glUniformMatrix4fv(get_unl_loc(shader_program_id, rotation’),
) I8 ,polnteur(rotation));

glUniformd4f(get_uni_loc(shader_program_id, "translation”),
translation x,translation y,translation z,0.0f);

OpenGL

main | |

{

g'l__l'-‘ragta'l_m' = (1.0f,0.0F,0.6f,1.0F);

}

000

OpenGL

- A set of specifications as an API to
communicate with the graphics card.

- Has multiple implementations depending

on the graphics card and the drivers.

- Proprietary: NVIDIA, ATI, Intel

- Mesa3D (free software implementation)
- OpenGL ES for Android / iPhone

- Gaming Plateform: Wii, PS3, DS

- Library of C functions
Various wrappers

[Sources: David Odin]
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Communicating with the GPU

GPU + VRAM

Common | Programming |
code API ccreen
- — =
2 main API:
- OpenGL
- Direct3D
001
3D Programming
1st Step: My Window
Draw a window
(indépendant from OpenGL)
2nd Step:
Start a context Button

OpenGL within this window

3rd Step:
Call OpenGL calls
within a permanent loop

penGL
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3D Programming

My Window
1st Step:
Draw a window
(independant from OpenGL)
Button

We need a window manager & event manager

Different choices:

- Glut (simple, light, limited)

- SDL (specialized for small games)

- GLFW (light, recent)

- GTK (generic window & event manager)

- Qt (generic manager, very complete, heavy)
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Using GLUT

GLUT - The OpenGL Utility Toolkit

A Window manager dedicated to OpenGL

//fonction d'affichage
static void display callback()

{}

int main(int argc, char** argv)
{
glutInit(&argc, argv); //initialise glut
glutInitDisplayMode (GLUT_DOUBLE |
GLUT_RGB |
GLUT_DEPTH); //mode d'affichage
glutInitWindowSize (800, 800); //taille de la fenetre
glutCreateWindow("Ma Fenetre"); //creation de la fenetre
glutDisplayFunc (display_callback); //affichage dans la fenetre
glewInit(); //initialisation des fonctions de glew
glutMainLoop(); //boucle permanente

return 0:
}

To compile : g++ pgm.c -IGL -IGLU -lglut -IGLEW
Under Linux: Need to install the packages freeglut, Glew
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Drawing Functions

To draw something

static void display_callback()

{
glClearColor(0.5, 0.6, 0.9, 1.0);
glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
glutSwapBuffers();

}

gINAME : OpenGL function

glClearColor(r,g,b,a) : Color of the background of the screen

glClear() : clear the screen (+ depth buffer)
glutSwapBuffers() : Swap the drawing/temp buffer
‘\glut specific function
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Callback GLUT

static void display_callback()

B
static void keyboard _callback(unsigned char kay,

int x_mouse, int y_mouse)
{

printf(“key %c with mouse at position (%d,%d) \n",
key, x_mouse, y_mouse) ;

if (key=="q") Get the keyboard

{
puts(“Goodbye"); pressed key

exit(0):
}
}

int main(int argc, char** argv)
{
glutInit(&argc, argv); // Initialize glut
glutInitDisplayMode (GLUT_DOUBLE |
GLUT_RGB |
GLUT_DEPTH) ; // Drawing mode
glutInitWindowSize (800, B800); /! Init window size
glutCreateWindow("Ma Fenetre"); // Draw the window

glutDisplayFunc (display_callback); ,
glutKeyboardFunc (keyboard_callback); » Function to call

glewInit(); //Init glew functions
glutMainLoop(); // Permanent loop

reaturn 0;
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Callback GLUT (mouse)

Get mouse click

static void mouse_click_callback(int button, int state,
int x, int y)
{

}

printf("mouse click %d,%d , (x,y)=(%d,%d)\n",button, state, x,y);

glutMouseFunc (mouse_click_callback);

