2(dir.y, dir.x) * Mathf.Rad2Deg;
Quaternion rot = Quaternion.AngleAxis(ang, Vector3.forward);

return ¢ + rot * pos;
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As we can see in line 127 of the code, we have applied the equation detailed in Figure 1.2.g.
The only thing left to do is to generate two new vectors, one to the right and the other to
the left of « € » and add them to the « DrawLabel » method so that they can be visually

appreciated in the Scene view.

void DrawLabel(Vector3 pO, Vector3 pl, Vector3 c)

{
Handles.Label(c, DotProduct(p®, pl, c).ToString("F1"), guiStyle);
Handles.color = Color.black;

Vector3 cLef = WorldRotation(p®, c, new Vector3(0f, 1f, 0f));
Vector3 cRig = WorldRotation(p®, c, new Vector3(0f, -1f, 0f));

Handles.DrawAAPolyLine(3f, p0 , c);
Handles.DrawAAPolyLine(3f, p0@, c);
Handles.DrawAAPolyLine (3f, c, clLef);
Handles.DrawAAPolyLine(3f, ¢, cRig);

From the previous example, if we pay attention to lines 112 and 113, we can observe that
two vectors « cLef » and « cRig » have been declared and initialized. These vectors create

a displacement of one unit in the « Y » coordinate.

To conclude the exercise, these vectors has been used by the « Handles.DrawAAPolyLine »

function on lines 117 and 118, generating two graphic lines that simulate a "surface."
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Dot Product

PO X O Y 1

p1 X 0698 Yy 0.792

C X 0555 y 0.140

(1.2.0)

If we return to Unity, we can observe that « cLef » and « cRig » maintain a 90° position

relative to the line formed by « p8 » and « ¢ ».
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Chapter 2.

Cross Product.




2.1. Introduction to the function.

We will continue our adventure by discussing a fundamental concept in programming: the
Cross Product, also known as the Vector Product. Unlike the Dot Product, this operation

yields a three-dimensional vector and is widely used in various applications.
Let's pay attention to the following formula to understand its definition:

PxQ= (Psz - PzerPzQx - PxerPny_ Pny)

(2.1.a)

It is important to note that it is quite common to confuse the symbol « x » with the
multiplication one when we are getting familiar with vector mathematics. However, it's
crucial to keep in mind that this symbol specifically refers to the Cross Product and not
the multiplication operation.
Since the Cross Product returns a three-dimensional vector, we can infer that the operations

within the parentheses in Figure 2.1.a corresponds to the components of the new vector.

In other words,

(P X Q)x = (Psz - PzQy)
(P X Q)y = (PzQx - PxQz)
(P X Q)z = (Pny - Pny)

(2.1.b)
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To better understand the concept, let's proceed with the following exercise: We will define

two vectors, « A » and « B », which will have the following components:

A=(0,1,0)
B =(1,0,0)
(2.1.0)

Using the formula presented in Figure 2.1.a, we can define a third vector, « C », which will

be the result of the Cross Product between the aforementioned vectors.

C=(A,B,— A,B,A,B,— AB,AB,—A,B,)

(2.1.d)

If we substitute the given components from Figure 2.1.c, we obtain:

C=(1+0—0%0,0x1—0%0,0x0—1%+1)

(2.1.e)

Therefore,

C=(0-0,0-00-1)
C=(0,0,-1)

(2.1.)

41



The resulting vector « € » has the particularity that it is perpendicular to the original
vectors. Furthermore, its magnitude is related to the area of the parallelogram generated
by the two vectors « A » and « B ». It's worth noting that its direction can be determined
using the "right-hand rule," which states that by extending your right hand with your
fingers in a specific position, your thumb will point in the direction or axis of the resulting

vector's rotation.

What can we use this operation for? In various application, such as calculating the normal
vector of a vertex or surface, or even determining whether a polygon is concave or convex
based on the direction of the resulting vector. This is especially useful in triangulations

and other geometry problems.

axb Qxp

(2.1.9)
It is worth mentioning that the Cross Product can be expressed in different ways, either as

a vector quantity, as we saw earlier in Figure 2.1.a, or through a linear transformation. For

instance, we could declare three scalar values to obtain the equations shown in Figure 2.1.b.
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vector3 CrossProduct (Vector3 p, Vector3 q)
{

float x

float y

float z

return new Vector3(x, y, z);

(2.1.h)

If we observe the Figure 2.1.h, we will notice that within the « CrossProduct » method,
three scalar variables « x », « y », and « z » have been declared, each containing a part of
the equation. How could we express the same operation as a linear transformation?

Let's focus on the following formula,

0 -0, Q][P,
Q XP= Qz 0 _Qx Py
_Qy Qx 0 Pz

(2.1.)
The definition presented in the previous Figure may seem complex, but its implementation in
the C# programming language is actually quite straightforward. We just need to remember

that the Cross Product is expressed using a tree-dimensional matrix of « @ » operating

on« P ».
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vector3 CrossProduct (Vector3 p, Vector3 q)
1

Matrix4x4 m = new Matrix4x4();

m[e, ] = o;
m[O,
m[o,

m[1,
m[1,
m[1,

m[2,
m[2,
m[2,

return m * p;

2.14)

It is important to highlight that in the « CrossProduct » method presented in the previous
Figure, a new four-by-four-dimensional matrix called « m » has been defined. This matrix
stores each dimension of « Q » in the same order as it appears in the equation of Figure 2.1.j.
One factor to consider is the direction of the Cross Product, which will be determined in
relation to the orientation of its vectors. For example, the linear transformation presented

in Figure 2.1.j returns the following vector,
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(2.1.k)

However, if we flip the matrix values, the Cross Product will be negated, pointing in the

opposite direction.

(2.1.1)

2.2, Developing a tool in Unity.

Continuing with the purpose of this book, we will create a tool in Unity that will help us
better understand the nature of the Cross Product. To achieve this, we will repeat part of the
process detailed in the previous chapter, where we used the « UnityEditor » dependency

and extended our script from « EditorWindow ». Why are we doing this? Mainly,

© It will be a visual tool.

© We will only need one instance of the tool.
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To get started, we will create a new script in our project and name it « CrossProductEditor ».
It is important to remember that for it to work correctly, we must store our controller within
an Editor-type folder. For ease of use, it is suggested to use the same folder created in

the previous chapter.

V @ Assets

V @ Jettelly Visualizing Equations
v @@ Editor
# DotProductEditor

‘ B CrossProductEditor ‘

(2.2.3)

The first action we will take in out script is to add a static method that we will use to display

a popup window in Unity.

using UnityEngine;
using UnityEditor;

public class CrossProductEditor : EditorWindow

{
[MenuItem("Tools/Cross Product")]
public static void ShowWindow()

{

1
2
5
4
5
6
7
8
®

GetWindow(typeof(CrossProductEditor), true, "Cross Product");
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As seen in the previous example, we have once again used the « GetWindow » function,
which returns a tool window instance. For this instance, we have used "Cross Product" for
illustration purposes. Upon returning to Unity, you can see that a new window has been

added to the "Tools" menu. However, this window does not execute any function for now.

File Edit Assets GameObject Component Window Help

Hierarchy

Dot Product

B

Cross Product

(2.2.b)

As we already know, the Cross Product yields a new three-dimensional vector based on the
position of two input vectors, which are also three-dimensional. Therefore, we will proceed

to declare the necessary variables for the exercise as follows:
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public class CrossProductEditor : EditorWindow
{

public Vector3 m_p;

public Vector3 m_q;

public Vector3 m_pxq;

private SerializedObject obj;
private SerializedProperty propP;
private SerializedProperty propQ;
private SerializedProperty propPXQ;

[MenuItem("Tools/Cross Product")]
public static void ShowWindow() ..

We can observe in lines of code 6, 7, and 8 that three three-dimensional vectors have
been defined: « m_p », « m_g », and « m_pxq ». Additionally, three properties of type
« SerializedProperty » have been declared, one for each vector. It is important to note
that initializing the values of the vectors and properties, as well as updating the Scene
view based on the new values of each vector, is necessary. To carry out these tasks, we will

include the following methods in our script.

« OnEnable ».
« OnDisable ».

« 0OnGUI ».
As we saw in the previous chapter, these functions are included within the « MonoBehaviour »

class; therefore, depending on the code editor you are using, they will be easily identified

by IntelliSense.
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[MenuItem("Tools/Cross Product")]
public static void ShowWindow() ..

private void OnEnable()

{

private void OnDisable()

{

private void OnGUI()

We will use at least two methods that have been previously employed during the

development of "Dot Product" window tool. These methods correspond to:

« SceneGUI », which we used to Update/display tool changes in the Scene view.

And the « DrawBlockGUI » method, which is responsible for drawing values in the GUI.

This approach leads us to face a problem: Repeated code! Since both the « CrossProductEditor »
and « DotProductEditor » scripts are going to use the same methods, it would be ideal to
implement them in separate classes for more efficient access. To achieve this, let's go to our
Unity project and create two new scripts. The first on will be called « CommonEditor », and
we will place it inside our Editor folder. It will be essential to ensure that « UnityEditor »
is included in it and that it extends it from the « EditorWindow » class. Why? because
our current tool will also extend from the latter, and we will require access to the built-in

functions for its development.
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using UnityEngine;
using UnityEditor;

public class CommonEditor : EditorWindow
{
public virtual void DrawBlockGUI(string lab, SerializedProperty prop)
{
EditorGUILayout.BeginHorizontal("bo H
EditorGUILayout.LabelField(lab, GUILayout.Width(50));
EditorGUILayout.PropertyField(prop, GUIContent.none);
EditorGUILayout.EndHorizontal();

1
2
5]
4
5
6
7
8
9

By observing line 6 of the code, we can note that the « DrawBlockGUI » method has
been declared and used in developing the Dot Product tool. It has been also marked as

« virtual », which implies that it can be overwritten when required.

