Chap 2. Graphics Programming
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2.1 The Sierpinski Gasket



Sierpinski gasket

e M SHZ AIE
— & ell, Fractal geometry Ol Al &2

o 0C = "itH

_ A

- Al HS2 0l randomotHl & P, & &85, =4
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Program Outline

o &I 2
— void main(void) {
Initialize_the system();
for (some_number_of points) {
pt = generate_a_point( );
display _the point( pt);

}
cleanup();
}
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Pen-Plotter Model

* pen-plotter ,
o N =

- 2D &0l R0 s sAEHMN &4
— moveto(x,y); dolidl X2 B= 0
— lineto(x, y); Aol &l AAXIIDA &=
o JI& @2l €l graphics output model
- 8% 2t 2D &0, 2D 2tH 0| & &St model
e printer & AN, =] graphics system 0| Al AIS
e PostScript, PDF, LOGO, GKS, ...

CtA - 3D model Kl & &t

=
S
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2D 1n a 3D Model

« 3D systemOi| X1 2| 2D X C|

- 2D = 3D2 SE¢ Z20IL}

— 3D X E: (X, ¥, 2)
- 2DZ2 o8& H=z=0: (x,V, 0)
— 2HEFSHA

3D space

2D plane (z=0)
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Vertex

 space &'2| ?{X| 14
— graphics 0l Al = 2D, 3D, 4D space AlE
o« HJ|E :column vector

X
P=|Y
Z

vertex

e geometric objects

— point : vertex 1l 2 M2 triangle
— line segment ;. vertex 2l E 2
— triangle : vertex 32 H 2

e point 2 ZC[Al & A



Vertex 82 in OpenGL

[|r
0
4

e OpenGL 0| Al vertex E & 2| oF
glVertex[n][t][VI(...);
— n : number of coordinates
nN=23,4
— t: coordinate type

o t =1 (integer), f (float), d (double), ...

— Vv : vector or not
e v J} 22X vector (= array) form

e Z=0penGL &=l 2 Al



OpenGL suffixes

suffix data type C-language OpenGL type

b  8-bit integer signed char GLbyte

s  16-bit integer short GLshort

| 32-bit integer Int / long GLint, GLsizei

f  32-bit floating pt. float GLfloat, GLclampf

d 64-bit floating pt. double GLdouble, GLclampd

ub 8-bit unsigned int
us 16-bit unsigned int
ui - 32-bit unsigned int

unsigned char
unsigned shrot
unsigned int /
unsigned long

GLubyte, GLboolean
GLushort

GLuint, GLenum,
GLbitfield




Examples

 void glVertex2i(GLint xi, GLint yi);
ENE=2:E glVertex2i(2, 3);

« void glVertex3f(GLfloat x, GLfloat y, GLfloat y);
_ A2 0l glVertex3f(1.5, 2.3, 3.0);

e void glVertex3dv(GLdouble v[3]);

— A2 0 GLdouble vertex[3] ={ 1, 2,3 };
glVertex3dv(vertex);



Object &2l in OpenGL

e geometric object 2| &2
— vertexJt 0424 JH 204 A StLES] object
— gIBegin(TYPE);
glVertex*(...);
glVertex*(...);
FLUE gk Jis */
glEnd();
o AtZ 0O
— glBegin(GL_LINES);
glVertex2f(x1, y1);
glVertex2f(x2, y2);
glEnd();
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Object-oriented Paradigm

e graphics program= £ object-oriented paradigm0il = &
o Java3D : fully object-oriented library

— Point3 old(2, 1, 3);
Vector3 vec(l, 0, 0);
Point3 new = old + vec;

 OpenGL : not object-oriented !
— C-based library
— Het2 array &
— typedef GLfloat Point2[2];
Point2p={2,3},

glVertex2fv(p);
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Sierpinski gasket & 0| Al

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

for (k=0; k<5000; k++) {
j=rand() % 3; /* pick a vertex at random */
/* Compute point halfway between selected vertex and old point */
p[0] = (p[O] + vertices[j][0]) / 2.0;
p[1] = (p[1] + vertices[j][1]) / 2.0;
[* plot new point */

glBegin(GL_POINTS); old (p[O], p[1])
glVertex2fv(p);
glEnd(): new (p[0], p[1])
¥
glFlush(); /* flush buffers */ _ _ _ _
} (vertices[j][O], vertices[j][1])
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Some guestions ...

e int rand(void); Integer random number generator
— see <stdlib.h>, void srand(void);
 void glFlush(void); flush the graphics pipeline

« we still have some questions...
— In what 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 ?

