Chapter 2: Graphics
Programming Using OpenGL

OpenGL and GLUT Overview
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OpenGL and GLUT Overview

« What isOpenGL & what can it dofor me?
« OpenGL in windowing systems

e Why GLUT

e A GLUT program template

What Is OpenGL?

» Graphicsrendering API
- high-quality color images composed of
geometric and image primitives
- window system independent
- operating system independent




OpenGL asa Renderer

» Geometric primitives
- points, lines and polygons
« Image Primitives
- images and bitmaps
- separate pipeline for images and geometry
« linked through texture mapping
« Rendering depends on state
- colors, materials, light sources, etc.

SGI and GL

« Silicon Graphics (SGI) revolutionized the
graphics workstation by implementing the
pipeinein hardware (1982)

» To usethe system, application programmers
used alibrary called GL

* With GL, it was relatively simpleto
program three dimensional interactive
applications

OpenGL

» The success of GL lead to OpenGL (1992),
a platform-independent API that was
— Easy touse

— Close enough to the hardware to get excellent
performance

— Focus on rendering

— Omitted windowing and input to avoid window
system dependencies

OpenGL Evolution

« Controlled by an Architectural Review Board
(ARB)
— Membersinclude SGI, Microsoft, Nvidia, HP,
3DLabsIBM,.......
— Relatively gable (present verson 1.4)
« Evolution reflects new hardware capabilities
— 3D texture mapping and textur e objects
— Vertex programs
— Allows for platform specific featuresthrough
extensons




Related APIs

» AGL, GLX, WGL

- glue between OpenGL and windowing sysems
» GLU (OpenGL Utility Library)

- part of OpenGL

- NURBS, tessdllators, quadric shapes, etc.
o GLUT (OpenGL Utility Toolkit)

- portable windowing API

- not officialy part of OpenGL

OpenGL Libraries

* OpenGL corelibrary
—OpenGL 32 on Windows
—GL on most unix/linux systems
* OpenGL Utility Library (GLU)
—Provides functionality in OpenGL core but avoids having
to rewrite code
« Links with window system
—GLX for X window systems
—WGL for Widows
—AGL for Macintosh

GLUT

* OpenGL Utility Library (GLUT)
— Provides functionaity common to al window systems
« Open awindow
 Get input from mouse and keyboard
* Menus
« Event-driven
— Code isportable but GLUT lacksthe functionality of a
good toolkit for a ecific platform
« Slidebars

OpenGL and Related APIs

‘ application program I
OpenGL Motif
wid‘;eeq or sir?]i‘\ar ‘ GLUT ‘
GLX, AGL
or WGL GLU
X, Win32, Mac O/S GL
x T

\ software and/or hardware I




OpenGL Architecture

CPU

Immediate Mode / Geometric
¢ pipeline
Per Vertex
Polynomial Operations &
Evaluator Primitive
1 Assembly
Rasterization | Per Fragment Frame
Operations Buffer
Texture
Memory
Pixel

Operations

Preliminaries

» HeadersFiles
« #include <GL/gl.h>
« #include <GL/glu.h>
« #include <GL/glut.h>
o Libraries
o Enumerated Types
- OpenGL defines numerous types for
compatibility
— GLfloat, GLint, GLenum, etc.

Compilation on Windows

e Visual C++

— Get glut.h, glut32.lib and glut32.dIl from web
— Create a console application

— Add opengl32.lib, glut32.lib, glut32.lib to
project settings (under link tab)

* Borland C similar

GLUT Basics

» Application Structure

- Configure and open window

- Initialize OpenGL state

- Register input callback functions
« render
e resze
« input: keyboard, mouse, etc.

- Enter event processing loop




Program Structure

¢ Mog OpenGL programs have a smilar ructure that
cong stsof the following functions

— main():
« definesthe callback functions
« opens one or more windows with the required properties
« entersevent loop (last executable statement)

— init():setsthe gate variables
* viewing
« Attributes

— callbacks
« Display function
« Input and window functions

mai n. c
#i ncl ude <GL/gl ut. h>

includes gl . h
int main(int argc, char** argv)

glutlnit(&argc, argv);

gl utl nitDi spl ayMde( GLUT_SI NGLE| GLUT_RGB) ;
gl utl ni t WndowSi ze(500, 500) ;

gl ut I ni t WndowPosi ti on(0,0);

gl ut Cr eat eW ndow( " si npl ") ; define window properties

gl ut Di spl ayFunc(nydi spl ay) ;
™ display callback
Y st OpenGL dtate
gl ut Mai nLoop() ;
} enter event loop

init();