The second script will be an interface called « IUpdateSceneGUI », which will be responsible
for implementing the « SceneGUI » method. Why an interface? Because of its abstract nature,
meaning this method does not require a specific algorithm within its scope. However, it will

be necessary in several tools we develop of the « EditorWindow » type.

using UnityEditor;

public interface IUpdateSceneGUI

{

void SceneGUI(SceneView view);
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Next, we can simply extend our current tool from « CommonEditor » and include the «

IUpdateSceneGUI » interface as shown in the following example:

public class CrossProductEditor : CommonEditor, IUpdateSceneGUI
{

public Vector3 m_p;

public Vector3 m_q;

public Vector3 m_pxq;

private SerializedObject obj;
private SerializedProperty propP;
private SerializedProperty propQ;
private SerializedProperty propPXQ;

[MenuItem("Tools/ Cross Product")]
public static void ShowWindow() ..

private void OnEnable()
{

SceneView.duringSceneGui += SceneGUI;

private void OnDisable()
{

SceneView.duringSceneGui -= SceneGUI;
private void OnGUI() ..
public void SceneBUI(SceneView view)

{

throw new System.NotImplementedException();




Observing line 38 of the code, we will notice that C# has included the
« NotImplementedException » class from « System » to indicate that the « SceneGUI »
method has not been developed. To avoid conflicts in the tool creation, it will be necessary
to remove or comment out this line of code. Otherwise, Unity may throw a compilation

exception.

Then, we will initialize the serialized properties in the « OnEnable » method. Additionally,
we will declare a new method called « SetDefaultValues », which we will use to assign

default values to the « m_p » an « m_gq » vectors.

private void SetDefaultValues()

new Vector3(0.0f, 1.0f, 0.0f);
new Vector3(1.0f, 0.0f, 0.0f);

private void OnEnable()
{
if (m_p == Vector3.zero &% m_q == Vector3.zero)
{
SetDefaultValues();

obj = new SerializedObject(this);
propP = obj.FindProperty("m_p");
propQ = obj.FindProperty("m_g");
propPXQ = obj.FindProperty("m_pxq");

SceneView.duringSceneGui += SceneGUI;
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Unlike the tool developed in the previous chapter, this time we will include a button in
the Cross Product window, which we will use to reset the vectors and their values to their
default state. This process will be carried out solely for the purpose of enhancing our

comprehension of the Cross Product operation.

47 private void OnGUI()

48 {

49 obj.Update();

50

51 DrawBlockGUI("P", propP);

52 DrawBlockGUI("Q", propQ);

53 DrawBlockGUI("PXQ", propPXQ);

54

55 if (obj.ApplyModifiedProperties())
56 {

57 SceneView.RepaintAl1l();

58

59

60 if (GUILayout.Button("Reset Values"))
61 {

1y SetDefaultValues();

63

64

From the previous example, it isimportant to remember that the « DrawBlockGUI » method
(line of code 51 to 53) is currently implemented in the « CommonEditor » script. Therefore,
we can make use of it through inheritance. As shown in line of code 60 to 63, a condition
has been added that calls the « GUILayout.Button » function. This function returns true

or false depending on whether the button has been pressed in the "Cross Product" window.
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File Edit Assets GameObject Component Tools Window Help

‘= Hierarchy Dot Product

:
T

Cross Product

Reset Values

(2.2.0)

Up to this point, we have configured the Cross Product window and its main functionality.
Next, we will proceed to draw the tool in the Scene window. However, before continuing
with the process, it will be necessary to declare a global variable of type « GUIStyle »

which we will use to style the text in the tool.
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private GUIStyle guiStyle = new GUIStyle();

[MenuItem("Tools/ Cross Product")]
public static void ShowWindow() ..

private void SetDefaultValues() ..

private void OnEnable()
{
if (m_p == Vector3.zero & m_g == Vector3.zero)
{
SetDefaultValues();

obj = new SerializedObject(this);
propP = obj.FindProperty("m_p");
propQ = obj.FindProperty("m_q");
propPXQ = obj.FindProperty("m_pxqg");

guiStyle.fontSize = 25;
guiStyle.fontStyle = FontStyle.Bold;

guiStyle.normal.textColor = Color.white;

SceneView.duringSceneGui += SceneGUI;

In line 15, a new variable called « guiStyle » has been declared. Just like in the previous
chapter, its size, style, and color have been initialized in the « OnEnable » method, specifically

in lines 41 to 43.
Before proceeding with the implementation of the « SceneGUI » method, we will add three

new methods: « DrawLineGUI », « Repaint0OnGUI », and « CrossProduct ». The latter

corresponds to the method defined in the previous section, Figure 2.1.h.
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private void DrawlLineGUI(Vector3 pos, string tex, Color col)

{

Handles.color = col;
Handles.lLabel(pos, tex, guiStyle);
Handles.DrawAAPolyLine(3f, pos, Vector3.zero);

private void RepaintOnGUI()
{
Repaint();

Vector3 CrossProduct(Vector3 p, Vector3 q)
{
float x p.y * .z - p.z * Q.Y;
float y p.z * g.X - p.X * (.2;
float z p.X * 9.y - p.y * Q.X;

return new Vector3(x, vy, z);

In order to facilitate the identification of the vectors in the Scene window, it is convenient
to add text labels to them. If we analyze the internal structure of the « DrawLineGUI »

method, we can see that it mainly focuses on two actions:

It draws a text using the « Handles.Label » function.
It draws a line from the current position of the vector to the world origin (point

zero) using the « Handles.DrawAAPolyLine » function.

On the other hand, the « Repaint0OnGUI » method only contains the « Repaint » function
of « EditorWindow » in its scope. This is because we will use it in conjunction with the
« UnityEditor.Undo » function, which allows us to register "undo" operations (CTRL + Z)

in our code.
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We will continue with the « SceneGUI » method by declaring two new three-dimensional
vectors, « p » and « q », which we will use to return a new position for the « m_p » and

«m_q » vectors later on.

public void SceneGUI(SceneView view)

{

Vector3 p = Handles.PositionHandle(m_p, Quaternion.identity);

Vector3 q = Handles.PositionHandle(m_q, Quaternion.identity);

private void DrawLineGUI(Vector3 pos, string tex, Color col) ..

If we return to Unity at this point, we will see that the vectors haven appeared in the Scene
window. This is mainly due to the call of the function « Handles.PositionHandle »,
which returns a new position based on the user's interaction with the handler. However, it
is important to note that at this stage, we can only modify the position of the "Handles"
through the Cross Product window. Why? Because we have not yet assigned values of « p »

and « q » to their global counterparts.

(2.2.d)
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Next, we will carry out the following actions in the « SceneGUI » method:

We will declare and initialize a new three-dimensional vector using the
« CrossProduct » method and represent it in the Scene window as a solid blue disc.
We will verify if there have been any changes in the current vector position by
using an « if » conditional that evaluates the user's interaction with the previously
implemented « Handles ».

In case of changes, we will update the values of the vectors « m_p », « m_q », and

« m_pxq » with the new corresponding values.

public void SceneGUI(SceneView view)

{
Vector3 Handles.PositionHandle(m_p, Quaternion.identity);
Vector3 Handles.PositionHandle(m_q, Quaternion.identity);

Handles.color = Color.blue;
Vector3 pxq = CrossProduct(p, q);
Handles.DrawSolidDisc(pxq, Vector3.forward, 0.05f);

if (m_p !'=p ||l m_g !=q)

{
Undo.RecordObject(this, "Tool Move");

m_p =
m_q =
m_pxq

RepaintOnGUI();
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In the example above, it is important to highlight line 78 where the « pxq » vector is
initialized with the result of the « CrossProduct » method, which takes « p » and « q » as
arguments. Additionally, thanks to the « Undo.RecordObject » function (line 83) changes
made to the tool can be saved. If you move the handles and press CTRL + Z, the tool will

return to its previous state in the Scene window.

However, after saving the changes and returning to Unity, we will notice two issues:
The Cross Product « pxq » appears on the Scene window, but it is difficult to
understand since there is not a graphic line connecting it to the vectors « p » and « g ».
If CTRL + Z is pressed after changing the position of any of the Handles, the Cross

Product window doesn't update correctly.

To address the first problem, we will include the « DrawLineGUI » method within the field

as follows:
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public void SceneGUI(SceneView view)

{
Vector3 Handles.PositionHandle(m_p, Quaternion.identity);
Vector3 Handles.PositionHandle(m_g, Quaternion.identity);

Handles.color = Color.blue;
Vector3 pxq = CrossProduct(p, q);
Handles.DrawSolidDisc(pxq, Vector3.forward, 0.05f);

if (m_p !=p || m_q != q)

{
Undo.RecordObject(this, "Tool Move");

RepaintOnGUI();

DrawLineGUI(p, "P", Color.green);
DrawLineGUI(q, "Q", Color.red);
DrawLineGUI(pxq, "PXQ", Color.blue);

The code has been updated in lines 92 to 94. Essentially, we have added text and a line to
each vector, which is reflected in the Unity Scene window. However, we still face an issue
when undoing changes by pressing CTRL + Z. Fortunately, we can fix this by calling the

« RepaintOnGUI » method every time an "Undo/Redo" event is triggered.
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private void OnEnable()
{
if (m_p == Vector3.zero &% m_q == Vector3.zero)
{
SetDefaultValues();

obj = new SerializedObject(this);
propP = obj.FindProperty("m_p");
propQ = obj.FindProperty("m_g");
propPXQ = obj.FindProperty("m_pxq");

guiStyle.fontSize = 25;
guiStyle.fontStyle = FontStyle.Bold;
guiStyle.normal.textColor = Color.white;

SceneView.duringSceneGui += SceneGUI;
Undo.undoRedoPerformed += RepaintOnGUI;

49 private void OnDisable()

50 {

Gilt SceneView.duringSceneGui -= SceneGUI;
52 Undo.undoRedoPerformed -= RepaintOnGUI;
53

54

As you can see, the « Undo.undoRedoPerformed » function has been used in lines 46 and
52, which is triggered after undoing a change in the Scene window. If everything has been
done correctly, we should be able to observe the behavior of the Cross Product between

vectors « p » and « q » in Unity.
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Cross Product

(2.2.e)

As mentioned in Figure 2.1.j from the previous section, we can implement the Cross

Product in our code through a linear transformation. To understand the process, we will

do the following:

©) Comment out the currently implemented « CrossProduct » method in the script.