Callback functions = function called when an event occurs

Callback GLUT

Other possible events:

glutReshapeFunc (window resizing)
glutKeyboardFunc (press a key on the keyboard)
glutSpecialFunc (special keys: arrows)
glutMouseFunc (mouse click)
glutMotionFunc (mouse motion)

glutTabletButtonFunc (use of a tablet)

glutidleFunc (when nothing is happening)

glutTimerFunc (function called after a given time)

http://www.opengl.org/resources/libraries/glut/spec3/spec3.html

009

008
OpenGL Called
General principle
Initialization Drawing loop
1x _
- Data setup - setup pointers on
data to draw
T[5]=7.5: &
ke
giBindBuffer|...)
- Send data to GPU
- Drawing request
glBufferData(...) glDrawElements...)
/— x’ }—_’
010

Minimal program
Drawing a triangle

011




Pgm minimal, triangle

/! |d for a buffer on the GPU
GLuint vbo=0;

// Drawing function

ErES

/! Init function
void imit() ({...} ]

{

init();

return 0;

static void display callback()

int main(int argc, char** argv)

glutInit(&argc, argv); // Initialize glut
glutInitDisplayMode (GLUT _DOUBLE |
GLUT RGB |
GLUT _DEPTH) ;
glutInitWindowSize (800, 800);
glutCreateWindow("Ma Fenetre");
glutDisplayFunc (display callback);
glewInit(); // Init glew functions

// Drawing mode
/l Init window size
// Draw the window

glutMainLoop(); // Permanent loop

012

Gluint vbo=l;

ik void display ¢

't Tl i AW i recdon

allkscki)

ulImit (Barge, argv))
uilni U ise lagMode (GLUT [OUIELE

GELUT_Fi8
ELUT DEPTH)

o (Wl B
fri

Pgm minimal, triangle

ﬁh1"hHHﬁ-"‘-MHHh1"‘HHhﬁn“‘hhhﬁ"“““*ﬁ--=_H

{

+Pu5itiun

/f Init function
void init()

[l Data
float sommets[]={

glGenBuffers(1l, &vbo); // Create ID for a VBO on the GPU
glBindBuf fer(GL_ARRAY_BUFFER,vbo); // Set up the current buffer

// Copy data from the RAM memory to the GPU memory
glBufferData(GL_ARRAY BUFFER,sizeof (sommets),sommets,GL_STATIC DRAW);

glEnable (GL_DEPTH_TEST) ; // Activate the management of the depth

e,0,0
1,0,0,
0,1,0};

0

0[O0

0[011]0

in RAM

glBufferData()

‘P.rbc-_ ] L
0/0[0]1]0[0[0]1]0O

on the GPU
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Pgm minimal, triangle

o #H#,;,ﬂﬂﬂﬂ’”““'

Lt :. display callbascki)
fiaal

waid dmdtl) _{...]

I omeminfami arg.
{
glutinitibargo, argvh: "
Uit T D fsplayMede (GLUT DSLBLE
GLUT RiGl
GLUT DEFTH)

" oargvl

oyl T i U0 Eraconas s (D000, ENDS ]
glutCreateWindow] " Ma Fenetre™ b

ilayFunc {display calllck];
Lalaulali(); ghewd Tuit
[ Emitl}: |
ULCTRE BT BT TEE N HEE i y

Current buffer:;
vbo

.

/f Drawing function
static void display callback()

{

{/ Background color
glClearColor{(0.5, 0.6, 8.9, 1.0);

glClear(GL COLOR BUFFER BIT | GL DEPTH BUFFER BIT);

// Drawing

glEnableClientState (GL_VERTEX_ARRAY) ;

glBindBuf fer (GL_ARRAY BUFFER,vbo);
glVertexPointer(3, GL_FLOAT, 6, 8);
glDrawArrays (GL_TRIANGLES, @, 3);

glutSwapBuffers();

/I Activate data manager
/! Current buffer

[/ Set up data buffer

// Request drawing

ent

OTOJOJ1]OTOJ0]1

glDrawArrays() Draw

(0,0,0) (1,0,0)
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Drawing modes

glDrawArrays(GLenum mode, GLint first, GLsizei count),

glPointSize(5);
glDrawArrays(GL POINTS,0,N);

glDrawArrays(GL LINES,0,N);

glDrawArrays(GL LINES LOOP,0,N);

glDrawArrays(GL _LINES STRIP,0,N);
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Introduction to Shaders