13



Coordinate Systems

e 2D MHE AIE A HE ZAH ol &k 2dR1D1?
 device-independent coordlnate system
« world coordinate system = problem coordinate system
- 8= 82lot= ZHE H(OpenGL A H|)
 device coordinate system
— = physical-device / raster / screen coordinate system
- 1€0| A Kl= AHEA

(x )

max’? Y max
@

(x,.y)/—

r . ,s .)

[ 2 min?’ “min

)

World coordinates Raster coordinates

(xm]'n’ Y min
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2.2 The OpenGL API



Graphics API

« OpenGL &=

o Graphics API

Oladet 5

Function calls

Jme-—

User
program _g

Data

e function & 721 &
— primitive functions
attribute functions
viewing functions
transformation functions

Input functions
control functions

(-

Graphics
system

A—l% Pl

QOutput

P Input/Outpu
devices

~atf

Input

= hundreds of functions + o

wmdow tF BI
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OpenGL 4

. = A
-/ O

— C-based library (not object-oriented)

e 30HQ library & 4
— GL:  graphics library
« H/WOUI A X235t OF ot= JI2 primitives
— GLU : graphics utility library
« SIWZ A& ol & &= 2 & primitives
— GLUT : GL utility toolkit

o o (=]

e window system== ?/et A& &

pol

A =
T =

17



OpenGL 724

GLUT
GLU
OpenGL GL
application [
program R
¢« GLX ¢

"y MS window; |

. extension

A

A

\ 4

Frame buffer
(video card)

A

1
A 4

X window system

\ 4

- MS window system

4

A
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2.3 Primitives and Attributes



Line Primitives

. Il 32X

— glBegin(type);
glVertex*(...);

glVertex*(...);

glEnd();
e type E == Ul A
Py Py
Pie ® oPs P, ~_Ps
poO .p4 po / / p4
P;® o °Ps Pr ~_ ' Ps
Ps Ps

GL_POINTS GL_LINES

P2
Py Ps3
Po P4
P, Ps
Ps

GL_LINE_STRIP

Ps
GL_LINE LOOP
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Polygon

* polygon : an object with the border
— polygon = loop + interior simple
e assumption : simple, convex, and flat
— simple : edge )| 2| 2| intersection 81 = QL
— convex: =5 [t "
2K

— flat: 3D Of| Al ofLt2] HH &0l 2 X[oH OF
o flatness £ &= Floll, triangleS =2 AIES

(o)

nonsimple

convex concave )1



Polygon Primitives

)
. UBimOl HD
Ps P;

Pig ® oPs P, 91/ P;
p() ] .p4 p() po D p4
P;® o ®Ps Py P Ps
Pe Ps

GL_POINTS GL_POLYGON GL_QUADS GL_TRIANGLES
o strips: 52 =0[|J| Flol
P4 Ps Py P~ P+ Ps Ps P~ P4 Ps Ps Py
R AVAVAV YA
° ° ° °
Po P> Py Ps Po P Py Ps Po Py Py Ps
GL_POINTS GL_TRIANGLE_STRIP GL_QUAD_STRIP
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Text

 text in computer graphics is problematic.
— 3Dtext = Bt M Ol text 2L 2N =&
— OpenGL : no text primitive (use window primitives)
— GLUT : minimal support
 glutBitmapCharacter(...);

o stroke font (= outline font) : graphics 0l M =2 AIE
— character = boundaryE & 2|ot= =5 &=
- /=20 Hel Computer
- NAIESE0H X2 A ER

s T

Graphics
e raster font (= bitmap font) : text-based application &

— character = raster pattern
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Curved Objects

 curved object 2| X 2| & &

 tessellation
— polyline / polygon 2 =2 & Al(approximation)

e ABIMOZ XX TFH

—/ /| =5 4L

— chap. 10 Al &
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Attributes

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

e point: color, size

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

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

Computer Graphics

1CS

Computer Graphics

Computer Graphics &
cowbrmger argbpice &

Computer Graphics

Computer Grape

soyderr) domndwo)

line attributes polygon attributes text attributes

duwo))

——————————— =
— ===

(a) (b)

Computer Graph

sotydeuy) 1
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2.4 Color



Light

. electromagnetic wave

— 06| JbAI Z & (visible light)E 2| 0
red yellow green blue
infrared ultraviolet
mlcrowave visible X-ray
| | | | | IH :I > :I :I
I I I I I I I I I
104 106 108 100 102 10* 106 1018 10%

violet

~ frequency
" (Hz)
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Color

e C(A):wave length A 0ff CHSt energy distribution
- C(A) Ol k2, color Z2H

 additive color model
-C) el e = US

C()

e three-color theory B

R
1 / B ..