© Define a new method based on Figure 2.1.j.

62



Vector3 CrossProduct(Vector3 p, Vector3 q)
{

Matrix4x4 m = new Matrixé4x4();

0] = 0;
1]
2]

0]

1]
2]

-q.X;
0;

return m * p;

If we carefully analyze the internal structure of the new definition of the « CrossProduct »

method, we can see that a four-by-four-dimensional matrix has been created and initialized,

where each value has been assigned its respective corresponding column/row. As a result,

we obtain the same value as in the previous versions of the method.




Chapter 3.

Quaternions.




3.1. Introduction to the function.

Quaternions are fundamental objects that can be found in any development software
focused on 3D objects. Why is that? They allow us to generate vertex rotations, avoiding
the phenomenon caused by gimbal lock (also known as gimbal effect), which results in the

loss of one degree of freedom and causes unexpected behaviour in the rotation system.

To understand their definition, let's pay attention to the following formula:

q=w+xi+yj+zk

(3.1.a)

It is quite common to feel uncomfortable when attempting to interpret this type of
equation for the first time. This misgiving is precisely due to our limited understanding of

the properties of theses mathematical objects.

Since this type of mathematical object extends from the concept of complex numbers, we
can deduce that the variables « i », « j » and « k » in equation 3.1.a are related to the
canonical base vectors of three-dimensional Euclidean space. The notation for these "entities"

has been deliberately chosen to stablish a direct relationship with their corresponding axis:

i =xaxis

j =y axis

k = z axis
(3.1.b)

65



The variables « W », « X », « ¥ » and « Z » correspond to real numbers, representing a
point in space with components given by the triplet « X », « y », « Z » and associated scalar
« W ». Therefore, on one side, we have the coordinates representing the base of three-
dimensional space, while on the other side, we have the real components corresponding
to the coordinates of a vertex within that space. The objects « i », « j » and « k » are
different from the base vectors as they are imaginary numbers that obey the multiplication

rule given by,

2=j2=k®= ijk=—-1
(3.1.0)

Why are they imaginary? Basically, because they have the particularity that their square
results in -1, meaning that they exist in a mathematical world distinct from real numbers.
Now, we might ask ourselves, how can we perform the rotation of an object with multiple
vertices considering the previous explanation? To do so, we must first consider at least

three factors:
The Quaternion product.
Its conjugate.

The rotation angle.

Unlike the definition mentioned earlier in Figure 3.1.a, often a Quaternion can be represented

in the scalar-vector form.

q=s+v

(3.1.d)
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Where « s » represents the scalar value of the component « w », and « v » refers to the

vector with components « X », « ¥ » and « Z », that is, the imaginary part of the Quaternion

« g »in equation 3.1.a.

s=w
v=(xy2)=xi+yj+zk

(3.1.e)

This definition is more concise and helps simplify certain operations, such as Quaternion
multiplication. To better understand the concept, we will perform the following exercise:

We will define two quaternions, « 41 » and « g2 » as follows.

qi =511t vy
q; =Sz + v,

(3.1.f)
Subsequently, we will apply the multiplication operation between them,
q19; = Slsz - v1 " 172 + Sle + Szv]_ + 171 X ‘172
(3.1.9)
The equation presented in Figure 3.1.g may seem complex at first glance; however, there
are two important observations that we must consider immediately. First, quaternion
multiplication is not commutative, meaning that « g1 » multiplied by « g2 » is not the same

as « 2 » multiplied by « g1 ». This property helps us avoid making mistakes in the future.

Second, when examining the structure of the resulting Quaternion from the multiplication,
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we can notice that the scalar and vector parts correspond to operations we have already

performed with vectors. This allows for a relatively straightforward implementation in C#.

public static Q ScalarVector(Q q1, Q q2)
{

float sl = ql.w;

float s2 q2.w;

Vector3 vl = new Vector3 (ql.x, ql.y, ql.z);
_ . Vector3 v2 = new Vector3 (q2.x, q2.y, q2.2);
q,9,=5,5,-V,°V,+S V,+5,V +V XV,
float s = s1 * s2 - Vector3.Dot(vl, v2);
Vector3 v = sl * v2 + s2 * vl + Vector3.Cross(vl, v2);

return new Q(v.x, v.y, v.z, s);

(3.1.h)

As we can see in the « ScalarVector » method in Figure 3.1.h, two float variables « s1 » and
« 82 » has been declared to store the value of the « w » component for each Quaternion.
Subsequently, two three-dimensional vectors have been declared to store the values of

«x », «y»and « z » following the same logic presented in Figure 3.1.g.
Finally, a scalar variable named « s » and vector « v » have been declared, following the
definition presented in Figure 3.1.d. They receive the result of the operation carried out in

the Quaternion multiplication.

It is worth noting that the « Q » value type presented in Figure 3.1.h exemplifies a « struct »

type structure, which encapsulates each component « x », « y » « Z» and « w » of a Quaternion.
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Considering the imaginary numbers in the vector part of a Quaternion, we can perform its
conjugation, which implies changing the sign of all imaginary terms. As an example, we

will conjugate the equation presented in Figure 3.1.d as follows:

Which is the same as,
q=w-—xi—yj—zk
(3.1.J)

From a geometric perspective, conjugation can be understood as an operation that preserves
the scalar (or real) part of a Quaternion while generating a reflection in its vector part. It's
as if we placed a mirror perpendicular to the vector and observed its reflected image. This
property makes conjugation an operation that allows us to naturally obtain the reflection
of a particular vector. The conjugation of a Quaternion also provides us with a simple way

to obtain its absolute value, which can be expressed as follows:
lal = a~q
(3.1.k)
Which is the same to say,
lg] = yw? +x2 + y2 + 22
(3.1.1)
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There are several reasons why we need to conjugate a Quaternion. For instance, when
performing interpolation, inverting a Quaternion, or carrying out a rotation. In our case, it
will be necessary to perform conjugation when implementing the rotation of a Quaternion

representing a point in space.

Its implementation in C# looks as follows:

public Static Q Conjugate(Q q)

{
return new Q (-q.x, -q.y, -q.2, q.w);

(3.1.m)

If we pay attention to Figure 3.1.m, we will notice that the « w » component remains positive,

while each vector component becomes negative.

Given the nature of the previous explanation, we will now represent quaternions as points in
a three-dimensional space, and for that, we will once again focus on Figure 3.1.a. However,

this time we will completely ignore the real part of the Quaternion.

p = xi+yj+zk

(3.1.n)

As we can see in Figure 3.1.n, we can express a point in three-dimensional space in a more
concise and direct way by using only the imaginary components. Now, when we talk about
rotations in space, it will be essential to define an angle and axis. It's worth noting that the

rotation angle is measured in radians, while the rotation axis is defined by a unit vector in space.
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Let's pay attention to the following formula to understand the concept

q=cos(g)+sin(g)*(ux*i+uy*j+uz*k)

(3.1.0)
From the previous figure,

The « @ » symbol refers to the rotation angle.
The « u, » « Uy, » and « u, » components are the unit vectors that define the
rotation axis.

Finally, « i » « j » and « k » are the standard imaginary numbers.

Its implementation in C# can be represented as follows,

Q Create(float angle, Vector3 axis)

{
float r = Mathf.Sin(angle / 2f);
float s = Mathf.Cos(angle / 2f);
Vector3 v = Vector3.Normalize(axis) * r;

Z)+sin(zg)*( i+ u},'i+

return new Q(v.x, v.y, MOH

(3.1.p)
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Once we have the rotation Quaternion, we can apply it to a point in space. The transformation

rule is as follows:
p'=(@*p)*q
(3.1.q)
Following the Figure 3.1.q, we can easily deduce that the variable « q » corresponds to
the rotation Quaternion, while « g » refers to its conjugate. On the other hand, « p »

corresponds to the point we want to rotate. How can we visualize this? To do so, let's

perform the following exercise: We will start by placing a point or vertex « P » in space.
p=(1,0,0,)
(3.1.r)

Then, we define an angle and a rotation axis. For this example, we will use 45-degree

rotation around the « Y » axis.

0 = 45°
j=(0, 1j'0k)

(3.1.5)

Next, we define the rotation Quaternion following the equation from Figure 3.1.0 as follows,

= cOoS (E) + sin (E) * j
q= 2 2 J
(3.1.1)
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Which is the same as,

q =0.923 + 0.382j

(3.1.u)

Therefore,

q = (0.923,,0,,0.382,,0,)

(3.1v)

It's worth noting that the first operation in the above equation « cos(“z—s) » refers to the

real part of the Quaternion, i.e., the « § » component in the form « q S + v », while

the remaining terms define the vector values « v ». Later in this book, we will see in detail

its implementation in C#.