016

Shaders

Programming in C, C++, etc
on the CPU

INt main()

¥

Create data

Send data on GPU
Request drawing
Event management

On the GPU

2 programs

Vertex Shader

Called for every
vertices

Project position

Fragment Shader

Called for every colored
pixel

Color of the pixel

017

3D Data

(0,1,0)

(0,0,0)

vbo

\

Goal of the shaders

(1,0,0)

0/0/0f1]0

glDrawArrays()

Vertex Shader

(0,1) Screen space in 2D

(x2,v2)
]
® [ ]
(x0,y0) (x1,y2)
(0,0) (1,0)
Input: Output:
3D Coordinate 2D coordinate in

screen space

Fragment Shader

(x0,y0) (x1.y2)
Input: Output:
coordinate of the color of the
current fragment fragment

+ linear interpolation
on the data

018

Parallelism

Vertex shader

Data

(0,1.0)

&
(0,0,0) (1,0,0)

Input
(3D coordinate)

gl Vertex=

000

In parallel| —>

vbo
J, J

0[0]O]1]0]0JOJ1]0

2 %
glDrawArrays()

100

010

Output
(screen coordinate)
Vertex Shader
(x0,y0)
Vertex Shader
(@1.v1)
Vertex Shader
(x2,y2)

019




Parallelism

Fragment shader

Shaders in practice

Create 2 text files

/I A simple vertex shader /| A simple fragment shader
vold main (void) void main (void)

{ {
[/ Vertex coordinate
gl_Position = gl _Vertex;

} i

// The color of the fragment

gl_FragColor = vecd4(1.0f,0.07,0.0F,1.0F);

shader.vert shader.frag

Load the files in the main program

glCreateProgram();
glCreateShader(...);
glShaderSource(...);
glCompileShader(...);
glAttachShader(...);
glLinkProgram(...);
glUseProgram(...);

021

(x2,y2) Fragment Shader (%x2,y2)
Fragment Shader
Fragment Shader
Fragment Shader
Fragment Shader
. Fragment Shader
(x0,y0) (x1,y2) Fragment Shader (x0,y0) (x1,y2)
Fragment Shader
1B
Fragment Shader
(X,y)
o 0
Fragment Shader
(x'y') o —B
020
Shaders in practice
Looks like C

/| A simple fragment shader Cd

void main (void) i

{

/| Vertex coordinate
gl Position = gl Vertex;

y A '

shader.vert

Variabl already known

Variable already known input vertex coordinates in 3D space

output vertex coordinate in screen space

022

Shaders in practice

_ Thisisnot C
/I A simple fragment shader I;ﬂﬂks |lI|-(!.E C++
void main (void) => This is GLSL
1
// The color of the fragment
gl FragColor = vec4(1.0f,0.0f,0.0f,1.0f);
}

shader.frag \

Output variable:
color of the pixel ~ Color

023




GLSL

Language similar to C and C++ but simpler.
Provides existing structures to perform 3D geometry computations.

Int

float

vec3 a(l,4,3);
vec2 b=a.xy;

vecZ c=a.zx;
vec2 c=vec2(a.y,4);

vec2(Xx,y);
vec3(x,y,2);
vec4(x,y,z,w);

mat2();
mat3();
mat4();

Projection

3D space

T
~Q,1,0)
S
N

fi A simple vertex shader
vold main (void)

{

}

gl Position

/I Vertex coordinate
gl Position = gl Vertex;

Orthogonal projection

025

024
[ | -
Projection
sc?v 3D shape
focal ,q'__ﬁ
gl _Position / o
gl Vertex
ux. : 3D space
gl_\ferte*;ﬂ'm B nh gl_Position
H H:H*"a..- focal
gl Position=perspective projection(gl Vertex)

