|ntroduction to
Graphics Programming

2005

Hyoungseok B. Kim



1: Sierpinski gasket

random P.
random V
I:)i +1 ’

V P.




Program Outline

— void main(void) {

Initialize the system();
for (some_number_of points) {

pt = generate a point( ); /l
display the point( pt); I/
}
cleanup( );
}
. ?



Geometric Objects

geometric objects

— point : vertex 1
— line segment : vertex 2
— triangle: vertex 3
— Mesh: vertex

Vertex : column vector
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vertex

triangle
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Vertex iIn OpenGL

 OpenGL vertex
glVertex[n][t][V](...);

— n: number of coordinates
*nN=2314

— t: coordinate type
e t=1 (integer), f (float), d (double), ...

— V :vector or not
°V , vector (= array) form

— gl( ):
— GL( ) .



OpenGL suffixes

suffix  datatype C-language OpenGL type

b 8-bit integer signed char GLbyte

S  16-hit integer short GLshort

| 32-bit integer Int / long GLint, GLsizel

f  32-bit floating pt. float GL float, GL clampf

d 64-bit floating pt. double GLdouble, GLclampd
ub 8-bit unsigned int unsigned char  GLubyte, GLboolean
us 16-bitunsignedint unsigned snrot  GLushort

u 32-bitunsignedint unsignedint/  GLuint, GLenum,

unsigned long

GLbitfield




Examples

« void glVertex2i(GLint xi, GLint yi);
— : glVertex2i(2, 3);

« void glVertex3f(GLfloat x, GLfloat y, GLfloat y);
— ; glVertex3f(1.5, 2.3, 3.0);

 void glVertex3dv(GLdouble v[3]);

_ : GLdoublevertex[3] ={ 1, 2, 3};
glVertex3dv(vertex);



ODbject

e geometric object

— vertex object
— gIBegin(TYPE);
glVertex*(...);
glVertex*(...);
[* */
glEnd();

— gIBegin(GL_LINEYS);
glVertex2f(x1, yl);
glVertex2f(x2, y2);

glEnd();



Sierpinski gasket

void display( void ) {
point2 vertices 3]={{0.0,0.0} ,{ 250.0,500.0} ,{500.0,0.0} } ; /* Atriangle*/
point2 p ={75.0,50.0}; [* An arbitrary initial point inside triangle */
inti, |, k;

for (k=0; k<5000; k++) {
j=rand() % 3;
p[O] = (p[Q] + vertices]j][0]) / 2.0;
p[1] = (p[1] + vertices|j][1]) / 2.0;

glBegin(GL_POINTYS);

glVertex2fv(p); old (p[O], p[1])
glEnd( );
} new (p[0], p[1])
glFlush(); /* flush buffers*/

} (verticed[j][0], verticed[j][1])

8



Some questions ...

e we still have some questions...
— Inwhat colors are we drawing ?
— where on the screen does our image appear ?
— how large will the image be ?
— how do we create the window for our image ?
— how much of our infinite 2D plane will appear ?
— how long will the image remain on the screen ?



Coordinate Systems

« world coordinate system

— o

» device coordinate system

(OpenGL )

— physical-device/ raster / screen coordinate system

— o

window

>
window . pixel

> OpenGL
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2.2 The OpenGL API



Graphics API

e OpenGL
~ Function calls _ Output X
User | ™ Graphics © = Input/Output
Program g system g devices

Data = Input
e Graphics APl = hundreds of functions + a
o function
— primitive functions ?
— atribute functions
— viewing functions
— transformation functions
— Input functions

— control functions window
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OpenGL

— C-based library (not object-oriented)

e 3 library
— GL :  graphicslibrary
« H/W primitives
— GLU : graphics utility library
« SW primitives
— GLUT : GL utility toolkit
e window system
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OpenGL

OpenGL

application

program

GLUT

GLU

“MSwindow:
. extension |

F-

F-

\ 4

S Frame buffer

(video card)