Now, we just need to rotate the initial point. To do that, we need to apply the equation

from Figure 3.1.q as follows:

p' = [(0.923,,+0.382;) * (1,,0,,0,)] * (0.923,, — 0.382;)

(3.1.w)
Which is the same to say,

p' =0.707,—0.707,

(3.1.x)
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Therefore,

p' =(0.707,, 0,,-0.707,)
(3.1.y)

From the previous figure, « p' » refers to a new position of a point rotated 45 degrees

around the « ¥ » axis in three-dimensional space.

3.2. Developing a tool in Unity.

Up to this point, we have reviewed some of the equations involved in the process of rotating
a point in space using quaternions. Now, we will proceed to develop a tool, focusing on the
different functions or operations associated with it, in order to gain a deeper understanding

of the concept mentioned earlier.

The process described in this chapter does not differ from the one explained in previous
chapters. Therefore, once again, we will make use of the « UnityEditor » dependency
and extend our script from « CommonEditor » since the latter contains the fundamental

« EditorWindow » class for creating this type of tool.
To start this process, we will create a new script in our project called « QuaternionEditor ».

It is important to remember that for it to work correctly, we must place this script in our

Editor folder, which we created earlier in our Unity project.
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Vv @@ Assets
v Jettelly Visualizing Equations
v @ Editor
# CommonEditor
# CrossProductEditor
# DotProductEditor

n QuaternionEditor

# |UpdateSceneGUI

(3.2.a)

This time, it will not only be necessary to implement the functions and methods that
enable the generation of the tool, but we will also have to create a « struct » object type
to encapsulate the various properties that a Quaternion offers. To begin development,
we will define the window that we will show from the Tools menu in Unity, which we will

conveniently call "Quaternions."



using UnityEngine;
using UnityEditor;

public class QuaternionEditor : CommonEditor, IUpdateSceneGUI
{

[MenuItem("Tools/Quaternion™)]

public static void ShowWindow()

{

1
2
5]
4
5
6
7
8
9

GetWindow(typeof(QuaternionEditor), true, "Quaternion");

public void SceneGUI(SceneView view)

{

In the previous code, if we look at the line of code number 4, we can see that the
« IUpdateSceneGUI » interface has been implemented. This is mainly because we will
use the « SceneGUI » method again to project a list of points that, together, will form a

three-dimensional cube.

We will continue by declaring a global list of vectors where we will store each cube's point

or vertex. Later, we will initialize each vertex inside the « SceneGUI » method.
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using System.Collections.Generic;
using UnityEngine;
using UnityEditor;

public class QuaternionEditor : CommonEditor, IUpdateSceneGUI
{

private List<Vector3> vertices;

O 00 N3O0 U1 NWN

[MenuItem("Tools/Quaternion™)]
public static void ShowWindow() ..

[
N o]
\%

public void SceneGUI(SceneView view)
{
vertices = new List<Vector3>
{
new Vector3(-0.5f, N5
new Vector3( 0.5f, .5F,
new Vector3( 0.5f, .5F,
new Vector3(-0.5f, 85
new Vector3(-0.5f, N5
new Vector3( 0.5f, .5F,
new Vector3( 0.5f, .5F,
new Vector3(-0.5f, 85

It will be necessary to include the « System.Collections.Generic » dependency when
working with list of type « List ». As seen in the previous code, this dependency has been
included in the line code number 1. Later, the list of vertices is declared in the line number 7.
It is important to mention that, for educational purposes, a list is being used in the current
implementation. However, for consistency, considering that no more points will be added to

the ones already defined, we could easily use a constant list of three-dimensional vectors.
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The eight vertices included in the cube have been initialized in the code lines 17 to 19.
However, it will be essential to generate gizmos for each of them in order to visually
represent them in the Scene view. We will do this by iterating each vertex within a « for »

loop and using the « Handles . SphereHandleCap » function for their visual representation.

public void SceneGUI(SceneView view)
{
vertices = new List<Vector3>
A
new Vector3(-0.5f, 0. .5f),
new Vector3( 0.5f, 0. .5f),
new Vector3( 0.5f, -0. .5),
new Vector3(-0.5f, -0. .5f),
new Vector3(-0.5f, 0. .5f),
new Vector3( 0.5f, 0. .5f),
new Vector3( 0.5f, -0. .5),
new Vector3(-0.5f, -0. .5F)

(int i = 0; i < vertices.Count; i++)

Handles.SphereHandleCap(0, vertices[i], Quaternion.identity,
0.1f, EventType.Repaint);

If we pay attention to the lines of code 29 to 32, we can see that a loop has been create
within the « SceneGUI » method, which iterates over each vertex defined in the list. It is
important to note that the second argument of the « SphereHandleCap » function, called
« Quaternion.identity », corresponds to the rotation of the vertices using quaternions.
However, in this specific case, we are returning the Quaternion identity, which means there
is no rotation. This is because later in this book we will develop our own implementation

of quaternions to rotate the cube's vertices according to a defined angle.
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If we go back to Unity at this point, we won't see any graphical representation of the cube's
points in the Scene view. This is because we are not running this process during the « OnGUI »
method call. To fix this, we simply need to subscribe to the « SceneView.duringSceneGui »
function to receive a callback. We will implement this subscription in both the « OnEnabte »

and « OnDisable » methods.

public class QuaternionEditor : CommonEditor, IUpdateSceneGUI
private List<Vector3> vertices;

[MenuItem("Tools/Quaternion™)]
public static void ShowWindow() ..

private void OnEnable()

{

SceneView.duringSceneGui += SceneGUI;

private void OnDisable()

{

SceneView.duringSceneGui -= SceneGUI;

public void SceneBUI(SceneView view) ..

From the previous code, we can see the implementation mentioned earlier in the code lines
17 and 22. If we go back to Unity, we will find our new "Quaternion" window within the

Tool menu, which projects the eight vertices of the cube.
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Quaternion

(3.2.b)

One action we can take in out tool is to draw a line between each vertex to enhance cube's
projection in the Scene view. To achieve it, we use the « Handles.DrawAAPolyLine »
function, which allows us to draw lines between points in three-dimensional space. However,
its implementation in this case presents a challenge: if we want to connect all the vertices
without repetition, it is necessary to group the different point combinations into a list
of integer values. One way to approach this process is by using a double list, where the
first group would contain the point combinations, while the second group would hold the

corresponding spatial points.



public void SceneGUI(SceneView view)
{
vertices = new List<Vector3>
{
Vector3(-0.5f, 0.5f, 0.5f),
Vector3( 0.5f, 0.5f, 0.5f),
Vector3( 0.5f, -0.5f, 0.5f),
Vector3(-0.5f, -0.5f, 0.5f),
Vector3(-0.5f, .5f, -0.5f),
Vector3( 0.5f, .5f, -0.5f),
Vector3( 0.5f, -0.5f, -0.5f),
Vector3(-0.5f, -0.5f, -0.5f)

(int i = 0; i < vertices.Count; i++)

Handles.SphereHandleCap(0, vertices[i], Quaternion.identity,
0.1f, EventType.Repaint);

int[1[] index =

{
int[] {0,
int[] {1,
int[] {2,
int[] {3,
int[] {4,
int[] {5,
int[] {6,
int[] {7,
int[] {4, 0},
int[] {5, 1},
int[]1 {6, 2},
int[] {7, 3},

7

for (int i = 0; i < index.Length; i++)

{

Handles.DrawAAPolyLine (vertices[index[i][0]], vertices[index[i]1[1]11);




If we focus on the line number 44 in the « SceneGUI » method, we can see that a constant
list of integer values has been declared and initialized. These values represent different
indices that form connections between the vertices. As mentioned earlier, the aim is to
generate a graphical representation by drawing lines that connect pairs of cube points,
thereby improving its visualization. Furthermore, in line 60, a « for » loop has been included
that iterates through the index list and uses the « DrawAAPolyLine » function to draw
the corresponding lines. Upon examining the Scene view once again, we will observe the

connections between each vertex of the cube.

Quaternion

(3.1.0)

Up to this point, we have focused on projecting points in space, mainly to visualize the shape
that we will later rotate. Now, we will put our logical thinking into practice by incorporating
all the necessary properties of a Quaternion. To do so, we will start by declaring two new

global variables:

© A floating-point value that will represent the rotation angle.

o A three-dimensional vector that will indicate the rotation axis.
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public class QuaternionEditor : CommonEditor, IUpdateSceneGUI

{

[Range(-360, 360)] public float m_angle = Of;
public Vector3 m_axis = new Vector3(0, 1, 0);

private SerializedObject obj;
private SerializedProperty propAngle;
private SerializedProperty propAxis;

private List<Vector3> vertices;

[MenuItem("Tools/Quaternion™)]
public static void ShowWindow() ..

Following the practices established in previous chapters, it is necessary to declare certain
properties of the type « SerializedProperty » to expose the variables in the tool's windows.
This data type allows us to manage « Undo » commands, edit multiple objects, and control

prefab overrides. The declaration of these properties can be seen in lines 11 and 12.

Next, we will proceed to initialize the variables in the « OnEnable » method and then expose

them in the Quaternion window using the « OnGUI » method.

private void OnEnable()

{
obj = new SerializedObject(this);
propAngle = obj.FindProperty("m_angle");

propAxis = obj.FindProperty("m_axis");

SceneView.duringSceneGui += SceneGUI;
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In the previous example, the « propAngle » and « propAxis » properties were initialized

with the values of each variable in lines 25 and 26, respectively. Now, we just need to

project these variables in our tool. Since our script is an extension of « CommonEditor »,

we will once again use the « DrawBlockGUI » method, which allows us to draw a label and

property within a horizontal layout block, as we are already familiar with.

22
23
24
25
26
27
28
29
30
51
32
33

private void OnGUI()

{

obj.Update();

DrawBlockGUI("Angle", propAngle);
DrawBlockGUI("Axis", propAxis);

if (obj.ApplyModifiedProperties())
{
SceneView.RepaintAl1l();

If we go back to Unity, we will see that the mentioned properties have been correctly

included in our tool.

