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[bookmark: _Toc58495818]Abstract
This work is a report describing functionalities and usage of the parametric curves in computer graphics. Moreover, the algorithms applied to calculate and draw Uniform Non-Rational Curves are discussed and described in more details. The examples of manipulation of the curve are documented due to using the features given by OpenGL Utility Toolkit.
[bookmark: _Toc58495819]Introduction
The aim of this assignment is to develop graphics procedures to generate Uniform Non-Rational Curves in OpenGL Utility Toolkit.  Moreover, the functionalities to facilitate the real-time manipulation of the parametric curve using a set of control points are provided by the created application.
The lecturer has provided the framework to work with the program. However, the implementations of the algorithms and programming techniques to achieve the objectives of the assignment were in the responsibility of the student.
C++ programming language was used to develop the final project in Visual Studio 2015 IDE. Additionally, the provided OpenGL Utility Toolkit library was incorporated into the program to set up utilities for generating graphics and writing and reading inputs from a user.


[bookmark: _Toc58495820]Design
The application is a console application. After starting the application, the menu is printed in the console window. User can interact with the program by providing an input to the console.
Firstly, a user is asked to input the control points for the curve. Accordingly, it is requested to enter the resolution of the curve. The higher the resolution of the curve is, the smoother it is displayed on the screen.
Secondly,  the user can choose among the options basing on the printed menu. The rendering of the curve is begun by selecting the first option. Exiting the application is made by choosing the last option. The rest of the configurations are responsible for modifying the features of the curve, like changing coordinates of the controlling points or adjusting the resolution.
Finally, if the control points and the resolution are set up, the curve can be rendered in the window. The instruction of manipulating the control points is displayed to a user. It can control the position of each control point by input from the keyboard in the real-time.
[bookmark: _Toc58495821]Implementation
[bookmark: _Toc58495822]B-Spline Curve
The designed mathematical library was implemented to the project to allow easy calculation of basic functions of computer graphics features. For example, the control points are stored in cVector class, which describes a point in 2D space.
[image: ]
Fig 1. cVector class is made of variables which can be sued to describing a point in coordinates system. 
The functions responsible for rendering graphics shapes are incorporated into the main file of the program. Namely, drawing a point, drawing a line or drawing a B-Spline curve are managed by these functions.
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Fig 2. The figure is showing functions responsible for drawing and clipping a pixel.
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Fig 3. The algorithm of Bresenham is used to draw a line. The coordinates for each pixel are established by the algorithm due to they can be displayed.
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Fig 4. The drawBSplineCurve function is responsible for rendering a B-Spline curve basing on the given control points and the resolution.

The drawing of B-Spline curve is generated by providing the control points positions and the desired resolution. Control points are required to calculate the weights, which indicate how much one point on the curve is affected by the control points. Furthermore, the resolution is a number of steps – the points on the segment of the curve, needed to be found out and to be printed. Accordingly, the smoothness of the curve is dependent on the number of calculated points belonging to the segment.
The basis functions are multiplied by four control points as follows:
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Fig 5. This is the equation for the curve where t is in the range of 0 to 1.
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Fig 6. The example of incorporating the equations into the program.
For instance, there are four control points and a resolution as follow:
P1(200, 200),
P2(350, 250),
P3(120, 80),
P4(480, 330)
resolution = 100.
The data is passed to the drawBSplineCurve function so that the calculation can proceed.
Firstly, the resolution is taken and normalised to get the value of the step, which is in range 0 to 1.



Since the step value “u” is known, it can be stored for each point on the segment of the curve, remembering that each point has a unique value between 0 and 1.
	for (int i = 0; i <= resolution; i++)
	{
		if (i == 0)
		{
			uValues->push_back(0); // The very first value is always 0
		}
		else
		{
			uValues->push_back(uValues->at(i - 1) + u);

			if (uValues->at(i) > 1)
			{
				uValues->at(i) = 1; // The very last value is always 1
			}
		}

	}
Accordingly, obtaining the weights for each step regarding the control points is required.
For each step stored in uValues:








The calculations for the given control points and the step value of 0.5 are:
First basis function







Second basis function











Third basis function









Forth basis function






The point on the segment of the curve is given by summing up the results:






The coordinates of the points are represented as integer values in the program. Hence, the values must be converted into integers.