026

Perspective projection

gl Position=perspective projection(gl Vertex)

projection _perspective : Projection matrix 4x4

scree/n 3D shape

focal "'__F_%
T WV,

027




Perspective projection

/ a: aspect ratio y/x
Ef} forme 3D pl - M p

depth

y -iji- :. ; | dﬁfﬂmn

focale

-
p-{i g N
\ f = cotan(fov/2)
o ol z fo=f/a
Irj‘mm: 3 2 lr-*‘gmin
f.'rr 0 0 0 ¢= dmax — Gmin
hl — 0 f O 0 . : dum:{dmin
0 0 © D D= -2 > TR
0 0 1 0 |

028

Perspective projection

Exemple of vertex shader

matd projection=matd(vecd4(1.7321f,0.0f,0.0f,0.0F), s
vecd(0.0F,1.7321F.0.0f.0.0F) 4 [Warning:
vecd(0.0F,0.0F,1.1053f,1.0F), Column vectors
vecd(0.0f,0.0f,-1.0526F,0.0F)):

void main (void)

{
vecd p=projection*gl Vertex;
/{ position In sCreen space
gl_Position = p;
}
fov=60 degrees
a=1
d min=0.5
d max=10

A .
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Passing uniform arguments

We can pass parameters from CPU to GPU

display callback()

float valeur_a passer=rotation x/360.0;
glUniformlf (get uni loc (shader program id, "valeur"), valeur a passer);

shader.frag()
uniform float valeur; <« uniform:
parameter have the same
value for all the shaders.
void main (void)
{
/[ fragment color
gl FragColor = vec4(valeur,valeur,0,1);
}

030

Passing uniform arguments

Usage: - Keyboard interaction, mouse
- Time

glUniform1f (get_uni_loc(shader, string), value);
1lu
2f
3d

Matrixdfv

031




Rem. OpenGL Functions

The OpenGL APl is In C : 1 name per argument type

gl[NAMEIf(...):

; i ex.
AWE:'(-")'_ glUniform1f(...)
AME]u(...); glUniform2u(...)
AME]d(...);

A .

ME Jvf(...):

Q
=

=
=

gl
gllN

gl[NAME]3f(...);
gl[NAME]2u(...):

032

Interaction

Can translate an object in the shader

Glut

Keyboard event

If arrow 'up':
Then add translation

CPU

Drawing function

Send data translation to the
graphics card

glUniformi()

Vertex Shader

Translate vertex

uniform translation;

gl Vertex+translation;

GPU

033

Interaction

Translating an object in the shader

static volid special callback(int key, int,int)
{
float dL=0.01T;
switch (key) KebeEll"d
{ : .
case GLUT _KEY UP: Interaction
translation y+=dlL;
Wl Vertex Shader
case GLUT _KEY DOWN:
translation_y-=dlL;
break ; :
case GLUT _KEY LEFT: uniform vecd translation;
translation x-=dlL;
break;
case GLUT_KEY RIGHT:

t ransfatiun_'.: +=qdL;
break; {

volid main (void)

}

vecd p=gl_Vertex+translation;

/i Request drawing g'l._F’ﬂsi'tiun =p:
glutPostRedisplay(); }

}

glUniformd4f(get_uni_loc(shader_program_id, "translation”),
translation_x,
translation_y,
translation z,0.0f); :
glDrawArrays (GL_TRIANGLES, 0, 3); Drawing

034

Interaction

Object can also be rotating in the shader

glUniformMat rix4fv get_uni_loc(shader_program_id, "rotation"),

l,false,pointeur(rotation));

glUniform4f(get_uni_loc(shader_program_id, "translation”),
translation x,translation y,translation z,0.0°f);

uniform vecd translation;
uniform mat4 rotation;

vold main (void)

{

// rotation followed by translation

vecd p=rotation*gl_Vertex+translation;

gl Position

P
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Interaction

Different object can receive different rotation/translation

Principle:

Send unifor data (translationl/rotationl) from the main pgm
Request drawing of object 1

Send unifor data (translation2/rotation2) from the main pgm
Request drawing of object 2

036

Interaction

A translation/rotation applied to one object and not to the others
=> Displacement of the object

A translation/rotation applied to every objects
=> Displacement of the camera

There i1s no differences between the motion of a 'camera' and
moving every objects of the scene.

p'=rotation*p+translation

037

Vertex shader + deformation

uniform vecd translation;
uniform matd4d rotation; -
uniform mat4 projection; [

Received from the
main program

void main (void)