GLUT functions

e« glutlnit alowsapplicationto get command line arguments
and initializes system

¢ glulnitD spl ayMde requests properties of the window (the
rendering context)
— RGB color
— Single buffering
— Propertieslogically ORed together

¢ gl ut WndowSi ze inpixes

¢ gl ut WndowPosi ti on from top-left corner of display

¢ gl ut Creat eW ndow create window with title “simple”

« gl ut Di spl ayFunc display callback

« gl ut Mai nLoop enter infinite event loop

init.c
black clear color
opague window
void init() «
gl ClearColor (0.0, O. 0"&0’filljwp(}1;white
gl Col or3f (1.0, 1.0, 1.0);

gl Mat ri xMode ( GL_PRQIECTI ON) ;

gl Loadldentity ();
gl Ortho(-1.0, 1.0,\_&/_ 1.0, -1.0, 1.0);
} ing volume




Sample Program

void main( int argc, char** argv )

{

int nmode = GLUT_RGB| GLUT_DOUBLE;
gl utl ni t Di spl ayMbde( node );

gl ut Creat eW ndow( argv[0] );
init();

gl ut Di spl ayFunc( display );

gl ut ReshapeFunc( resize );

gl ut Keyboar dFunc( key );

glutldl eFunc( idle );

gl ut Mai nLoop() ;

OpenGL Initialization

» Set up whatever state you’re going to use

« void init( void)

< {

gl earColor( 0.0, 0.0, 0.0, 1.0 );
gl C earDepth( 1.0 );

gl Enabl e( GL_LI GHTO );
gl Enabl e( GL_LI GHTI NG ) ;
gl Enabl e( GL_DEPTH_TEST );

GLUT Callback Functions

 Routineto call when something happens

- window resize or redraw
- user input
- animation

» "Register” callbacks with GLUT

gl ut Di spl ayFunc( display );
glutldl eFunc( idle);
gl ut Keyboar dFunc( keyboard );

Rendering Callback

» Do all of your drawing here

e glutDisplayFunc( display );

« void display( void )

glClear( GL_COLOR BUFFER BIT );

gl Begi n( GL_TRI ANGLE_STRIP );
gl Vertex3fv( v[ ;
gl Vertex3fv( v
gl Vertex3fv( v
gl Vertex3fv( v

gl End();

gl ut SwapBuffers();




|dle Callbacks

Use for animation and continuous update
e glutldleFunc( idle);

void idle( void )
t += dt;

gl ut Post Redi spl ay() ;
}

User Input Callbacks

 Process user input
¢ gl ut Keyboar dFunc( keyboard );

« void keyboard( unsigned char key, int x, int y)

switch( key ) {
case 'q ": case ' :
exit(q EXI T_SUCCgSS );
br eak;
case ‘r’ : case ‘R
rotate = GL_TRUE;
gl ut PoSt Redi spl ay() ;

Elementary Rendering
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Elementary Rendering

» Geometric Primitives
» Managing OpenGL State
e OpenGL Buffers




OpenGL Geometric Primitives

« All geometric primitives are specified by

VeftICGS/\

- GL_LINES f ; .
G._PO NTS

GL_LINE_STRIP GL_LINE_LOOP

5 @
a_TRaaEsgzn

GL_TRIANGLE_STRI P GL_QUADS @G qQuaD STRIP

GL_TRI ANGLE_FAN

Polygon | ssues

« OpenGL will only display polygons correctly that are
— Simple: edges cannot cross

— Convex: All points on line segment between two
points in a polygon are also in the polygon

— Flat: al vertices are in the same plane
« User program must check if abovetrue
e Triangles satisfy all conditions

=

nonsimple polygon nonconvex polygon

Simple Example
e voi d drawRhonmbus( G.float color[] )

< {

gl Begi n( GL_QUADS );
gl Col or3fv( color )
gl Vertex2f( 0.0,
gl Vertex2f( 1.0,
gl Vertex2f( 1.5,
gl Vertex2f( 0.5
gl End() ;
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OpenGL Command For mats

gl Vertex3fv( v )

e

Nunber of Data Type Vect or

conponent s - byte omt “v’ for

2 - (x,y) gb gﬂz:?"w bykg scal ar form

3 - (xy.2) us - unsigned short

4 - (xy.z,W i - int gl Vertex2f ( x, y )
ui - unsigned int

f - float
d - double




OpenGL Color M odels
Specifying Geometric Primitives

« Primitives are specified using * RGBA or Color Index
gl Begin( prinfype ); color index mode
gl End(); Red Green Blue