Therefore, the point is printed at position (239, 169).
P(239, 169)
Print(P(238,169)
[image: ]
Fig 7. The created curve for the given control points and the resolution is displayed in red.
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The designed curve manipulation system is based on changing the position of the control points during program run-time. This is due to using the functions included in the OpenGL library. The used functions are:
void glutKeyboardFunc(void (*func) (unsigned char key, int x, int y)) - a keyboard call back is generated after pressing an ASCI key. 
void glutSpecialFunc(void (*func) (int key, int x, int y)) - a call back is generated after pressing a non-keyboard ASCI key.
*func – the name of the function that will process the keyboards events.
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Fig 8. Declaration and calling the functions responsible for manipulating the control points.





[image: ]
[image: ]
[image: ]
Fig 9. processNoramlKeys function implementation.
Changing a position of the control point is allowed due to using processNormalKeys function. Pressing “w” or “s” keys increment or decrements coordinates of a control point along the y-axis whereas pressing “a” or “d” adjust them along the x-axis.

[image: ]
Fig 10. processSpecialKeys implementation.
Moreover, the currently setting control point can be swapped to another one by a user after pressing the left arrow or right arrow keys.
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Fig 11. The instruction of the curve manipulation is displayed in the console window hen the program is started.
[image: ] [image: ]
Fig 12. The currently manipulated control point is highlighted in the form of a blue square. These screenshots are showing a swapping process between the control points.
[image: ]
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Fig 13. If the control point is moved by pressing “a”, “s”, “w” or “d” a user is informed about the results of the changes. The data regarding currently manipulated control point - its name and new coordinates - are printed in the console window.
[bookmark: _Toc58495824]Conclusion
The ability of the program to draw a Uniform Non-Rational Curve and the manipulation of its control points have been demonstrated. Furthermore, due to conducted research and studies, the knowledge about parametric curves, their characteristics and usage in computer graphics have been obtained.  Nevertheless, the created design is limited to only four control points and a single curve segment.
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[bookmark: _Toc58495827]ReadMe Bartosz Galantowicz
The ReadMe Bartosz Galantowicz.txt document provides the most important function and instructions on how to use the program.
===============================================================================================
    Parametric Curves - ASSIGNMENT PROJECT
===============================================================================================

This program uses its own designed graphics procedure to generate Uniform Non-Rational B-Spline Curves. 
The application allows for rendering of the parametric curve by providing the values of control points.
Moreover, it is possible to manipulate the control points during run time.

===============================================================================================
HOW TO USE THE PROGRAM
===============================================================================================
1. The application is opened in the console window.
2. User is asked to provide values for 4 control points, respectively for x and y coordinates.
3. User is asked to enter the resolution of the curve. Large values make a curve more smooth.
4. The menu is displayed. User can choose one of these operations:
	- Chose 1 to start the simulation.
	- Chose 2 to change the coordinates of the all control points.
	- Chose 3 to change the coordinates of the one control point.
	- Chose 4 to change the resolution of the curve.
	- Chose 5 to exit the program.
5. After the simulation started the instruction of use is displayed. This help to manipulate the control points.
	User can:
	- Press page left arrow to choose the previous control point.
	- Press page right arrow to choose the next control point.
	- Press "w" to increment the value of y for the control point by 1.
	- Press "s" to decrement the value of y for the control point by 1.
	- Press "a" to decrement the value of x for the control point by 1.
	- Press "d" to increment the value of x for the control point by 1.
	- Press "e" to exit the application.