28



Human Visual System

« cones : red, green, blue Ol 212 oA Bt S
e sensitive curve S;(1) : wavelength0fl (& BtS &
* Drain perception values
A =[S;(1)C(A)dA i=red,green, blue
* three-color theory2| J| & 0| &

(Ared’ green? Ab|ue all\-% | DEFg[:ﬂ’ DEI-S CO|OI’§ C&I ﬁl

C(A)

A =[S;(1)C(2)dA

and cones

Optic nerve
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Color Model

e color model
— colorE computer H/W, SIWHI A E&ol= & &

- =0 Tel, G RGB, CMY, YIQ, CIE, ...

e color gamut
— =& color model O] 244 Jtset 2= color

 color solid (= color cube)
— color model Ol N =3l three primary colors At S
— three primary color0i| 2|et 3X}& cube
— color gamut =& Jt s
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RGB color model

 Red, Green, Blue
— tri-stimulus theory

- =0l Jt& 2lZ et 30HAl A4

e RGBcube:22f0] 0~1JtAl

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

|
|

Magenta = (1, 0, 1) : T
! - ~ White =
| hite =(1,1,1)
|
|

Black = (0,0,0) —— ™ =~~~ - — = 7 Green = (0, 1, 0)

Red = (1, 0, 0) Yellow = (1, 1, 0)
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CMY, CMYK color model

 hard copy J|HOAM= 23 At
- subtractlve system 2 OF AH|

cyan, magenta, yellow AIE

C L [R] [R 1 C Magenta
M |=|1|-1G|, |G|=|1|-|M
Y| (1] (B} |B] [1
« CMYK color model : K (black) = & Jt
— 0|24, cyan + magenta + yellow = black
— &l Xl 2 = dark gray
— o Z 2 :black(K) inkE E& 2
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RGB vs. CMY

RGB color system

additive primaries
— Hot™ S5 0F&CE

monitor J| =
-~ g4 =&z

R,G,BAES

graphics= =% RGB J|

=
(L

« CMY color system

 subtractive primiaries
- HolH HESH AT

e printer J|&
—inkZ C, M, Y AIE

33



Direct color system

e J|2& QI video card 72 =
— 348 & XHZ, 3JH 2| frame buffer
— frame buffer OtCH, pixel & nbit &
o 2N X 21 X 2" colors = 23" colors
— 3ncanbe 8,12, 24, ...
— 3n =24 : true color system

Red
E% 3 Green
-

Blue

Al

Frame buffer
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Direct color system

e OpenGL functions
— 3n gt 2 system OtCH 2l T
— color £ & 2 RGB cube J|=
— red, green, blue 25 0.0~ 1.0

 void glColor*();

 void glColor3f(GLclampf red, GLclampf green,
GLclampf blue);

- B MY O
— GLclampf: 0.0 2Lt 25 0.0, 1.02CF 23 1.0
— see OpenGL manual
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Direct color system

RGBA color model

— RGB + A (alpha channel)

— alpha channel 2 opacity value : image & & 0ll AtHE
-A=100| E=2 &=

void glColor4f(red, green, blue, alpha);

void glClearColor(GLclampf red, GLclampf green,
GLclampf blue, GLclampf alpha);

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

— mask = GL_COLOR _BUFFER BIT 0| &,
frame buffer & X|| 2 clear color=
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Indexed color system

frame buffer size E =0|= & &
color lookup table (LUT) (= palette)
— 23mbjt 2 color gt 2k JHE M &
frame buffer : k bit index gt M &

23m color SOIA 2K JHBH S Al E S

Color Red
I—I: loo kUp takle )
Color Green
H lookup taple
- Color Blue
Frame buffer lookup taple

Red

Green

Blue

|

|

- - D oo

o e e

m bits

m bits

color LUT

m bits
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Indexed color system

why indexed color system ?
— image E & 0| 2 28t frame buffer size = A&
— image file formattil M AFS : GIF, BMP, ...