A

X window system

MS window system

#
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2.3 Primitives and Attributes



Line Primitives

— glBegin(type);
glVertex*(...);
glVertex*(...);
glEnd();
o type
P2 P2
Pie * oP: P, Py
Poe oP, pﬂ/ /94
P:® o *Ps P~ ' Ps
Pg Ps Ps Pg

GL_POINTS GL_LINES GL_LINE_STRIP GL_LINE_LOOP
16




Polygon

e polygon : an object with the border
— polygon = loop + interior

e assumption : smple, convex, and flat

— simple : edge
— CONVEX :
— flat: 3D

e flatness

convex

|ntersection

, triangle

concave

simple

e
X

(k)

nonsimple
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Polygon Primitives

Ps P2
Pie ° oPs PJ/ P
pﬂ L ] L p4 pu D p4
p,® . *P; P; Ps
Pe Ps
GL_POINTS GL POLYGON GL_QUADS GL TRIANGLES
e dirips
P, P, Py P P, Py, Py P P, P, Py P,
° ® ° °
Y AVAVAV Y A
Py P P, Ps Po Ps P, Py Po Py Py Ps

GL_POINTS GL_TRIANGLE_STRIP GL_QUAD_STRIP
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Text

o text in computer graphicsis problematic.
— 3D text text
— OpenGL : no text primitive (use window primitives)
— GLUT : minimal support
 glutBitmapCharacter(...);
« dstrokefont (= outline font) : graphics
— character = boundary

— / Computer

- / Graphics
 raster font (= bitmap font) : text-based application
— character = raster pattern
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Curved Objects

 curved object

o tessdllation
— polyline / polygon

— chap. 10

(approximation)
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Attributes

o attribute = any property that determines
how a geometric primitve isto be rendered.

e point: color, size

* line: color, thickness, type (solid, dashed, dotted)
o polygon : fill color, fill pattern

o text: height, width, font, style (bold, italic)

Computer Graphics

Computer Graphics

Computer Graphics
Cowbmnper (Lgbpics

Computer Grapkics

L ZZA $ Computer Graphe

sorydear) dandwo))

line attributes polygon attributes text attributes

puter Graphics
soryde.any Janduwo))
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2.4 Color



Light

e electromagnetic wave
— (visible light)

yellow green blue violet

red
i s

\/

infrared ultraviolet

m| crowave visible -
4 >< > > > > —> ¢ > frequency
>

| |
104 106 108 101 102  10W4 1016 108 100 (H2)
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Color

e C(I):wavelengthl

— C(l) , color
e additive color mode
— C(I)

 three-color theory

c

energy distribution

Cif)

24



Human Visual System

e cones: red, green, blue
e sensitive curve (1) : wavelength
* Dbrain perception values

A=05()C( )d 1=red green, blue

 three-color theory

_ (Ared’ Agreen’ Ablue)

A=0S(1)C()d
<

’
i ‘\It"i".
(]
i
P : #14
’f
/ and cones

Optic ne "-':""'

, color

cd)
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Color Model

e color modd

— color computer H/'W, S'\W

e color gamut
— color model

e color solid (= color cube)
— color model
— three primary color
— color gamut

RGB, CMY, YIQ, CIE, ...

color

three primary colors
3 cube
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RGB color modd

 Red, Green, Blue
— tri-stimulus theory
— 3
« RGB cube: 0~1

Blue = (0, 0, 1) Cyan =(0,1,1)

I
I
Magenta = (1,0, 1) : .
: T white =1, 1, 1)
|
Ii =
Black = (0,0, 0) ——— ™ === = - — — J Green = (0, 1, 0)
-
,f
=
Red = (1, 0, 0) Yellow = (1, 1, 0)
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CMY,CMYK color model

e hard copy
— Subtractive system

cyan, magenta, yellow
6Cu @i R ERu @l €CU
o= o Bi-a ot
eYH €l eByd eByg ef eYH
e CMYK color model : K (black)
— , Cyan + magenta + yellow = black
— dark gray
— :black(K) ink
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RGB vs. CMY