===============================================================================================
Math Library namespace
===============================================================================================

nMathLibrary.h
nMathLibrary.cpp

This is the main mathematical library. It contains vector and matrix classes and relevant mathematical functions.
It is used to solve computations in computer graphics.

cVector class:

void setVector(double xX, double yY, double zZ = 1) - Setting the values for vector

void displayVector() - Display vector to console window

int returnDistanceToPoint(cVector &p2) - Return the distance between points

void multiplicationMatrixVector(cMatrix3D & m1) - Matrix * Vertex - return product of matrix and vector multiplication

void translatePoint2D(float translateX, float translateY) - Translate point using coordinates

void translatePoint2D(cVector &v) - Translate point using vector
	
void scalePoint2D(float scaleX, float scaleY) - Scale point using coordinates (Non-uniform scaling)

void scalePoint2D(cVector &v) - Scale point using vector (Non-uniform scaling)

void scaleUniformPoint2D(float factor) -  Scale point using factor (Uniform scaling)

void rotatePoint2DAboutZ(double degrees) - Rotate point about z axis

void rotatePoint2DAboutX(double degrees) - Rotate point about x axis
	
void rotatePoint2DAboutY(double degrees) - Rotate point about y axis


cMatrix class:

void setMatrixEntry(size_t row, size_t column, double value) - Setting the specific entry for the given matrix

void createIdentityMatrix() - Identity matrix - return identity matrix

void multiplicationMatrixMatrix(cMatrix3D & m2) - Matrix * matrix - return product of matrix and matrix multiplication

void displayMatrix() - Display matrix in the console window


Lookup Tables functions:

void fillLookupTables() - Filling lookup tables - the function is called at the beginning of the program in GraphicsTemplate.cpp file

double getSin(double degrees) - Return sinus of x degrees

double getCos(double degrees) - Return cosinus of x degrees
	
double getTan(double degrees) - Return tangent of x degrees

void displayLookupTable() - Draft function using to display the lookup tables


Conversion functions:

double toRadians(double degrees) - Convert degrees to radians

double toDegrees(double radians) - Convert radians to degrees



===============================================================================================
GraphicsTemplate
===============================================================================================

This is the main application source file. It is responsible for performing the simulation of the prototype mechanics.
Some new functions are described below.

void displayMenu() - Display menu

void choseMenuOptions(int userChoice) - Chose menu options

void drawLine(cVector &point1, cVector &point2) - Bresenham's line drawing algorithm

void pointClipping(cVector &point) - Point clipping algorithm

void drawPixel(cVector &point) - Check if point is not clipped and draw a pixel

void drawBSplineCurve(cVector &p0, cVector &p1, cVector &p2, cVector &p3, int resolution) - Draw a B-Spline curve

int getResolution() - Return the resolution of the curve
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/ Bresenham's line drawing algorithm
0id drauLine(cVector ‘pointl, cVector ‘point2)

abs (x2
abs (y2

dy

3 if (dx < @)
{

dx = dx
¥

3 if (dy < @)
{

dy = dy

{
stepX
¥
3 else
{
stepX =
¥
g if (y1 <= y2)
{
stepY
T
4 else
{
stepY =
¥

double x1 - pointl.x;
double x2 - point2.x;
double y1 - pointl.y;

double y2 - point2.y;

/1 Determine steps for X and Y axis
int stepX, stepY - 8;
3 if (<= x2)

// Calculate dx and dy
int dx, dy - ©;

x1);
¥1);
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// Draw start pixel
drawPixel(cVector(x1, y1));

// Initialise error variable
int e - 0;

/1 Pick a Bresenham's algorithm version

if (dx >= dy)
{

/1 Basic version
e -dx /2; // Calculating error

for (int i - @; i <dx; it+)
{

x1 += stepX;

// Updating error value

// Draw a pixel
drawPixel(cVector(x1, y1)); // Using drawPixel function with

clipping method is to slow for drawing a line
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else

/1 Version with changed coordinates
e -dy / 2; // Calculating error

for (int i - @; i <dy; i++)

graphics setColour (200, 200, ©

drawPixel (cVector(x1, y1));
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553 @/ Draw B Spline Curve by taking for control points and the resolution
554 |/ The resolution is the number of points draw on the screen

555 =oid drawBSplineCurve cVector ‘pd, cVector ‘pl, cVector ‘p2, cVector ‘p3, int resolution)
556