OpenGL functions
— LUTZ setting= window system / GLUT Jt &<

void glindex*(...);

— current colorE LUT2| ol S indexZ & &

void glutSetColor(int index, GLfloat red, green, blue);
— LUTS| ol & indexE A 22 color=Z
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2.5 Viewing



Image Generation

e cameraZ objectE £ H

 graphics programOil Al =
— object== HH Xl
— camerat S FAXUHAM 23

e Viewing
— graphics 0l M,
synthetic camera 2| ¥/ x| & &
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2D Viewing

e« 2Dplane &2 H- 20| 0 0f ot=Jt
* viewing rectangle
— = clipping rectangle
— SN LI=Z, 2D plane (z=0) &2 AFZE H A

 clipping

- ot LKA &= F

-
-

H[[

= MIH (clipped out)

|_-Viewing rectangle

o

720 (a) (b)

clipping operation
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Orthographic View

e 3Dviewing 2| &€&
— 2D viewing= &t&=ol 3Dz =&
- o 2= 2250 B, £ 4l cameralt= LIS

(X, y,2) > (x,y,0)

y
A

(x,y, 0)

A /
— OpenGL default : (.3,2)
* [F1,1] % [F1,1] % [-1,1]  SHRI0l EA
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Orthographic View

e OpenGL function

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

— void gluOrtho2D(GLdouble left, right,
GLdouble bottom, top);

e near=-1.0,far=1.0 2! R =Z oH &
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Matrix Handling

e camera, object 2| ¥ XI/2FeF Ml O
— = matrix handling e AL
e OpenGL has: two matrix mode
— model-view matrices : object &
— projection matrices:  camera &
- 22 Fe0| UhE —> chap 4.

. 2+CHEE O A [0, 500] x [0,500] ©! &<

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

44



2.6 Control Functions



Window System

« SN,
— 0 :

C}ofst

O

window system At =
X window, Macintosh, Microsoft window

— OpenGL & W AH=

window

- oHZE 2 .

e HCIA LI & =3t= window control EHE& Kl &2

AH A

o o,

MO 20| 26806

GLUT

OpenGL
application
program

GLUT

N

ChS

window system

e

Frame buffer
(video card)

46




GLUT functions

 void glutlnit(int* argcp, char* argv[]);
— initialization. GLUT option ol & Jt =
e int glutCreateWindow(char™ title);
— window & (2tH0 = HEAIE X ZS
 void glutinitDisplayMode(GLUT_RGB | GLUT_DEPTH);
— display mode
— RGB : direct color AtE
— DEPTH : z-buffer AFZ (F1 0l &)
« void glutlnitWindowSize(int width, int height);
 void glutinitWindowPosition(int X, Int y);
— (%, y) ?IXI0ll A, width % height 2 J| 2 window 44 &
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Coordinate system2| Xt0|

o U5 =2] window system
— 2 & 0| upper left (51 & H & ZHEAH)
e glutWindowPosition(...) : window system J| &
o (HEZ2| 11Z graphics library
— OpenGL, PostScript, ...
— J|ot=0lM M= & EH JHZ
e glVertex3f(...) : OpenGL J| &

window At = H| : pixel &

window

> OpenGL ZtHE H|

48



Viewport

 aspect ratio
— window?2| otH Hl =
— &&= mapping £ [ =, mismatched image Jt=

[

clipping rectangle E O
[]

=
= O

window

e Vviewport y = )
— window &< %O“/H, (2) () |
clipping rectangle O] A& &
 void glViewport(GLint x, y, GLsizei w, h);
- (X, y) FIXUHAH, wxhSSH &=
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Viewport

- 24 WAl

f( \\
s B I -Viewport
I=A O . .
x W | {~Graphics window
Y 1
(N )
O =
| - i I

Clipping window
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Graphics Program2| €&

o LHAMO| T2 7]l =< 0| ZLFH, program 2
e graphics T2 ]2 : a2 1 Z 7 AlolOF
— O Z 28 StHE A2 M, infinite loop 2

« TUHEHE
— window Jt Jted B CHIF, CHAL LEEFLEEH,
— graphics window & X E A& 14 0f tCh
— off 2 : display callback

| ,
%9&* éﬁ%OﬂH AM=E2 2 call & = function
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GLUT Ol A2 ol 2 2

 void glutMainLoop(void);
- 2= £&0] & AIE Ul A, infinite loop £ S HZ
A

- B &, OpenGL program®| Ot X| & =28l &

 void glutDisplayFunc(void (*func)(void));
- ofH= 140 e [ OtC =2 &&=
callback &+ 5

— callback & === void functionName(void); & EH
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Main function

#include <GL/glut.h>

void mylnit(void) { ... } I t2
void display(void) { ... } /[ I} =2

void main(int argc, char* argv[]) {
glutlnit(&argc, argv);
glutinitDisplayMode(GLUT _RGB);
glutinitWindowSize(500, 500);
glutinitWindowPosition(0, 0);