Quaternion

(3.2.d)
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Up to this point, we can consider that the initial process has concluded. The cube has been
projected in the Scene window, and its vertices remain constant. Next, we will proceed to
implement the necessary equations to rotate the vertices, following the definition of a
Quaternion. For practical reasons, within the same script we are working on, we will declare a
structure called « HQuaternion » to avoid conflicts with data type « Quaternion » provided
by Unity dependencies. It is worth noting that this process can also be carried out from a

dedicated script exclusively for this task.

5> public class QuaternionEditor ..

public struct HQuaternion

{

In the previous example, if we look at line code 92, we can se that a structure « struct »
has been declared outside the scope of the « QuaternionEditor » class. So, the question
arises: Why use a structure? Primarily, it is because of its characteristics. Structures are
commonly used to define data types that are stores on the stack. This allows for faster and

more efficient manipulation of instances of this type when working with objects.

As we saw in the previous section of this chapter, quaternions consist of four dimensions
represented by the « x », « y », « 2 » and « w » components. Therefore, it is necessary
to declare these variables within the scope of the structure and also explicitly define a

constructor to initialize their values.
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public struct HQuaternion
{
private float x;
private float y;
private float z;
private float w;

public HQuaternion(float x, float y, float z, float w)
{

this.
this.
this.
this.

As we already know, to rotate a vertex using quaternions, we need to follow the equation
mentioned in Figure 3.1.q from the previous section. Therefore, we will start by defining
a rotation Quaternion following the operation detailed in Figure 3.1.0. To achieve this, we
will implement a static method called « Create » that takes a scalar value for the angle

and a three-dimensional vector for the axis as arguments.
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public struct HQuaternion
{
private float x;
private float y;
private float z;
private float w;

public HQuaternion(float x, float y, float z, float w) ..

private static HQuaternion Create(float angle, Vector3 axis)

{

float sin = Mathf.Sin(angle / 2f);
float cos = Mathf.Cos(angle / 2f);
Vector3 v = Vector3.Normalize(axis) * sin;

return new HQuaternion(v.x, v.y, v.z, cos);

If we look at the line code 113, the « Create » method returns a new rotation Quaternion in
scalar-vector form. In other words, the « v.x », « v.y » and « v.z » components correspond

to the vector part, while « cos » represent the scalar part.

Continuing with the process, it is necessary to perform the conjugation of the rotation
Quaternion, i.e., inverting its vector component. To achieve this, we will declare a new
static method called « Conjugate ». This method will be responsible for carrying out the

mentioned operation.
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107> private static HQuaternion Create(float angle, Vector3 axis) ..
115

116 private static HQuaternion Conjugate(HQuaternion q)

117 {

118 float s = q.w;

119 Vector3 v = new Vector3(-q.x, -g.y, -9.2);
120

121 return new HQuaternion(v.x, v.y, v.z, s);
122

If we pay attention to line 121, we can see that the mentioned method returns a new
« HQuaternion », following the equation presented in Figure 3.1.i from the previous section.
Now, all that's left is to perform the necessary multiplications. To achieve it, we will apply

the equation presented in Figure 3.1.q as follows,

116> private static HQuaternion Conjugate(HQuaternion q) ..

123

124 private static HQuaternion Multiplication(HQuaternion g1, HQuaternion g2)
VR {

126 float sl ql.w;

127 float s2 q2.w;

128

129 Vector3 vl = new Vector3(ql.x, ql.y, ql1.z);

130 Vector3 v2 new Vector3(g2.x, 92.y, 92.z);

131

132 float s = s1 * s2 - Vector3.Dot(vl, v2);

133 Vector3 v = sl * v2 + s2 x vl + Vector3.Cross(vl, v2);
134

135 return new HQuaternion(v.x, v.y, v.z, s);

136
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In the previous example, in line 124, we can see that a new static method called
«Multiplication » has been declared, which takes two arguments: two quaternions. Within
its scope, the operation detailed in Figure 3.1.g from the previous section is implemented,

which illustrates the multiplication of two quaternions.

Up to this point, we have defined several points in the Scene view that together form
a geometric cube. Since each point corresponds to a three-dimensional vector, it will
be necessary to declare a method that allows us to assign a new position to each point
and thus achieve the rotation effect. For this, we will declare a new static method called
« Rotate ». This one will take the position of the cube points, three rotation axes, and an
angle as arguments. Why us is the method public? Because we will use it later within the

« SceneGUI » method to rate the vertices defined for the cube.

private static HQuaternion Multiplication (HQuaternion g1, HQuaternion q2) ..

public static Vector3 Rotate (Vector3 point, Vector3 axis, float angle)
{

HQuaternion q = Create(angle, axis);

HQuaternion _q = Conjugate(q);

HQuaternion p = new HQuaternion(point.x, point.y, point.z, 0f);

HQuaternion rotatedPoint = Multiplication(q, p);
rotatedPoint = Multiplication(rotatedPoint, _q);

return new Vector3(rotatedPoint.x, rotatedPoint.y, rotatedPoint.z);

Following the equation presented in Figure 3.1.q, if we look at line number 140, we can
see that a new « HQuaternion » called « q » has been declared, which is initialized with the
result of the « Create » method. Then, in line 141, another « HQuaternion » called « _q »
is declared, which obtains the conjugate of the previously declared rotation Quaternion.

Next, in line 142, a new Quaternion representing the point to be rotated is declared.
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Finally, in line 144, a new « HQuaternion » called « rotatedPoint » is declared, which id

obtained by multiplying « g » and « p » and then multiplying it by the conjugate of « q ».

It is important to note that ne new position of a point is a three-dimensional position. For this
reason, if we look at line 142 again, we can see that the « w » component of « p » Quaternion

is initialized to Of. Similarly, the « Rotate » method returns a three-dimensional vector.

The only thing left is to apply the rotation to the vertices themselves. To do this, we need
to go to « SceneGUI » method and call the « Rotate » method for each vertex defined

in the cube.

52 public void SceneGUI(SceneView view)

B3 {

54 vertices = new List<Vector3> .. ;

65

66 float angle = m_angle * Mathf.PI / 180;
(Y)

68 for (int i = 0; i < vertices.Count; i++)
69 {

70 vertices[i] = HQuaternion.Rotate(vertices[i], m_axis, angle);
71 Handles.SphereHandleCap(0, vertices[i], Quaternion.identity,
0.1f, EventType.Repaint);

72

73

74 int[]1[] index = .. ;

89

90 for (int i = 0; i < index.Length; i++) ..
94

95

If we look at line number 70, we can see that we have used the « Rotate » method to change
the position of each vertex defined in the vector list. For logical reasons, this process is
carried out within the « for » loop, before drawing the spheres that define the graphical

position or each vertex.
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For the Rotation angle, a new variable called « angle » has been defined, which is multiplied
by P1 (3.14159265f) and divided by 180. Why is this operation performed? As we know, by
default, quaternions calculate angles in radians. Therefore, it is necessary to convert angle

from degrees to radians to apply the Quaternion rotation.

If we go back to Unity and modify the angle value, we will se that the vertices rotate

according to the orientation defined in the axes.

Quaternion

(3.2.e)
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Chapter 4.
Rotation matrices

and Euler angles.




4.1. Introduction to the function.

In the previous chapter, we reviewed quaternions when applying a rotation to a cube
composed of eight previously defined vertices. It begs the question: are there other ways
to rate vertices or points in space? Depending on the projects needs we are developing,
rotations using matrices can prove to be quite useful, specially when applied in computer

graphics or in conversions from Euler angles to quaternions.

Rotation matrices are mathematical tools that enable precise and efficient rotations in tree-
dimensional space. These matrices serve as numerical representations of transformations
that rotate an object around a point or axis in space. Now, let’s focus on the following

matrix to understand its definition.

_ (cosB —sin@
Ty = (sin 0 cos@ )

(4.1.a)

At first glance, Figure 4.1.a might seem complicated to grasp. However, when considering
its definition, we can infer that it is a two-dimensional rotation matrix. This matrix allows
for transforming the position of a point by an angle measured in radians. How is this
achieved? To answer that, we need to focus on the trigonometric function « sin » and
« cos », which, as we know, are used in mathematics to relate angles to the ratios of the

sides of a right triangle.

Considering that « @ » (theta) represents a defined angle, we can assume that by multiplying
the matrix from Figure 4.1.a by a two-dimensional point « P » located in the plane, that
point will change its position. The result of this transformation will be « P’ », which is the

designation for the point after it has been rotated.
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We will perform the following exercise to understand the concept: Let's consider a point

« P » in two-dimensional space with the following coordinates,
p=(20)
(4.1.b)

On a Cartesian plane, such a point would be located as follows,

(4.1.0)

Assuming we want to rotate point « P » 45° degrees counterclockwise from the previous
figure, it will be necessary to take into consideration both the rotation axis of the point
and the measurement system we use for the actual rotation. By default, all matrix rotations
are carried out in radians, so it will be necessary to convert the angle to radians before
applying the matrix transformation. To do this, we will pay attention to the following

transformation rule:
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(4.1.d)

Where « £ » (omega) corresponds to the angle given in degrees. For our particular case, we

will perform the transformation shown in Figure 4.1.d, considering that «  » is equal to 45°.