 RGB color system

additive primaries

monitor

R,G,B

graphics RGB

e CMY color system

e subtractive primiaries

e printer
—ink C/M,Y
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Direct color system

. video card
-3 , 3 frame buffer
— frame buffer , pixel  nhit
o 2N x 2" x 2" colors = 25" colors
— 3ncanbe8, 12, 24, ...
— 3n =24 : true color system

!:; Bed
rl: o (=
Eg : Grean__
T >

Blue

Al

Frame buffer
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Direct color system

e OpenGL functions
— 3n system
— color RGB cube
— red, green, blue 0.0~1.0

« void glColor*();

« void glColor3f(GLclampf red, GLclampf green,
GL clampf blue);

— GLclampf : 0.0 0.0,1.0 1.0
— see OpenGL manual
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Direct color system

RGBA color model

— RGB + A (aphachannel)

— aphachannel  opacity value : image
-A=10
void glColor4f(red, green, blue, alpha);

void glClearColor(GLclampf red, GL clampf green,
GL clampf blue, GL clampf apha);

— clear color (= background color)
void glClear(GLbitfield mask);

— mask = GL_COLOR _BUFFER BIT ,
frame buffer clear color
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|ndexed color system

e frame buffer size

o color lookup table (LUT) (= palette) e} | ot | Geen | S
— 28mbit  color 2 S B T

« frame buffer : k bit index WT

+ 2 color 2 color LUT
— e

Color Greer
lookup taple

HP Blue

Color

Frame buffer lookup Lafle
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|ndexed color system

why indexed color system ?
— Image frame buffer size
— Image file format . GIF, BMP, ...

OpenGL functions
— LUT setting window system/ GLUT

void glindex*(...);
— current color LUT Index

void glutSetColor(int index, GLfloat red, green, blue);
— LUT Index color
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2.5 Viewing



| mage Gener ation

e camera oObject

e graphics program
— object
— camera

e Viewing

— graphics ,
synthetic camera

36



2D Viewing

o 2D plane
e Vviewing rectangle
— = clipping rectangle
— , 2D plane (z=0)

o clipping
¥
i
............. | | ~Viewing rectangle
vl D =0
74

(clipped out)

{a) i(b)

clipping operation
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Orthographic View

« 3D viewing

— 2D viewing 3D
B : z - camera
(X ¥,:2® (xy,0) f
(x, ¥, 0) =
Z/ /
— OpenGL default : (5, 3, 2)

o [-1, 1] x [-1, 1] x [-1, 1]
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Orthographic View

e OpenGL function

— void glOrtho(GLdouble left, right,
GL double bottom, top,
GLdouble near, far),

— void gluOrtho2D(GL double | ft, right,
GL double bottom, top);

e near =-1.0, far=1.0
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Matrix Handling

e camera, object /
— = matrix handling
e OpenGL has: two matrix mode

— model-view matrices: object
— projection matrices: camera

_ P chap 4.

. [0, 500] x [0,500]

— glMatrixMode(GL_PROJECTION);
glLoadldentity( );
gluOrtho2D(0.0, 500.0, 0.0, 500.0);
glMatrixMode(GL_MODELVIEW);
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2.6 Control Functions



Window System

— OpenGL

window

OpenGL
application
program

window system

GLUT

window control

GLUT

~

window system

e

X window, Macintosh, Microsoft window

Frame buffer
(video card)
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GLUT functions

« void glutlnit(int* argcp, char* argv[]);
— Initialization. GLUT option
 int glutCreateWindow(char* title);

— window ( )
 void glutlnitDisplayMode(GLUT_RGB | GLUT_DEPTH);
— display mode
— RGB : direct color
— DEPTH : z-buffer ( )

 void glutlnitWindowSize(int width, int height);
 void glutlnitWindowPosition(int x, int y);
— (X, ¥) , width x height window
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Coordinate system