Display

- primType determines how vertices are
combined 8

GL.float red, green, blue; = bt

dfloat coords[3]; e et F
gl Begi n( prinfType ); 32

for (i =0; i < nVerts; ++ ) { voe

gl Color3f( red, green, blue );
gl Vertex3fv( coords );

}(:;I End(); RGBA mode
RGB color I ndexed Color
+ Each color component stored separately in the « Colorsareindicesinto tables of RGB values
frame buffer

* Requires less memory

« Usually 8 bits per component in buffer
— indices usually 8 hits

* Noteingl Col or 3f the color values range from

0.0 (none) to 1.0 (all), whilein gl Col or 3ub the — not as important now
values range from 0 to 255 « Memory inexpensive
—— « Need more colorsfor shading

Al j‘




Color and State

¢ Thecolor asset by gl Col or becomespart of the sate and
will be used until changed

— Colorsand other attributes are not part of the object but
are ass gned when the object isrendered

* We can create conceptual vertex colors by code such as
gl Col or
gl Vertex
gl Col or
gl Vertex

Smooth Color

« Default is smooth shading
— OpenGL interpolates vertex colorsacross visble
polygons
« Alternativeisflat shading
— Color of fird vertex
determinesfill color
« gl ShadeMdel
(GL_SMOOTH)
or GL_FLAT

T ——— ]

Shapes Tutorial

(=] B3

Screen-space view

Command manipulation window

glBegin (GL_TRIANGLE_STRIP);
glColor3f (1.00 ,0.00 ,1.00 );
glVertex2f (0.0 ,25.0 );
glColor3f (0.00 ,1.00 ,1.00 );
glVertex2f (50.0 , 150.0);
glColor3f (0.00 ,1.00 ,0.00 );
glVertex2f (125.0, 100.0 );
glColor3f (1.00 ,1.00 ,0.00 );
glVertex2f (175.0, 200.0 );
glEnd();

Controlling Rendering Appearance

e From

o Wireframe
o to Texture
» Mapped

10



OpenGL ’s State Machine

« All rendering attributes are encapsulated in
the OpenGL State
- rendering styles
- shading
- lighting
- texture mapping

M anipulating OpenGL State

» Appearanceis controlled by current state
for each ( primitive to render ) {
update OpenGL gate
render primitive
}
« Manipulating vertex attributesis most
common way to manipulate state
gl Color*() / gllndex*()
gl Normal * ()
gl TexCoor d* ()

Controlling current state

 Setting State
gl Poi nt Si ze( size );
gl Li neSti ppl e( repeat, pattern);
gl ShadeMbdel ( GL_SMOOTH ) ;

 Enabling Features
gl Enabl e( GL_LI GHTING );
gl D sabl e(  GL_TEXTURE_2D );

Three-dimensional Applications

* In OpenGL, two-dimensional applications
are a special case of three-dimensional
graphics

— Not much changes
—Usegl Vert ex3*( )
— Haveto worry about the order in which

polygons are drawn or use hidden-surface
removal

— Polygons should be simple, convex, flat

11



Sierpinski Gasket (2D
P (2D) Example
* Satwithatiangle A8 « Five subdivisions
¢ Connect bisectorsof sdes and remove central triangle ﬂ‘ﬁ}
ry A
Lhd,
" Repet A A ATA
SAbLLLALLA

The gasket as a fractal

J Gasket Program
Consider thefilled area (black) and the
perimeter (the length of all the lines around #include <@./glut.h>
thefilled triangles)

/* a point data type

As we continue subdividing typedef GLfloat point2[2];
—theareagosstozero /* initial triangle */

— but the perimeter goes to infinity

Thisis not an ordinary geometric object point2 v[]={{-1.0, -0.58}, {1.0, -0.58},

o . ) {0.0, 1.15}};
— It isneither two- nor three-dimensional

It has afractal (fractional dimension) object int n; /* number of recursive steps */




Draw atriangle

void triangle( point2 a, point2 b,
point2 c)

/* display one triangle */

gl Begi n( GL_TRI ANGLES) ;
gl Vertex2fv(a);
gl Vertex2fv(b);
gl Vertex2fv(c);
gl End();