3.14159265f
o=

0 =45 180

(4.1.e)
Therefore,
6 =0.78539816
(4.1.f)
Once we have obtained the rotation value in degrees, we simply need to apply the value

from Figure 4.1.f directly to the matrix presented in Figure 4.1.a. For convenience, we

will only include the first three decimal places in the equation, resulting in the following:

(0) = <cos(0. 785) —sin (0. 785))

sin(0.785) cos (0.785)

(4.1.9)

95



Once we've solved for the angle, we would need to multiply the rotation matrix by the
point previously defined in Figure 4.1.b. How would we do this? It's essential to consider
that the matrix we are using as an example has two rows and two columns. Since matrices
can be multiplied when the number of columns in the first matrix is equal to the number
of rows in the second matrix, we'll need to view the vector « p » as a matrix with two rows

and one column, like this:

Considering what was mentioned earlier, we can perform the multiplication as follows:

, _ (co0s(0.785) —sin (0.785) 2
- <sin(0. 785) cos (0. 785)) : ( o)

(4.1.0)

Where « P’ » corresponds to the new point; the one obtained after multiplying the rotation
matrix « 7 » by the point « p ». So, the question arises: what would be the order of
multiplication for these two objects? Considering that we are calculating the position of a
new point on a Cartesian plane, we will need the values of the « X » and « ¥ » coordinates
of point « P ». Therefore, we will need to visualize, through variables and indices, the values
of the matrix defined earlier. This way, we can better understand the order of multiplication

in the operation we are going to perform.
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p = (‘111 a12)(x)
A1 Qz/ \Yy
(4.1.j)

If we expand the matrix product shown earlier, we will obtain the following equations for

each component:

x' = (agq *x) + (a2 *y)
Y = (az *x) + (az *y)

(4.1.k)

Which is equivalent to,

x' = (cos(0.785) * 2) + (—sin(0.785) * 0)
y' = (sin(0.785) * 2) + (cos(0.785) = 0)

(4.1.1)

When we perform the corresponding arithmetic operations, we find that the new coordinates

for point « P’ » are:

x' =1.414213562
y' =1.414213562

(4.1.m)
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If we pay attention to Figure 4.1.k, we will notice that we are performing the same operation
that we did in the first chapter of this book when we calculated the Dot Product between

two vectors, with the difference that in this case, we are applying it to different coordinates.

(2,0)

(4.1.n)

The code implementation of a rotation matrix will depend on the operation's specific needs
equality in Figure 4.1.j.

or results you want to achieve. However, you could develop it as follows to achieve the
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Vector2 RotationMatrix2D(Vector2 p, float angle)
{
float a = angle * (Mathf.PI / 180);
Matrixé4x4 m = new Matrix4x4();

m[@, 0] = Mathf.Cos(a);
m[0, 1] = -Mathf.Sin(a);
m[1, 6] = Mathf.Sin(a);
m[1, 1] = Mathf.Cos(a);

return m * p;

(4.1.0)

As you can see in the previous figure, the « RotationMatrix2D » method returns the
multiplication of a four-by-four-dimensional matrix denoted as « m » by a two-dimensional
vector « p ». The latter refers to the initial position of the point you want to rotate. It's
worth noting that in C#, there are no two-by-two-dimensional matrices. For this reason, a
four-by-four-dimensional matrix has been implemented, and only four indices have been

used to store the values in the list.

This type of matrices is commonly used in computer graphics to create interactive visual
effects through shaders. With them, you can rotate the UV coordinates of a geometric shape.
For example, the following method represents the implementation of the « Rotate » node

in degrees, included in Shader Graph.
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void Unity_Rotate_Degrees_float(float2 UV, float2 Center, float Rotation,
out float2 Out)
{
Rotation = Rotation * (3.1415926/180.0f);
UV -= Center;
float s = sin(Rotation);
float ¢ = cos(Rotation);
float2x2 rMatrix = float2x2(c, -s, s, c);
rMatrix *= 0.5;
rMatrix += 0.5;
rMatrix = rMatrix * 2 - 1;
UV.xy = mul(UV.xy, rMatrix);
UV += Center;
Out = UV;

P
5
4
5
6
7
8
®

Considering that a two-dimensional matrix contains only one rotation axis, in this case, the
« Z » axis, the question arises as to what would happen in the context of a three-dimensional
matrix. When we refer to 3D rotation matrices, we speak to matrices with three rows and
three columns. Each element in this matrix represents how the rotation around a previously

defined axis will influence each object coordinate.

Creating a 3D rotation matrix depends on the axis around which you want to perform the
rotation and the angle of rotation you intend to apply. For example, in a rotation around
the « X » axis, the rotation matrix will adopt a specific structure that will affect the « Y»
and « Z » coordinates of the object. The same logic extends to rotations around the « ¥ »

and « Z » axes.
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Let's focus our attention on the following matrices to understand this concept, especially

in relation to the rotation setup for the « Z » axis.

cosf® —sinf 0
r,() =|sin® cosO® 0
0 0 1

(4.1.p)

Rotation setup for the « X » axis:

1 0 0
r.(p)=10 cosO -—sin@
0 sin@® cos6

(4.1.q)

Rotation setup for the « Y » axis:

cosf®@ 0 sin@
r,@=| 0 1 o0
—sin@ 0 cos@

(4.1.r)
As you can see in the previous figures, the matrices have a variation in their configuration

depending on the spatial axis you want to use, which is quite practical because it allows you

to orient your object in a specific direction defined by three angles, three different values.
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(4.1.5)

From such behavior arises the question: how to achieve the rotation of an object with
three different angles? To answer this, we must delve into Euler angles, a common way to
represent orientations in three-dimensional space. Euler angles consist of a set of three

angular values used to describe a sequence of rotations. These angles are denoted as follows:

O « P » (Psi) for the « Z » axis.
© « 0 »(Theta) for the « Y » axis.
© « ¢ » (Phi) for the « X » axis.

One notable aspect is the order in which these angles are multiplied, as it directly affects the
final orientation of the object. In other words, depending on the convention we choose, we
will obtain different rotation sequences, such as « ZYX » « XYZ », « YZX », among
others. It's essential to keep in mind that Euler angles can lead to singularity problems, causing
what is known as "gimbal lock". For this reason, it is advisable to work with quaternions in

more advanced applications as they offer greater flexibility in handling rotations.
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4.2, Developing a tool in Unity.

Once again, we will delve into the creation of a tool that facilitates the visualization of
Euler angles. This way, we will better understand the phenomenon known as "gimbal lock".
To accomplish this, we will proceed to implement the matrices that were mentioned in the

previous section.

To start this unit, let's create a new script in our project named « EulerAnglesEditor » to
streamline our process. Since, once again, it's an « EditorWindow » type script, it's essential

to place it in the « Editor » folder that has been previously created in our project.

Vv @@ Assets

v Jettelly Visualizing Equations
v @@ Editor
# CommonEditor
# CrossProductEditor
# DotProductEditor
# QuaternionEditor
# RotationMatrixEditor

# |UpdateSceneGUI

(4.2.2)

Once the file is open, it will be necessary to ensure that we inherit our script from
« CommonEditor » to integrate the functionalities of « EditorWindow ». We will also
incorporate the abstract class « IUpdateSceneGUI » since we will be using the « SceneGUI »

method again.
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As we already know, it will be crucial to declare a public static method to display the
window of our tool in the Editor. For practical purposes, we will repeat part of the process

we previously implemented when creating the « ShowWindow » function in our script.

using System.Collections.Generic;
using UnityEngine;
using UnityEditor;

public class EulerAnglesEditor : CommonEditor, IUpdateSceneGUI

{
[MenuItem("Tools/Euler Angles")]
public static void ShowWindow()

{

1
2
5
4
5
6
7
8
®

GetWindow(typeof (EulerAnglesEditor), true, "Euler Angles");

public void SceneBGUI(SceneView sceneView)

{

Similarly, we will include the methods « OnEnable », « OnDisable », and « OnGUI ». In
the « OnGUI » method, we will initialize our variables so that they can be displayed in the
window we previously declared. On the other hand, in the first two methods, we will call

the « SceneGUI » method using the « SceneView.duringSceneGui » function.
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private void OnGUI()

{

private void OnEnable()

{

SceneView.duringSceneGui += SceneGUI;

private void OnDisable()

{

SceneView.duringSceneGui -= SceneGUI;

Next, we will define three new private methods that will be used in the definition of the
matrices « P », « @ » and « @ ». Following established conventions, we will use the names
« GetYaw », « GetPitch », and « GetRoll », where each of them will determine a rotation

angle for the vertices of an object in three-dimensional space.

« GetYaw » () will perform the rotation of vertices around the « Z » axis.
« GetRoll » () will perform the rotation of vertices around the « X » axis.

« GetPitch » (@) will carry out the rotation of vertices around the « Y » axis.

The task of defining the matrices could be approached in various ways, such as using
multiple lists of values. However, this time, we will opt for using the « Matrix4x4 » object
type, which is available in UnityEngine. As we already know, this object type corresponds

to a standard four-by-four matrix.
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Matrixax4 GetYaw(float angle)

{
float cosTheta = Mathf.Cos(angle);
float sinTheta = Mathf.Sin(angle);

Matrix4x4 m = new Matrix4x4();
0] = cosTheta;
1] -sinTheta;
2] 0;
0] = sinTheta;

1] cosTheta;
2]

return m;

Matrixax4 GetPitch(float angle)
{

float cosTheta Mathf.Cos(angle);
float sinTheta = Mathf.Sin(angle);

Matrix4x4 m = new Matrix4x4();

0] = cosTheta;
1] = 0;
2] -sinTheta;

0]
1] =
2]

0] = sinTheta;

1] = 0;
2] = cosTheta;

Continued on the next page




return m;

Matrix4ax4 GetRoll(float angle)
{

float cosTheta = Mathf.Cos(angle);
float sinTheta = Mathf.Sin(angle);

Matrix4x4 m = new Matrixé4x4();

0]
1]
2]

0]
1] cosTheta;
2] -sinTheta;

0;
sinTheta;

cosTheta;

return m;

As we can see in the example above, each value has been incorporated into the respective
rows and columns, following the inherent structure of each matrix. It's relevant to note
that since no angle conversion has been performed (the argument), it will be calculated in
radians by default. Therefore, later on, it will be necessary to apply the function presented

in Figure 4.1.d from the previous section to perform the rotations in radians.
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We will continue developing our tool by declaring and initializing three floating-point

values. These values will be used in the definition of the angles.

public class EulerAnglesEditor : CommonEditor, IUpdateSceneGUI
{

[Range(-180, 180)] public float m_angleX

[Range(-180, 180)] public float m_angleY

[Range(-180, 180)] public float m_angleZ

private SerializedObject obj;

private SerializedProperty propAngleX;
private SerializedProperty propAngleY;
private SerializedProperty propAngleZ;

[MenuItem("Tools/Euler Angles")]
public static void ShowWindow() ..