{
vecd p=rotation*gl Vertex+translation;
p=projection*p;
// position in the screen space
gL _Position = p;
}

038

Varying arguments (OpenGL 2)

varying vec4 position3d;| |nterp0|at|0n varying vec4 pusitiunild:l
void main (void) vold main (void)
{ {
gl Position = ftransform(); gl FragColor = position3d;
position3d=gl_Vertex; }
} |
(0,1,0)
(0,0,0) (1,0,0)
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Varying arguments

[varying vecd position3d;| |ntelrp0|at|0n Ivmyin{] vecd pnsit"inn,id;l
void main (void) void main (void)

{ |

gl Position = ftransform();
position3d=gl_Vertex; | }

gl _FragColor = position3d;

Barycentric interpolation (linear)
automatically computed by the graphics card:

positions; = aA + BB + yC

ﬁ+ﬁ+?:1 for all the
(ﬂ! ﬁa’]”) = [U 1]3 fragments

040

Mesh

Mesh: indexed connectivity

Separate:
Ps3 3D geometry / connectivity

float vertex[]=

0 {PoX,PoY P02 : P1X,.P1Y /P12,
2 D%, DV D2+ DD Dz}

Po 0 float indices|[]=
1 00,1,3 o 1:2,% , 0.3.92 .. 0.2 .13

2 types of buffers on the GPU

Geometry buffer Index buffer

PoX PoY PoZ P1X -.. 13312310 ..
float unsigned int

+ Coordinates are written only 1 times

042

- float vertex|[]=
%8, va,; 28] ¢ KD ¥D:ZD| ; Xd,yd,zd;
C %D, vh; Zb| ; XC;VC,2C| ; Xd;yd,;zd,
Xa,ye. 2o . Mo, ed,20 , RE.yaza)
a y %o ;va; zal ., Xb;vb,;2b| ; o, ve,zcl:
glBufferData(...)
Repetition:
- waste of memory
- complex to change one vertex
041
Initialization
vec3 p0(0,0,0);
vec3 pl[llﬂjﬂ};
vec3 p2(0,1,0);
vec3 p3(0,0,1);
vec3 vertex[]={p0,pl,p2,p3};
triangle index triangle®(®,1,2);
triangle index trianglel(0,1,3);
triangle index triangle2(0,2,3);
triangle index triangle3(3,1,2);
triangle index index[]={triangle®, trianglel, triangle2, triangle3};
glGenBuffers(1, &vbo);
glBindBuffer(GL ARRAY BUFFER,vbo);
glBufferData (GL_ARRAY_BUFFER,sizeol (vertex),vertex,GL_STATIC_DRAW);
glGenBuffers(1, &vboi);
glBindBuffer(GL ELEMENT ARRAY BUFFER,vboi);
glBufferData(GL_ELEMENT ARRAY BUFFER,sizeof (1ndex), index,GL_STATIC DRAW);
Drawing
glDrawElements (GL TRIANGLES, 4+*3, GL UNSIGNED INT, 0);
043




Data interleaving

We want to send to the GPU:
4 Vertices
e geometry (x,y,2)

e color (r,g,b)

data:
[p0,c0,pl,cl,p2,c2,p3,c3]

11

3 floats 3 floats p2

Po

044

Data interleaving

vec3 pb(0,0,0); vec3 c0(1,0,0); fr}ff
vec3 pl{1,0,08); vec3 cl{0,1,8};

vec3 p2(0,1,0); vec3d c2(0,0,1);

vec3 p3(0,0,1); vec3 c3(0,1,1);

vec3 vertex([]={p0,c@0 , pl,cl , p2,c2 , p3,c3};

triangle_index triangle@(0,1,2); triangle_index trianglel(0,1,3);
triangle_index triangle2(0,2,3); triangle_index triangle3(3,1,2);
triangle index index[]={triangle0,trianglel, triangle2, triangle3};

glGenBuffers(1l,&vbo);
glBindBuffer(GL_ARRAY BUFFER,vbo);
glBufferData(GL_ARRAY BUFFER,sizeof(vertex),vertex,GL STATIC DRAW);