Triangle Subdivision

void divide_triangl e(point2 a, point2 b, point2 c, int

{
/* triangl e subdivision using vertex numbers */
point2 v0, v1, v2;
int j;
i f(np0)
{

for(j=0; j<2; j++) vO[j]=(a[j]+b[j])/2;
for(j=0; j<2; j++) vi[j]=(a[j]+c[j])/2;
for(j=0; j<2; j++) v2[j]=(b[j]+c[j])/2;
divide_triangl e(a, vO, vl, m1l);
divide_triangle(c, vl, v2, m1l);
divide_triangl e(b, v2, vO, m1);

else(triangle(a,b,c));
/* draw triangl e at end of recursion */

Display and I nit Functions
voi d di splay(void)
{

gl d ear (GL_COLOR _BUFFER_BI T);
divide_triangle(v[O], v[1], v[2], n);
gl Fl ush();

void nyinit()
{

gl Mat ri xMode( GL_PRQIECTI ON) ;

gl Loadl dentity();
gluOrtho2D(-2.0, 2.0, -2.0, 2.0);
gl Mat ri xMode( GL_MODELVI EW ;

gl d earColor (1.0, 1.0, 1.0,1.0)
gl Col or 3f(0.0,0.0,0.0);

main Function

int main(int argc, char **argv)

{

n=4;
glutlnit(&rgc, argv);

gl utl ni t Di spl ayMbde( GLUT_SI NGLE| GLUT_RGB) ;
gl utl ni t WndowSi ze(500, 500);
gl ut Cr eat eW ndow( “ 2D Gasket");
gl ut Di spl ayFunc(di spl ay) ;
nyinit();
gl ut Mai nLoop() ;

13



Moving to 3D

* We can easily make the program three-
dimensional by using

typedef G float point3[3]

gl Vert ex3f

gl Ot ho

» But that would not be very interesting

* Instead, we can start with a tetrahedron

3D Gasket

» We can subdivide each of the four faces

» Appearsasif weremove a solid tetrahedron
from the center leaving four smaller
tetrahedtra

Example

after 5 interations

triangle code

void triangle( point a, point b, point
c)
{
gl Begi n( GL_POLYGON) ;
gl Vertex3fv(a);
gl Vertex3fv(b);
gl Vertex3fv(c);
gl End();

14



subdivision code

voi d divide_triangle(point a, point b, point
c, int m
{ _
point vl1, v2, v3;
int j;
i f (m>0)
) for(j=0; j<3; j++)
vi[jl=(aljl+b[jl)/2;
) for(j=0; j<3; j++)
v2[jl=(aljl+c[jl)/2;
) for(j=0; j<3; j++)
va[j]1=(b[j]*c[j])/2
divide_triangle(a, vi, v2, m1l);
divide_triangle(c, v2, v3, m1l);
divide_triangle(b, v3, vl, m1l);

el se(triangle(a,b,c));

tetrahedr on code

voi d tetrahedron( int m

{
gl Col or3f(1.0,0.0,0.0);
divide_triangle(v[O], v[1], Vv[2],

gl Col or 3f (0.0,1.0,0.0);
divide_triangle(v[3], v[2], v[1],

gl Col or 3f (0.0,0.0,1.0);
divide_triangle(v[0], v[3], v[1],

" gl Col or 3f (0.0, 0.0, 0.0):
divide_triangle(v[O], v[2], Vv[3],

Almost Correct

« Because thetriangles are drawn in the order they
are defined in the program, the front triangles are
not always rendered in front of triangles behind
them

Hidden-Surface Removal (HSR)

* Wewant to see only those surfaces in front of
other surfaces

¢ OpenGL uses a hidden-surface method called the
z-buffer algorithm that saves depth information as
objects are rendered so that only the front objects
appear in the image

—

m A I'\I\I\E\\
e
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Using the z-buffer algorithm

« The algorithm uses an extra buffer, the z-buffer, to store depth
information as geometry travel sdown the pipeline
« It must be
—Requegtedinnai n. ¢
*glutlnitD spl ayMde
(GLUT_SINGLE | GLUT_RGB | GLUT_DEPTH)
—Enabledin init.c
« gl Enabl e( G._DEPTH_TEST)
—Cleared inthe display callback
e gl Oear(G_COLOR BUFFER BI T |
GL_DEPTH_BUFFER BI T)

16
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