. window system
— upper left ( )
e glutWindowPosition(...) : window system
. graphics library

— OpenGL, PostScript, ...

e glVertex3f(...) : OpenGL

>
window . pixel

A

window

> OpenGL




Viewport

e aspect ratio
— window

— mapping

e viewport
— window
clipping

« void glViewport(GLint x, y, GLsIz&l w, h);

_ (X’ y)

clipping rectangle

rectangle

W X h

il

. |

]

, mismatched image

[

o R

window
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Viewport

O

| -Viewport

|-Graphics window

Clipping window |
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Graphics Program

e graphics

— window ,

— graphics window

— : display callback
« callback : ,

cal

, Program

, Infinite loop

function
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GLUT

* void glutMainL oop(void);
_ , Infinite loop
— , OpenGL program

 void glutDisplayFunc(void (*func)(void));

callback
— callback void functionName(void);
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Main function

#include <GL/glut.h> /I GLUT

void mylnit(void) { ... } /l (sec 2.7)

void display(void) { ... } /l (sec 2.7)

void main(int argc, char* argv[]) { // OpenGL program

glutlnit(&argc, argv);
glutinitDisplayMode(GLUT_RGB);
glutlnitWindowSize(500, 500);
glutlnitWindowPosition(0, 0);
glutCreateWindow(“ Sierpinski Gasket”);
glutDisplayFunc(display); /I callback
mylnit(); Il
glutMainLoop( );
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2.7 The Gasket Program



myl nit function

void mylnit(void) {
[* attributes*/
glClearColor(1.0, 1.0, 1.0, 1.0); /* white background */
glColor3f(1.0, 0.0, 0.0); [* drawinred */

[* set up viewing */

/* 500 x 500 window with origin lower left */
glMatrixMode(GL_PROJECTION);

glL oadldentity();

gluOrtho2D(0.0, 500.0, 0.0, 500.0);
glMatrixMode(GL_MODELVIEW);
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display function

void display( void ) {
point2 vertices 3]={{0.0,0.0} ,{ 250.0,500.0} ,{500.0,0.0} } ; /* Atriangle*/
point2 p ={75.0,50.0}; [* An arbitrary initial point inside triangle */
intj, k;

glClear(GL_COLOR_BUFFER_BIT); /*clear the window */
for (k=0; k<5000; k++) {
j=rand() % 3; /* pick a vertex at random*/
[* Compute point halfway between selected vertex and old point */
p[O] = (p[O] + vertices|j][Q]) / 2.0;
p[1] = (p[1] + vertices[j][1]) / 2.0;
[* plot new point */
glBegin(GL_POINTYS);
glVertex2fv(p);
glEnd();

}
glFlush(); /* flush buffers*/

}
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press to quit
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2.8 Polygons and Recursion



Sierpinskl Gasket, again

o Sierpinski gasket
— Ya

AN N S

e another way of generating Sierpinski gasket ?
— recursion
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Recursion

e triangle subdivision

a
=
b C b
— ; (a, b, C)
— midpoints a+b a+c b+c
VO — , Vl :—’ V2 =
2 2 2

— subdivided triangles: (&, Vg, V1), (C, V4, Vy), (D, Vs, V)
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OpenGL

#include <stdio.h>
#include <stdlib.h>

typedef float point2[2]; [* 2D point */
point2 v[]={{-1.0, -0.58}, { 1.0, -0.58}, {0.0, 1.15} };

void triangle( point2 a, point2 b, point2 c) {
glBegin(GL_TRIANGLEYS);
glVertex2fv(a);
gl Vertex2fv(b);
glVertex2fv(c);
glEnd();