glGenBuffers(1l, &vboi);
glBindBuffer(GL_ELEMENT_ARRAY_ BUFFER, vboi);
glBufferData(GL ELEMENT ARRAY BUFFER,sizeof(index),index,GL STATIC DRAW);

glEnableClientState (GL_VERTEX_ARRAY); ng,gfay
glVertexPointer(3, GL_FLOAT, 2*3*sizeof(float), 0);

glEnableClientState(GL_COLOR_ARRAY) ;
long int offset_couleur=3*sizeof(float);
glColorPointer(3,GL_FLOAT,2*3*sizeof(float), (GLubyte*)offset_couleur);

glDrawElements (GL_TRIANGLES, 4*3, GL_UNSIGNED_INT, 0);
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Data interleaving

vecd p0(0,0,0); veed c0(1,0,0); Init
vacd pli1,0,00;: wec? c1{0,1,8}:

vec) p2(0,1,00; wecd c2(0,0,1};

vacd pI(0,0,0); weed eX(0. 1. 1);

vacd wartex||={p0,cd , pl.el , p2.e3 , p3.23};

trisngle_indexs triamgledid, 1.2); trisngle_index trisnglel{d.i.3);
trisngle_indexs triamgled Q. 2.3); trisngle_indes trisngled(3.L.2p;

triangle_indsx index[]={trisnglel. trianglel, trisnglel,triangled};

glCenBaiffers |1, vba);
GLELRABUT e r|GL_ARRAY BUFFER,vba):
glBufferData |Gl RARLY BUFFER, a:17 flwerten |, vertex Gl _STATEC _DHAM)

gliGanBirfers (], vbol);
glBing8uffer|Gl_ELEMENT ARRAY BUFFER wbaol):
glBufferData|Gl_ELEHENT ARRAY BUFFER, [index ), index ,GL_STATIC DRAW) ;

glEnsbleClientState (GL_VERTEX _ARRAY); Displa
giVertezPointer(d, GL_FLOAT, 2*I*sizecf|f £, O); p 'F

glEnableClientState [GL_CDLOR_ARRAY )
1 t offset_couleurs3*sizeof| 19 )
glalorPeinter|l, GL_FLOAT 2*3*sizenf|f th, [Glubyte® joffset_couleur);

glDrawElesents (GL TRIAMGLES, 4+3, GL UWSIGHED INT, 0);

position (float)

color (float)

sizeof(float)x0 1 2 3 4

PoX| poy| PoZ| Cor| CoQ| Cob [PaX | vee

Vertex Ptr Color Ptr Current buffer {VBD)
e
offset_caolor
----------- =
stride
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Other possibility

vec3 p0(0,0,0); vec3 c0(1,0,0);
vec3 pl(1,0,0); vec3 c1(0,1,0);
vec3 p2(0,1,0); vec3 c2(0,0,1);
vec3 p3(0,0,1); vec3 ¢3(0,1,1);
vec3 vertex[]:ﬂpﬁ,pl,p?,pB , cH,cl,cE,cEﬂ;

glEnableClientState (GL_VERTEX_ARRAY) ;
glVertexPointer(3, GL_FLOAT, 0, 0);

glEnableClientState (GL_COLOR_ARRAY);
long int offset_couleur=4*3*sizeof(float);
glColorPointer(3,6L_FLOAT,0, (GLubyte*)offset couleur);

glDrawElements (GL_TRIANGLES, 4*3, GL_UNSIGNED_ INT, 0);