N
Al

PN
o~

/I GLUT AtE

A (sec 2.7)
A (sec 2.7)

// OpenGL program2 (H £ & O

glutCreateWindow(*“Sierpinski Gasket™);

glutDisplayFunc(display);
my nit( );
glutMainLoop();

// callback S &
/02| &8e A= Hel
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2.7 The Gasket Program



my Init function

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

/[* set up viewing */

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

gluOrtho2D(0.0, 500.0, 0.0, 500.0);
gIiMatrixMode(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}}; /* A triangle */
point2 p ={75.0,50.0}; [* An arbitrary initial point inside triangle */
int j, 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[0] = (p[O] + vertices[j][0]) / 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



Sierpinski Gasket, again

 Sierpinski gasket 2| S &
— j|— /\|-D|-0:|O| jl_ l:_” :|_/8§> Ile‘li)lel-

O /1 o —

JANY v\~

« another way of generating Sierpinski gasket ?
— recursion
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Recursion

o triangle2| subdivision

d

b C
— 3 &aUA

— midpoints Al &t

Vo—

— subdivided triangles :

—
b
(a, b, ¢)
a+b a+cC b+c
= y Vi=—F— Vo=—"—
2 2 2

(@, Vo, V4), (C, Vi, V), (B, Vo, V)
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OpenGL /=& Ol Al

#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}};  /* initial triangle */

void triangle( point2 a, point2 b, point2 c) { [* display one triangle */
gIBegin(GL_TRIANGLEYS);
glVertex2fv(a);
glVertex2fv(b);
glVertex2fv(c);
glEnd();

}
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OpenGL /=& Ol Al

void divide_triangle(point2 a, point2 b, point2 c, ) { /* triangle subdivision */
point2 vO, v1, v2;

int j; a, +b
g VX:M,Vy:u
for(j=0; j<2; j++) vO[j]=(al] + b0]) / 2; — 2 2
for(j=0; j<2; j++) vi[j]=(ali] + cli]) / 2;
for(j=0; j<2; j++) v2[j]=(b[i] + c[]) / 2;
divide_triangle(a, vO, v1, );
divide_triangle(c, v1, v2, );
divide_triangle(b, v2, v0, );
} else
triangle(a,b,c); /* draw triangle at end of recursion */
}
void display(void) {

glClear(GL_COLOR_BUFFER_BIT);
divide_triangle(v[0], v[1], v[2], n);
glFlush();
} 62



OpenGL /=& Ol Al

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[0]); /* S5 A ZER 1%

exit(0);

}

n=atoi(argv[1]);

glutInit(&argc, argv);

glutinitDisplayMode(GLUT_SINGLE |
GLUT_RGB);

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

glutMainLoop();
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2.9 The Three-Dimensional Gasket



3D Sierpinski gasket

2D triangle — 3D tetrahedron 2 = =&

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;
j=rand() % 4; /* pick a vertex at random */
[* Compute point halfway between vertex and old point */
new_pt.x = (old_pt.x + vertices[j].x) / 2;
new_pt.y = (old_pt.y + vertices[j].y) / 2;
new_pt.z = (old_pt.z + vertices[j].z) / 2;

giBegin(GL_POINTYS); /* plot point */
glColor3f(1.0-new_pt.z/250.,new pt.z/250.,0.); /* H 2|2/ S FlalA X4 Z FZ*]
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 §|-II— Al |:EI—I | ‘:’X.”

T - O

- Jdele =N UE &451H, oF &
— cameraZ J|=2 & /H Jiel= 2t H 2 BFE ol OF
‘k B,C= AUl 2lof A JteA & Ch
/ ¢\

 hidden surface removal algorithm
— = visible surface algorithm
— camera 0| A 20[= £ =8t & J|= algorithm



Z-buffer algorithm

o Z-buffer algorithm (= depth-buffer algorithm)
— Jt& 2HEkel HSR algorithm
- OpenGLUIAE JI2& 22 M3

e void glutinitDisplayMode(GLUT_RGB | GLUT _DEPTH);
— Z-buffer & AtE0otJ| ?loli =8l

e glEnable(GL_DEPTH TEST);
— Z-buffer= on

e glClear(cL_COLOR BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
— Z-bufferZ clear
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a et Ol Al

o gasket3d.c : without Z-buffer o tetra.c : with Z-buffer
— point Bt = — tetra 5

Sierpinski Gasket 3D 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.html
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