}

[* initial triangle */

[* display onetriangle */
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OpenGL

void divide_triangle(point2 a, point2 b, point2 c, ){ /* triangle subdivision */
point2 vO, v1, v2;
intj; a, +b, a
if ( ){ I VX:—,Vy_
for(j=0; j<2; j++) vO[j]=(alj] + bli]) / 2; -
for(j=0; j<2; j++) v1[j]=(alj] + c[i]) / Z;
for(j=0; j<2; j++) v2[j]=(b[j] + c[j]) / 2;
divide triangle(a, vO, v1, );
divide triangle(c, v1, v2, );
divide triangle(b, v2, vO, );
} else
triangle(a,b,c); /* draw triangle at end of recursion */

}

void display(void) {
glClear(GL_COLOR_BUFFER BIT);
divide triangle(v[Q], v[1], V[2], n);
glFlush();
}

y

+b
2

y
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OpenGL

void myinit() {
glMatrixMode(GL_PROJECTION);
glLoadldentity();
gluOrtho2D(-2.0, 2.0, -2.0, 2.0);
glMatrixMode(GL_MODELVIEW);
glClearColor (1.0, 1.0, 1.0, 1.0);
glColor3f(0.0,0.0,0.0);

void main(int argc, char *argv[]) {

if (argc!'=2) {

fprintf(stderr, "usage: %s number\n”,
argv[Q]); /* L/

exit(0);

}

n=atoi(argv[1]);

glutinit(&argc, argv);

glutlnitDisplayMode(GLUT_SINGLE |
GLUT_RGB);

glutlnitWindowSize(500, 500);
glutCreateWindow("3D Gasket");
glutDisplayFunc(display);
myinit();

glutMainL oop();
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gasket2 6

gasket2 2
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2.9 The Three-Dimensional Gasket



3D Sierpinski gasket

o 2D triangle® 3D tetrahedron

typedef struct { float x, y, z; } point;
point vertices[4] =
{{0,0,0} ,{ 250,500,100} ,{ 500,250,250} ,{ 250,100,250} } ; /* A tetrahedron */

point old pt ={250,100,250}; /* start point */
point new_pt; [* new point */
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3D Sierpinski gasket

void display(void) { /* computes and plots a single new point */
inti;
] =rand() % 4, /* pick a vertex at random */
[* Compute point halfway between vertex and old point */
new_pt.x = (old_pt.x + verticeg[j].x) / 2;
new_pt.y = (old_pt.y + verticegj].y) / 2;
new_pt.z = (old_pt.z + verticeq[j].2) / 2;

glBegin(GL_POINTYS); [* plot point */
glColor3f(1.0-new_pt.z/250.,new_pt.z/250.,0.); /*
glVertex3f(new_pt.x, new_pt.y,new _pt.z);
glEnd();

[* replace old point by new */
old_pt.x=new_pt.x; old_pt.y=new_pt.y; old_pt.z=new_pt.z;
glFlush();

*/
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Hidden Surface Removal

« 3D

— Camera

T

B,C A

 hidden surface removal algorithm
— = visible surface algorithm

— Camera

algorithm
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Z-buffer algorithm

Z-buffer algorithm (= depth-buffer algorithm)
— HSR algorithm
— OpenGL

void glutlnitDisplayMode(GLUT_RGB | GLUT DEPTH);
— Z-buffer

glEnable(GL_DEPTH_TEST);
— Z-buffer on

glClear(cL_coLorR BUFFER BIT | GL_DEPTH_BUFFER BIT);
— Z-buffer clear
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e Qgasket3d.c : without Z-buffer o tetra.c: with Z-buffer
— point — tetra 5

B Sierpinski Gasket ER30 Gasket
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Suggested Readings

e OpenGL Architecture Review Board,
OpenGL Programming Guide, 2 Ed.,
Addison-Wesley, (1997).

e OpenGL Architecture Review Board,
OpenGL Reference Manual, 2 Ed.,
Addison-Wesley, (1997).

 Mark J. Kilgard,
GLUT Specification, version 3,
http://reality.sgi.com/opengl/spec3/spec3.ntmi
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