Current VBO
PoX | PoY | PoZ [PaX | *** Cor | a9 | Cob
Vertex Ptr Color Ptr
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Other possibility Other possibility

vec3 p0(0,0,0); vec3 c0(1,0,0); |n|t ZLEUEE? ey LN LB, Init
vec3 pl(1,0,0); vec3 c1(0,1,0); ":i; pg;g.;.cl-'-f v::: gg:g.cl-.tm
vec3 p2(0,1,0); vec3 €2(0,0,1); vecs vartex[1=(p0.p1.p2,p3} ]
vecd p3(0,0,1); vec3 c3(0,1,1); vech colarf) s{ce,clcd a9
'H'EC3 Vi r‘tex[}:{pﬂ,pl,pl;ﬁ}; :r:aﬂg'{r_:ndrr t"iunq‘.:-glg,;.ll_ tr:l.'l'n;l:i."_:lr:li:':l t'l.-ﬂnl]}!;l'g_'._.gl.
= trisngle imdex triangle2i0.2.3i: trisngle index trismgledil. 1.2):
vecld :n'Lorl] ={CU,C1,EEJC3}, '.|'1.'|"|:1.-r-::|ndh. 1nd¢.?|-4tr:_.-lm;'.:u_trugql.;l_rr].nr:gl.:i'?trum;lﬂ]_
triangle_index triangle0(0,1,2); triangle_index trianglel(0,1,3); ﬁl—gﬁ%:—ﬂéﬁ%ﬁf}ﬂﬁlﬁummm:
triangle_index triangle2(0,2,3); triangle_index triangle3(3,1,2); glBufferCataiGL_ARRAY_BUFFER, sizeof|vertex), vertes,GL_STATIC_DRAW) ;
triangle index index|[]={triangle0,trianglel,triangle2,triangle3}; [alGenButtersi 1, bvbo couleur):
glaandButTeri{Gl ARRAY BUFFER, vbo coulsur);
1GEHBUffE!’5[1 E.-u-hu pﬂ-iitiﬂr‘l}' glButTferDatal Gl ARRNY BAUFFER,sizeat|color),color, Gl _STATIC DRAW) ;
4 i ] i .
glBindBufTer(GL_ARRAY BUFFER,vbo_position); el |
glBufferData(GL_ARRAY BUFFER,sizeof(vertex),vertex,GL_STATIC_DRAW); glButfe rData|CL_ELENENT_ARRAY_BUFFER, s 1zc07 (index), index  GL_STATIC_DRUN)
glGenBuffers(l, &vbo_couleur); | e : .
glBindBuffer(GL_ARRAY BUFFER,vbo couleur); N EEFTer i AERAY BUFFER w0 SemtiionT; Display |
glBufferData(GL_ARRAY_BUFFER,sizeof(color),color,GL_STATIC_DRAW); B
glEnableClientState (Gl E':LEH. ARRAY ) ;
Q.LEIEHBU ffers i 1 3 Evboi J : glEindBuffer| Eﬂ._ﬁHHAT'_BtFFEH,':bn_{auleur,l j
glBindBuffer(GL_ELEMENT ARRAY BUFFER,vboi); srealarfointerid SLILOAL.S.2)
glBufferData(GL ELEMENT ARRAY BUFFER,sizeof(index),index ,GL STATIC DRAW); gllrawElenents|(GL_TRIANGLES, 4*3, GL_UNSIGNED_INT, 0);
1EnableClientState (GL VERTEX ARRAY): DlSpIay
glBindBuffer(GL_ARRAY_BUFFER,vbo_position); VBO pnsitinn PoX 1 Po¥ | PoZ | PyX] =**
glVertexPointer(3, GL _FLOAT, 0, 0); f
glEnableClient5tate(GL COLOR ARRAY) ; Vertex Pt
glBindBuffer(GL_ARRAY BUFFER,vbo couleur); A
glColorPointer(3,GL_FLOAT,0,0);
VBO color Col" | €og | Cob
glDrawElements(GL_TRIANGLES, 4%3, GL_UNSIGNED_INT, 0);
Color Ptr

048 049

Shading Shading

Diffuse coefficient ¢q = cos(6)

4+ ad

ambiant diffuse specular

050 051




Shading

Specular coefficient ¢s = cos()"

Normals per vertex/triangle

i n;
N, = B cv(k) Mi
| Sieviom|

k : index of vertex
j - index of triangle
V(k) : neighboring triangles of vertex k

052

053

Shading Phong/Gouraud

054

Textures

055




File format

OFF
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010
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110
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vO0Ol1l
Vil-1.0
v.l0 1
vO1ll
vi1ll1
12253
T2685
f4786
f3741
I3aa7
f1462

.Off

.0bj

056