557 /1 Draw the line connecting all control points
558 graphics setColour 200 200 0

559 drawLine (po, p1):

560 drawLine (pl, p2):

561 drawLine (p2, p3):

562

563 /1 Wormalising the resolution by finding the step value

564 double u - 1.00 / resolution;

565

566 /1 since the step value "u” is known we can adjust the weights for the given points
567 o for (float i - 0; i < resolution; ir:)

568 {

569 T if (i == 0)

570 {

571 walues push_back(©); // The very first value is always 0
572 }

513 4 else

574 {

575 walues push back walues at i 1 o

576

577 if (uvalues at i 1.

578 {

579 walues at(i) - 1; // The very lasy value is always 1
580 )

581 3

582

583 lcout << "u: * << uValues->at(i) << endl;

584 3
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586 // Calculate the weights for each step
Ss7 1 for (inti 6 i ualves sizel) i)

588

589 // Equation for the first control point

9% float x1 -~ (p0.x  ((pow(1 ~ wValues -at(i), 3)))) / 6

591 float y1 -~ (p0.y * ((pow(1 ~ wValues 'at(i), 3)))) / 6

592

593 // Equation for the second control point

594 float x2 ~ (plx * (3 * (pow(uWalues at(i), 3))) (6 2) +4) /6;

595 float y2 - (ply * (3 * (pow(uValues at(i), 3))) (6 2)+4) /6

5%

597 // Equation for the third control point

598 float x3 ~ (p2.x * (3 * (powluValues ~at(i), 3))) « (3 * pow(uWalues ‘at(i), 2)) + (3 * walues ~at(i)) « 1)) / 6
599 Float y3 -~ (p2y * (3 * (powluValues “at(i), 3))) « (3 ' pow/uWalues at(i). 2)) « (3 * ualues ‘at(i)) « 1)) /6
600

601 // Equation for the fourth control point

602 float x4 ~ (p3.x * ((pow(ualues -at(i), 3)))) / 6;

603 float y4 ~ (p3y | (pow(ualues -at(i) 3)))) /6

604

605 /7 Get the result

606 float x - X1+ x2 33+ x4;

607 float y -yl +y2 +y3 + ya;

608

609 /1 Draw the result

610 graphics setColour 25 0 0

611 drauPixel cVector x, y)) .

612 )

3 )





image8.png




image9.png
(B
1 s oai e e LB
G- 37 -6r w4 —3P 4334 A)

|
2




image10.png
// Equation for the first control point
float x1 - (p@.x * ((pow(1 ~ uValues >at(i), 3)))) /
float y1 - (p@.y * ((pow(1 - uValues >at(i), 3)))) /

KE

// Equation for the second control point
float x2 - (pL.x * ((3 * (pow(uValues -at(i), 3))) (6 * pow(uValues at(i), 2)) + 4)) / 6;
float y2 - (pl.y * ((3 * (pow(uValues -at(i). 3))) (6 * pow(uValues >at(i), 2)) + 4)) / 6:

// Equation for the third control point
float x3 - (p2.x * (3 * (pow(uValues >at(i), 3))) + (3 * pow(uValues >at(i), 2)) + (3 * uValues >at(i)) « 1)) / 6;
float y3 - (p2.y * (( 3 * (pow(uValues -at(i), 3))) + (3 * pow(uValues >at(i), 2)) + (3 * uValues >at(i)) « 1)) / 6:

// Equation for the fourth control point
float x4 - (p3.x * ((pow(uValues >at(i), 3)))) / 6;
float y4 - (p3.y * ((pow(uValues “at(i), 3)))) / 6
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30 void processNormalKeys unsigned char key int x, int y
31 void processSpecialKeys int key. int x. int y):
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101 =void update |

102 |[¢

103 glutKeyboardFunc (processNormalkeys) ; // Process input from the keyboard
108 glutSpecialFunc processSpecialKeys) ; // Process input from the keyboard
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®// This function uses glut function to read input from the keyboard
[/7 Proceed letters to set the control point
=void processNormalKeys (unsigned char key, int x, int y) (