If we focus our attention on lines of code 7, 8, and 9, we'll notice that our floating-point
variables are limited to a range from -180 to 180 degrees. What's the reason behind this

choice? More specifically, why this range?

While this exercise could be tackled using a three-dimensional vector « Vector3 », for practical

reasons, we chose to simplify it by rotating angles within a total range of 360 degrees.
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Moving forward, we will continue with the initialization and projection phase of our variables

into the tool's window itself. We will intervene in both the « OnGUI » and « OnEnable »

methods by executing the following operation to achieve this.

36
57
38
39
40
41
42
43
44
45

private void OnGUI()

{
obj.Update();

DrawBlockGUI("X", propAngleX);
DrawBlockGUI("Y", propAngleY);
DrawBlockGUI("Z", propAngleZ);

if (obj.ApplyModifiedProperties())
{
SceneView.RepaintAll();

private void OnEnable()

{

obj = new SerializedObject(this);

propAngleX = obj.FindProperty("m_angleX");
propAngleY = obj.FindProperty("m_angleY");
propAngleZ = obj.FindProperty("m_angleZ");

SceneView.duringSceneGui += SceneGUI;

As we are already aware, the « DrawBlockGUI » method was previously defined within

the « CommonEditor » class. Its main purpose is to draw information blocks on our tool's

graphical user interface (GUI). When we return to Unity, we will see that our GUI's rotation

angles are now present.
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Euler Angles

(4.2.b)

Up to this point, the only thing left is to draw some vertices in the Scene view to visualize
the different rotations and Euler angles. We will declare three lists « List », one for each

rotation axis, namely « X¥Z ».

[Range(-180, 180)] public float m_angleX
[Range(-180, 180)] public float m_angleY
[Range(-180, 180)] public float m_angleZ

private SerializedObject obj;

private SerializedProperty propAngleX;
private SerializedProperty propAngleY;
private SerializedProperty propAngleZ;

private List<Vector3> circleX;
private List<Vector3> circleY;
private List<Vector3> circleZ;
private List<Vector3> arrow;

If we focus our attention on the example above (lines of code 16, 17, and 18), we can see the
independent declaration of lists for each axis. To illustrate this concept, we will incorporate
points that, when connected, will form polygons to visualize a circle. The purpose is to

tangibly present the dynamics of vertex rotation in a two-dimensional space in real time.

110



Each of these graphical representations will embody a rotation angle, maintaining Unity's

default orientation: « XY Z ».

Additionally, on line 19, an additional list named «arrow» has been added. This list will be
used to draw an arrow in the scene, allowing for a more precise visualization of the current

orientation of the angles.

We will continue by initializing our lists within the « SceneGUI » method. To do this, we will

include eight points (vertices) within each of our lists, considering their spatial coordinates.

58 public void SceneGUI(SceneView sceneView)

59 {

60 circleY = new List<Vector3>

61 {

62 new Vector3( 0.00f, 0f,-1.00f),

63 new Vector3( 0.71f, 0f,-0.71f),

64 new Vector3( 1.00f, 0f, 0.00f),

65 new Vector3( 0.71f, 0f, 0.71f),

66 new Vector3( 0.00f, 0f, 1.00f),

67 new Vector3(-0.71f, 0f, 0.71f),

68 new Vector3(-1.00f, 0f, 0.00f),

69 new Vector3(-0.71f, 0f,-0.71f),

70 I

71

72 float degreeY = -m_angleY * MathF.PI / 180f;

73

74 for (int 1 = 0; i < 8; i++)

75 {

76 circleY[i] = GetPitch(degreeY) * circleY[i];

77 Handles.color = Color.green;

78 Handles.SphereHandleCap(0, circleY[i], Quaternion.identity,
0.05f, EventType.Repaint);

79

80
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for (int 1 = 0; 1 < 8; i++)

{
Handles.color = Color.green;
Handles.DrawAAPolylLine(circleY[i], circleY[(i + 1) %

circleY.Countl);

As can be seen in the figure above, specifically in lines of code 62 to 69, we have incorporated
a total of eight points in the « circleY » list. This list is designed to visually represent
rotation around our tool's « ¥ » axis. Then, in the first « for » loop (lines 74 to 79), we
draw a sphere using the « SphereHandleCap » function for each point in the list. These
spheres have the ability to rotate around a reference point. This is achieved because, as
seen in line of code 76, « circleY » is defined as the multiplication of the « GetPitch »

matrix by each point in the list.

It's important to mention that the rotation we apply is done in radians. This is because
« GetPitch » takes « degreeY » as an argument, which is equal to the angle multiplied by

the result of dividing « PI » by 180f (line 72).

Within the second « for » loop (lines 81 to 85), you can see the creation of lines connecting
each point with the next based on the intersections in the previously initialized list. This
process aims to visually display the sides of the polygon that provides a visual approximation
of the circle. This procedure will help us better understand the tool. If we save the changes
and return to Unity, we will notice that the « ¥ » axis has been added to our scene.

Additionally, we can adjust its orientation by modifying the « y » property value of our tool.

112



Euler Angles

(4.2.0)

Next, we will return to our script and add the « X » axis following the same logic as outlined

earlier, which consists of:

Initializing the points that define a polygon in the list.
Iterating through each of them to draw a sphere at the position of each point.

Iterating through each point again to draw lines between them.

public void SceneGUI(SceneView sceneView)

{

circleY = new List<Vector3> .. ;

circleX = new List<Vector3>
{

v Vector3(0f, 1.00f, 0.00f) x
Vector3(0f, 0.71f,-0.71f) *
Vector3(0f, 0.00f,-1.00f) -

new Vector3(0f, 71f,-0.71f) *
new Vector3(0f,-1.00f, 0.00f)

v Vector3(0f, 71f, 0.71f) *

new Vector3(0f, 0.00f, 1.00f)
new Vector3(0f, 0.71f, 0.71f)

9f,
of,
9f,
.9F,
9f,
of,
9f,
.9F,

0.
0.
0.
0

0.
0.
0.
0

Continued on the next page
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float degreeY = -m_angleY * MathF.PI / 180f;
float degreeX = m_angleX * MathF.PI / 180f;

for (int i = 0; i < 8; i++)
{
circleY[i] = GetPitch(degreeY) * circleY[il;
Handles.color = Color.green;
Handles.SphereHandleCap(0, circleY[i], Quaternion.identity,
0.05f, EventType.Repaint);

circleX[i] = GetPitch(degreeY) * (GetRoll(degreeX) *
circlex[i]);

Handles.color = Color.red;

Handles.SphereHandleCap(0, circleX[i], Quaternion.identity,

0.05f, EventType.Repaint);

(int i = 0; 1 < 8; i++)

Handles.color = Color.green;
Handles.DrawAAPolyLine(circleY[i], circleY[(i + 1) %
circleY.Count]);

Handles.color = Color.red;
Handles.DrawAAPolyLine(circleX[i], circleX[(i + 1) %
circleX.Count]);

}

In the example above, if we pay attention to lines of code 74 to 81, we have again included
previously defined points in the « eircleX » list to generate a polygon that, in this case,
helps us visualize the rotation angle around the « X » axis. It's worth noting that each point
has been multiplied by 0.9f mainly to reduce the radius of the polygon formed by the points
as a whole. It's true that we could have declared and initialized a variable with this value to

avoid repeated code, but in this case, the exercise has been done for educational purposes.
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One factor to consider is the calculation of the Euler angle for the « X » axis. As we can

see in the line of code 93, the operation is done in two multiplications:

© First, the « GetRoll » is multiplied by each point in the list.

€ Then, the result f the operation is multiplied by the « GetPitch » matrix.

This happens due to the peculiar interaction of Euler angles. When we rotate around
the « ¥ » axis, the « X » axis also rotates as if they are linked together. The same type
of interaction occurs in relation to the « Z » axis. These particular connections create
complications when working with Euler angles because one rotation axis can lose relevance
in certain situations, leading to what we know as "gimbal lock." This effect can make it

challenging to accurately represent orientation in space.

When we return to Unity, we will notice that the « X » axis is now present in the Scene
view. Additionally, we have the ability to adjust its orientation using the « x » property

in our tool.