11 Press *

if
{

}

11 Press "

if
{

(key

to exit
e

exit(0);

(key

controlPoints at activeControlPointIndex y

to increment value of y by 1
s

e

cout << "Control Point " << activeControlPointIndex << ": " << endl.

cout << "x" << activeControlPointIndex <<
cout << "y" << activeControlPointIndex <<

“ << controlPoints at activeControlPointIndex x << endl
<< controlPoints at activeControlPointIndex y << endl

if controlPoints at activeControlPointIndex y ~ SCREEN_HEIGHT

{
}

controlPoints at activeControlPointIndex y 500
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// Press "s" to decrement value of y by 1
if key - 's*)
{
controlPoints at activeControlPointIndex y
cout << "Control Point " << activeControlPointIndex << ": " << endl
cout << "x" << activeControlPointIndex << "= " << controlPoints at activeControlPointIndex x << endl
cout << "y" << activeControlPointIndex << "= " << controlPoints at activeControlPointIndex y << endl
if controlPoints at activeControlPointIndex y ©
{
controlPoints at activeControlPointIndex y O
}
¥
// Press "a” to decrement value of x by 1
if (key - a’)
{

controlPoints at activeControlPointIndex x
cout << "Control Point " << activeControlPointIndex << << endl.

cout << "x" << activeControlPointIndex << "= " << controlPoints at activeControlPointIndex x << endl
cout << "y << activeControlPointIndex << "= " << controlPoints at activeControlPointIndex y << endl

if controlPoints at activeControlPointIndex x ~ ©
{
controlPoints at activeControlPointIndex x

}
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193 // Press "d" to increment value of x by 1

194 &  if (key — ‘'d*)

195 {

196 controlPoints at activeControlPointIndex x

197 cout << "Control Point " << activeControlPointIndex << ": " << endl

198 cout << "x" << activeControlPointIndex << "= " << controlPoints at activeControlPointIndex x << endl
199 cout << "y" << activeControlPointIndex << "= " << controlPoints at activeControlPointIndex y << endl
200

201 & if controlPoints at activeControlPointIndex x  SCREEN WIDTH

202 {

203 controlPoints at activeControlPointIndex x 500

204 3

05 [ )

206

207 //cout << activeControlPointIndex << endl;

208 |




image17.png
210
211
212
213
214
215
216
217
218
219
220
21
222
23
224
225
226
227
228
229
230
231
232
233

8// This function uses glut function to read input from the keyboard
[7 Proceed the special keys to choose the control point
void processSpecialkeys (int key, int x. int y)

{

9 switch (key) {
case GLUT_KEY_LEFT-

case GLUT_KEY_RIGHT -
activeControlPointIndex 1
if activeControlPointIndex ~controlPoints size = 1

activeControlPointIndex

3 if activeControlPointIndex O

} ( activeControlPointIndex ~ controlPoints size = 1
}
break;

{

activeControlPointIndex
}
break;
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#include "nMathLibrary.h"

[

“namespace mathLibrary

{
T
1/ Vector class

I 1111111 1111

1/ eVecot's constructors
7 cVector cVector (double xX - 0, double yY
{

vector 0 0
vector 1 0
vector 2 0

1

CVector cVector
{

/1 Set the vector’s position

y
z-1;
vector 0 0
vector 10
vector 210

Vector
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// Point clipping algorithm

avoid pointClipping(cVector fpoint)

{
int xMin  SCREEN WIDTH ~ SCREEN WIDTH.
int xMax  SCREEN WIDTH
int yMin  SCREEN HEIGHT ~ SCREEN_HEIGHT
int yMax  SCREEN HETGHT

2 if ((point.x > xMin 2% point.x <= xMax) &% (point.y >- yMin &% point.y <= yMax))

{
2 // Render a point
//std: :cout << "The point is rendered!" << endl;
graphics drawPixel (point x. point .y
T
1 else
{
//std: :cout << "The point is clipped!" << endl;
¥

¥

// Utility function to draw a point

=void drawPixel(cVector fpoint)

{
pointClipping (point):

I