Euler Angles

X —(e | 88

Y ———O—— 21
Z ——— 0

(4.2.d)

115



We will continue initializing our last matrix, which corresponds to the « Z » axis. To do
this, we will once again include eight points that have been previously defined, which
will be added to the list named « circleZ ». These points will generate a new polygon

in the Scene view.

public void SceneGUI(SceneView sceneView)
circleY = new List<Vector3> .. ;
circleX = new List<Vector3> .. ;

circleZ = new List<Vector3>

{
Vector3( 0.00f, 1.00f, Of)
Vector3( 0.71f, 0.71f, 0f)
Vector3( 1.00f, 0.00f, Of)
Vector3( 0.71f,-0.71f, 0f)
Vector3( 0.00f,-1.00f, Of)
Vector3(-0.71f,-0.71f, 0f)
Vector3(-1.00f, 0.00f, Of)
Vector3(-0.71f, 0.71f, 0f)

.8f,
.8f,
.8f,
.8f,
.8f,
.8f,
.8f,
.8f,

*
*
*
*
*
*
*
*

[cNoNoNoNoNoNoNol

75

float degreeY -m_angleY * MathF.PI / 180f;
float degreeX m_angleX * MathF.PI / 180f;
float degreeZ = m_angleZ * Mathf.PI / 180f;

for (int i = 0; i < 8; i++)
{
circleY[i] = GetPitch(degreeY) * circleY[i];
Handles.color = Color.green;
Handles.SphereHandleCap(0, circleY[i], Quaternion.identity,
0.05f, EventType.Repaint);

circleX[i] = GetPitch(degreeY) * (GetRoll(degreeX) *

circlex[i]);
Handles.color = Color.red;
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Handles.SphereHandleCap(0, circleX[i], Quaternion.identity,
0.05f, EventType.Repaint);

circlez[i] = GetPitch(degreeY) * (GetRoll(degreeX) *
(GetYaw(degreez) * circlez[il));

Handles.color = Color.cyan;

Handles.SphereHandleCap(0, circlez[i], Quaternion.identity,
0.05f, EventType.Repaint);

(int 1 = 0; 1 < 8; i+)

Handles.color = Color.green;
Handles.DrawAAPolyLine(circleY[i], circleY[(i + 1) %

circleY.Countl);

Handles.color = Color.red;
Handles.DrawAAPolyLine(circleX[i], circleX[(i + 1) %
circleX.Count]);

Handles.color = Color.blue;
Handles.DrawAAPolyLine(circlez[i],
circleZ.Count]);

As we can see in the previous operation (lines 86 to 93), we have repeated the same
procedure once more, but this time, it is applied to the « Z » axis. In other words, we are
initializing each point in the « circleZ » list and then iterating through these points in

the two corresponding « for » loops.
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If we focus in line of code 110, we can notice that to calculate the third axis, at least three

multiplications are performed:

© First, we multiplied the « GetYaw » matrix by each point in the list.
€ Then, we multiplied the previous result by the « GetRoll » matrix.

© Finally, we multiplied the entire previous operation by the « GetPitch » matrix.

In this way, rotations are influenced by the rotations that precede them, creating the
characteristic behavior of Euler angles. When we return to Unity, we can observe the different
rotation axes with their respective angles and properties. In fact, if we configure the angles

numerically as « 98°, 0°, 0° » we will lose one rotation angle, leading to gimbal lock.

Euler Angles

(4.2.e)

We will proceed with the initialization of the « arrow » list, which was declared earlier. This
list consists of points that have already been defined and form the visual representation
of an « arrow ». We will use an arrow to visualize the orientation of the Euler angles. To
carry out this process, we will go to the end of the code block in the « SceneGUI » method

and add the following lines of code.
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for (int 1 = 0; i < 8; i+)

{
Handles.color = Color.green;
Handles.DrawAAPolyLine(circleY[i], circleY[(i + 1) %
circleY.Count]);

Handles.color = Color.red;
Handles.DrawAAPolyLine(circleX[i], circleX[(i + 1) %
circleX.Count]);

Handles.color = Color.blue;
Handles.DrawAAPolyLine(circlez[i], circlez[(i + 1) %
circleZ.Count]);

new List<Vector3>

Vector3( 0. 0f, 0.00f)
Vector3( 0. 0f,-0.50f)
Vector3( 0. 0f,-0.50f)
Vector3( 0. 0f,-1.00f)
Vector3(-0. 0f,-0.50f)
Vector3(-0. 0f,-0.50f)
Vector3(-0. 0f,-0.00f)

* % % X ok X %

(int i = 0; i < arrow.Count; i++)

arrow[i] = GetPitch(degreeY) * (GetRoll(degreeX) =*
(GetYaw(degreez) * arrow[il));

(int i = 0; i < arrow.Count; i++)

Handles.color = Color.white;
Handles.DrawAAPolyLine(arrow[i], arrow[(i + 1) %
arrow.Count]);




In the code above, there are three blocks that are important to focus on. The « arrow »
list has been initialized between lines 127 and 136. Each vector contained in it has been
multiplied by 0.5f to reduce the final size of the arrow representation. Then, in the « for »
loop (lines 138 to 141), we iterate through each point and perform the same process we
used for the « Z » axis of our tool. In this case, we multiply each point by « GetYaw »,
then by the result obtained from that operation multiplied by « GetRoll », and finally by
« GetPitch ». This provides us with the orientation of the Euler angles. To finish, we declare

a new loop (lines 143 to 147) to draw a line connecting each point in the list.

When we return to Unity, we will be able to observe the complete functionality of the tool

we have been developing in this chapter.

Euler Angles

X —————o0—

vy ———O0——
7 ——

(4.2.)
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Glossary.

Function: A function is a mathematical relationship that assigns each element of a set, a
domain, to an element in another set or codomain. If the relationship is one-to-one, meaning
that for each element in the domain, there exists a unique element in the codomain, the

function is bijective. It can be described by a rule that associates an input with an output.

Method: In programming, a method is a set of instructions or procedures that are applied

to an object or a class to perform a specific task.

Operation: In mathematics, an operation is an action or procedure applied to one or more

values to obtain a result. These can be arithmetic, logical, algebraic, among others.

Commutativity: In mathematics, it means that the order of an operation does not matter.

For example, it is the same tosay 1+ 2 asitistosay 2 + 1.

Summation: In mathematics, it is an operator that allows the representation of sums of

many addends, including infinites. It is expressed with the Greek letter £ sigma.

Variable: A variable is a symbol that represents a value that can change in an equation,

formula, or program. It can take different values during the code execution.

Reference System: It corresponds to a set of spatial coordinates required to determine the

position of a point in space.

Dot Product: Also known as "Scalar Product," it is a mathematical operation between two

vectors that results in a scalar value.

Cross Product: Also known as "Vector Product," it is a mathematical operation between two

vectors that results in a new vector perpendicular to the original vectors.

121



Anticommutativity: A mathematical property in which the result of an operation changes
sign when the order of the elements involved is altered. In an anticommutative operation,
performing the operation in the reverse order produces the same result but with a negative

sign. For example, given the operation a * b, it can be equal to - (b * a).

Polygon: It is a flat, closed geometric figure composed of straight line segments called sides.

Quaternions: A quaternion is a type of complex number consisting of a real part and three

imaginary numbers. It is used especially in 3D graphics and mechanics.

Rotation Matrices: These are matrices used to represent rotational transformations in three-
dimensional space. These matrices are used to change the orientation of three-dimensional

objects around a reference point, such as the origin.
Euler: Euler angles are a set of three angles that describe the three-dimensional orientation
of an object. These angles are used to specify the rotation of an object in terms of changes

inits "X," "Y," and "Z" axes.

Equation: An equation is a mathematical equality that contains one or more unknowns and

expresses a relationship between them.

Sigma: The Greek letter X sigma is used to represent a summation in mathematics. It is

placed in front of a series of terms to be added.

Vector: A vector is a mathematical entity that has magnitude, direction, and sense, usually

represented as an arrow in space.

Component of a Vector or Matrix: These are the individual values that make up a vector

or matrix, representing specific information in the corresponding mathematical structure.
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Script: In programming, a script refers to a set of instructions or commands that are executed

sequentially to perform a specific task.

GUI (Graphical User Interface): It is a visual and intuitive way to interact with a program

or application through windows, buttons, menus, etc.

Gizmo: In computer graphics, a gizmo is a graphical tool or icon used to manipulate objects

in a three-dimensional scene.

Handler: That corresponds to a function or routine used to handle specific events or actions

in a program.

Anti-Aliasing: It is a technique used in graphics and rendering to reduce the jagged effect

on diagonal edges. Its implementation enhances the visual quality of the final image.

Arctangent: It is an inverse trigonometric function that returns the angle whose tangent

is a given value.

Trigonometry: It is a branch of mathematics that studies the relationships between angles

and the sides of a triangle.

Radian: It is a unit of angle measurement used in mathematics and trigonometry, based

on the length of the arc of a circle.

Stack: In programming, a stack is a data structure that follows the Last-In-First-Out (LIFO)

principle, where the last element added is the first to be removed.

Scalar-Vector: It is a mathematical operation where a scalar (number) is multiplied by a

vector, resulting in a new vector with a different magnitude but the same direction and sense.
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Axis: In geometry and mathematics, an axis is a reference line around which rotation or

reflection occurs.

Coordinate: A coordinate is a set of values that determines the position of a point in space,

either in two-dimensional or three-dimensional space.

Scalar Value: Corresponds to a number that has magnitude but no direction, i.e., it is not

associated with a coordinate system.

Matrix: It is an ordered table of elements arranged in rows and columns, used in mathematics

and programming to represent data and perform linear operations.

IntelliSense: It is a feature present in some development environments that provides

automatic code suggestions, completing keywords, functions, and variable names as you type.

Euclidean Space: It is a geometric space where concepts of Euclidean geometry, such as

distance, angle, and properties of figures, can be applied.

Cardan: Cardan angles are three angles that describe the orientation of an object in three-

dimensional space. They are also known as Euler angles.
Conjugation: In mathematics, the conjugation of a complex number involves changing the
sign of its imaginary part. In abstract algebra, conjugation can refer to different operations

depending on the context.

Absolute Value: The absolute value of a number is its magnitude without considering the

sign, i.e., it is always a positive number.

Interpolation: Interpolation is a technique used to estimate an unknown or unsampled

value based on known data, using methods such as Lagrange polynomial or cubic spline.
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Gimbal Lock: A problem in three-dimensional representation systems that occurs when two

of the three rotation axes align, reducing the freedom of movement to two dimensions.
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